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Editorial on the Research Topic
Advances in Magnetism of Soils and Sediments

Our understanding of how rock magnetism records sedimentary and environmental processes, along with the refinement of analytical methods, has substantially improved in the last decade. In addition, there is an increasing appreciation of the strong interaction between (bio)geochemical and physical systems and their preservation in the sedimentary record. These developments hold great promise for a better comprehension of the evolution of our planet through time. In this Special Issue, we highlight some of the most significant advances to the topic of sedimentary and soil magnetism and their impact on several related domains.
The Advances in Magnetism of Soil and Sediments Special Issue focuses on identifying and assessing the impact of processes that occur throughout the entire sedimentary and soil cycle on rock magnetic, paleomagnetic, and environmental records (Figure 1). Magnetic mineral assemblages are affected by a wide range of chemical, physical and biological processes at different scales in depth and through time, and therefore are good indicators of environmental changes. In terrestrial environments (e.g., soil, sediment, speleothem), the magnetic mineralogy is dominated by detrital particles, mostly iron oxy-hydroxides and iron oxides, which are eroded and transported by wind or water. Some of these minerals are further altered by weathering and diagenetic processes at depth, related to the degradation and fermentation of the organic matter. Biological activity is responsible for the formation of authigenic minerals, either intracellularly or extracellularly, in oxic sedimentary environment. Other constituents of the magnetic assemblage can include atmospheric particles from volcanic ash and anthropogenic aerosols, and to a lesser extent extraterrestrial input. Particles from land are then transported and deposited in aqueous environments and constitute the main magnetic component in marine sediments. Eolian particles (dust), volcanic ash, biogenic magnetic particles from biomineralization, and extraterrestrial input also contribute to magnetic minerals in marine sediments. Post-depositional alteration due to burial, diagenetic processes or fluid and gas circulation, in anoxic conditions, leads to a drastic change in the magnetic mineral assemblages with the reduction of iron oxy-hydroxides and iron oxides to form iron sulfides. Because of magnetic minerals sensitivity to (bio)geochemical conditions, investigating the changes in the magnetic mineral assemblages and associated mechanisms in a diversity of environments leads to new insights on past environmental and paleoceanographic conditions.
[image: Figure 1]FIGURE 1 | Graphical synthesis of contributions to this Special Issue, highlighting the main sources of magnetic material in terrestrial and marine environments, the physiochemical conditions at the burial site, and the depositional and post-depositional processes that affect the magnetic signal in the geological environment.
With that perspective in mind, a broad range of natural materials are investigated by fourteen original contributions: speleothems, ocean surface and deep sediments, methane- and gas hydrate-bearing sediments, estuarine sediments, sandstone, particulate matter, ice cores, plant ash, soil, paleosols, and microbialites.
Rock magnetic and paleomagnetic approaches can provide highly sensitive and unique information on mineral changes, particularly in fine grained materials, and constrain the relative timing and duration of mineralogical processes during sedimentation and their impact on the environment. In this Volume, classic rock magnetic and paleomagnetic techniques, are combined with other analytical methods (i.e., Quantum Diamond Microscope magnetic field imaging, electron microscopy, Mössbauer and X-ray spectroscopy, X-ray and electron diffraction, geochemical analyses) yielding strong constraints on several processes, including climatic conditions, diagenesis, post-depositional effects, chemical magnetization, and their effect on the magnetic signal.
Two contributions discuss the advances in the characterization of magnetic minerals in sediments, combining classic rock magnetism with new techniques. Fu et al. show new methods to investigate the magnetic mineralogy of speleothems using magnetic microscopy via Quantum Diamond Microscope magnetic field imaging. This recently developed technique provides high-resolution time-series of detrital input which the authors associate to paleoprecipitation, thus providing useful paleoenvironmental information. Li et al. report a case where deep-sea surface sediments show a complex magnetic mineralogy indicating multiple different sources (distal and local igneous rocks as well as minor magnetofossil and superparamagnetic contributions) identified by scanning and transmission electron microscopy and magnetic methods.
Three contributions explore diagenesis in the context of methanogenesis. Amiel et al. connect early diagenetic processes and sedimentary magnetism using a composite high-resolution sedimentary record of pore-water chemistry, solid phase chemical measurements and mineral-magnetic parameters; they note a strong correlation between increase in the magnetic signal and the precipitation of authigenic magnetic minerals. Badesab et al. integrate rock magnetic, mineralogical, and microscopic analyses to investigate the linkage between greigite magnetism, methane seepage dynamics, and evolution of shallow gas hydrate system. Finally, Kars et al. investigate authigenic ferrimagnetic iron sulfides in gas-hydrate-bearing marine sediments, highlighting a close linkage between greigite, methane hydrate and microbial activity.
Another two contributions explore post-depositional effects on the magnetic mineralogy.
Ahn et al. is related to diagenetic effects on environmental magnetic parameters in an estuarine setting. They support rock magnetic analysis with electron microscopy to evaluate paleoenvironmental proxies and highlight a set of potentially robust magnetic proxies for sea-level change in the Holocene. Ejembi et al. show the profound effects of secondary, post-depositional fluid flow on the magnetic fabric of sandstones using anisotropy of magnetic susceptibility, rock magnetism and electron microscopy.
Three contributions detail advances in measurements of atmospheric magnetic particulate matter. Lanci et al. explore the nature and provenance of dust in Antarctic ice cores, finding undocumented complex behavior possibly due to post-depositional alteration. Till et al. deal with a usually neglected source of magnetic particles in atmosphetic dust, which is plant ash. They investigate through rock magnetic and geochemical characterization factors affecting the soils magnetic response to fire. Shin et al. show the importance of volcanic contributions to sedimentary magnetism, pointing out the close relation between magnetic susceptibility and volcanic proportions in terrigenous sediments.
Another two contributions explore advances in the magnetism of soils and paleosols. In particular, von Dobeneck et al. illustrate that ground magnetic surveys can delineate the structural characteristics of an intrusive basaltic dike, and also reflect the subsurface deformation of its weathering products. Stine et al. analyze the effects of weathering on paleosol magnetic properties using rock-magnetic experiments, scanning electron microscopy, and Mössbauer spectroscopy. These detailed analyses were able to build on prior geochemical and magnetic analyses and suggest complicated interactions between changing provenance and precipitation levels affecting the magnetic signals.
The last two contributions bear on advances in the paleomagnetism of sediments. These papers deal with the quality of the paleomagnetic record in sedimentary rocks. Jung and Bowles investigate the potential of microbialites as a paleomagnetic recorder, proving modern microbialites and an ancient example can carry a consistent magnetization with timing of acquisition close to that of sediment deposition. Finally, Dallanave and Kirscher assess the reliability of the sedimentary record for paleogeographic reconstructions. By simulating geomagnetic directions at different latitudes, they highlight the value of utilizing anisotropy of magnetic susceptibility to assess sedimentary paleomagnetic data before use in paleogeographic reconstructions.
Although open to the larger community, the Special Issue stems from an engaging session on the topic of soil and sediment magnetism during American Geophysical Union’s Fall Meeting in 2019. The diversity of the field as it stands now are shown throughout this collection along with the promise of new directions for the future.
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We measured saturation isothermal remanent magnetization (SIRM), coercivity of remanence (Hcr), and insoluble dust mass concentration (IDC) of 49 ice samples from Vostok and EPICA Dome-C ice cores (Antarctica) as a measure of magnetic properties of the aerosol dust trapped in the ice. Samples range in age from marine isotopic stage (MIS) 7 to 19 in EPICA Dome-C ice core and from MIS 1 to 11 in Vostok ice core. Data from ice samples were compared with 86 samples from possible source areas (PSA) from East Antarctica, including 11 samples from South America and New Zealand. Previous results from MIS 1 to MIS 6 found that magnetic properties of aerosol dust could be divided in two distinct groups characterized by high-Hcr and low-SIRMdust for glacial samples, and low-Hcr and high-SIRMdust, for interglacial samples. The new data from older ice samples highlighted several discrepancies from this expectation with significant differences between Vostok and Dome-C sites. Magnetic properties of Antarctic PSA sample show a large variability, however, PSA samples from Victoria Land and few other, have magnetic properties compatible with that of the glacial dust, or more precisely with samples characterized by high dust flux. The new data from Pleistocene ice and from PSA samples confirm South American and Antarctic provenance of the largest atmospheric dust load typical of glacial stages. On the other hand, we did not found any PSA sample with properties compatible with the highly magnetic samples (mostly from interglacial stages), which are characterized by low IDC. These samples from the oldest and deepest part of the cores revealed a more complex picture than previously outlined from the analysis of MIS 1–6, and show unusual magnetic properties which can be tentatively attributed to post-depositional alteration occurring into the ice.

Keywords: isothermal remanent magnetization, magnetic properties, Atmospheric dust concentration, Antarctic ice cores, dust source area


INTRODUCTION

The provenance of wind-blown dust and its characteristics are key issues to understand climate, atmospheric and environmental changes. Vostok (VK) and EPICA Dome-C (EDC) ice cores, drilled in the interior of the Antarctic ice sheet (Figure 1), provide the best known and longest dust records from Antarctica. VK gave the first dust record of the last 420,000 years (Petit et al., 1999) and revealed that the dust input to Antarctica was highest during glacial periods, lower during stadial and interstadial stages, and lowest in interglacial stages. The EDC ice core confirmed earlier findings from Vostok and, extended the dust record into the last ca. 800,000 years (Community Members EPICA, 2004; Jouzel et al., 2007), the longest polar ice core record.


[image: image]

FIGURE 1. Location map of the Vostok and EPICA Dome-C ice cores sites and PSA samples studied for magnetic properties (see Supplementary Material for details on PSA).


The concentration of dust trapped in polar ice, its grain size and physical properties are modulated by synergistic factors related to climatic conditions and vary over orbital timescales. Therefore, the identification of dust provenance and its characteristics are important for understanding climate, atmospheric and environmental changes, and potentially provides key constraints to dust transport processes.

Many traditional geochemical methods for dust source tracking are not relevant to Antarctic ice cores because of their low dust concentration, spanning from a few ng/g during warm interglacial periods to a few hundreds of ng/g during relatively dustier glacial periods. The Sr-Nd and Pb radiogenic isotope composition of mineral dust in ice cores are the most widely-used technique for dust source tracking, however, the intrinsic limitations related to the extremely low dust abundance during interglacial stages restrict the geochemical data availability for interglacial stages to the Holocene and marine isotopic stage (MIS) 5. Magnetic measurements are not subject to this limitation since extremely low values of remanent magnetization can be precisely measured using SQUIDs magnetometers. The high sensitivity makes it possible to measure rock-magnetic properties of mineral dust directly in small ice samples (30–40 g mass) even for typical interglacial dust concentrations, overcoming the intrinsic limitations of traditional geochemical methods related to dust abundance. The intensity of isothermal remanent magnetization (IRM) and coercivity of remanence (Hcr) give information about remanence-carrying minerals in the dust. They generally consist of iron oxides and in particular hematite (γ–Fe2O3), maghemite (α–Fe2O3), and magnetite (Fe3O4), which are the most common and chemically stable natural iron oxides. Hence, magnetic properties of natural ice reflect the concentration and the type of iron oxides entrapped in the dust (e.g., Lanci et al., 2012).

Eolian dust from VK, EDC, and other sites from the interior of the East Antarctic plateau have been extensively studied for dust concentration (e.g., Lambert et al., 2008; Petit and Delmonte, 2009) and radiogenic isotope composition (Grousset et al., 1992; Basile et al., 1997; Delmonte et al., 2008, 2010a), which was compared with that of samples from possible source areas (PSA) in the Southern hemisphere to gather information on dust provenance (Revel-Rolland et al., 2006; Gaiero, 2007; Gaiero et al., 2007). Geographic provenance of aeolian mineral dust during the last climate cycle, suggests a dominant source from southern South America during glacials with an open question for the Holocene, which displays signatures and properties that are somewhat different wih respect to the glacial and variable in time. In central East Antarctica there is a general consensus on a significant contribution from different dust sources during the Holocene (Gabrielli et al., 2010) including Fe-rich local (Antarctic) sources as well (Wegner et al., 2012; Vallelonga et al., 2013). However, Paleari et al. (2019) on the basis of dust mineralogy suggested that South America is the primary dust source to Antarctica during both glacial and interglacial stages and that an additional Antarctic contribution is not required, coherently with conclusions based on Pb isotopic data from Gili et al. (2016). Sr and Nd isotope data from different ice cores confirmed a broadly uniform isotopic signature during all glacial periods of Pleistocene. Some minor differences, apparently correlated to the dust influx onto the Plateau, have been observed and interpreted as related to the activation of a secondary, still unidentified, dust source during dustier glacial stages (Delmonte et al., 2010a).

Geochemical data from interglacial ice are rather scarce. Gabrielli et al. (2010) studied aeolian dust composition using Rare Earth Elements concentration in EDC from 2.9 to 33.7 kyr BP, measuring a large number of samples from both climate stages. They found a homogeneous crustal-like composition during the last glacial stage consistent with dust from heterogeneous sources located in different areas or within the same region (e.g., South America). Starting at about 15 kyr BP, they found a major change in dust composition, which was characterized by a larger variability, and that persisted throughout the Holocene. They interpreted this variable character as the alternation of different dust sources during the Holocene.

Magnetic measurements on Antarctic ice cores from MIS 1–6 in EDC and MIS 1–2 in VK (Lanci et al., 2004, 2007, 2008b, 2012), found that ice magnetic properties show a significant difference between glacial and interglacial stages, with the notable exception of MIS 1 (Holocene) in VK, which shows magnetic properties very similar to MIS 2. According to its magnetic properties the aerosol dust was divided into two distinct groups characterized by high-Hcr and low-SIRMdust for glacial samples, and low-Hcr and high-SIRMdust, for interglacial samples. It is also been observed that the glacial/interglacial difference is more pronounced at EDC compared to VK, and it is even larger at the external site of Talos dome (Lanci and Delmonte, 2013). To explain the above-mentioned differences between VK, EDC, and Talos Dome it has been hypothesized that the presence of local sources, active during interglacials, distribute the dust unevenly. Furthermore, these local sources had to be highly magnetic in order to explain the observed data, which suggested a volcanic origin. All these observations were found in general good agreement with geochemical data.

In this paper we extend the investigation of the magnetic properties of glacial and interglacial ice from EDC and VK ice cores to the late Pleistocene and compare ice measurements with magnetic measurements of PSA samples. They provide, for the first time, insights of dust origin during interglacial stages prior than MIS 6.



MATERIALS AND METHODS


Ice Samples

We analyzed ice samples from EDC and VK ice cores taken from glacial and interglacial stages in MIS 7 to MIS 19, corresponding to core depth from 2,289 m to 3,180 m, in EDC core, and from Holocene to MIS 11, corresponding to core depth from 183 m to 3,300 m, in VK core. A total of 28 ice samples from EDC and 21 samples from VK were measured. Samples consisted of approximately cubic pieces of ice weighting from ca. 30 g to 40 g. The standard preparation of the samples that includes the core cutting, decontamination, and measurement procedures, are equivalent to that described in previous papers (e.g., Lanci et al., 2012). Samples were decontaminated with ultra-pure water in a class 10,000 clean room using standard procedures and IRMs were induced in whole-ice samples at low temperature (∼100 K). Cooling at low temperature before IRM acquisition is necessary to avoid physical reorientation of magnetic grains in the ice matrix (Lanci et al., 2001; Dash et al., 2006). IRM was induced with a pulse magnetizer and measured using a 2G superconducting magnetometer with DC-SQUID sensors at the ALP laboratory. The measurements were performed quickly to avoid significant re-warming of the samples and their temperature was set back to 100 K after each measurement. IRM acquisition curves for most ice samples from both sites, are shown in Figure 2.
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FIGURE 2. IRM acquisition of ice samples from (A) Vostok and (B) EPICA Dome-C ice cores. IRM is measured at 100 K and expressed as magnetic moment per unit of mass of the whole ice samples. Therefore this is the magnetization of the dust diluted within the ice. IRM acquisition curves are of good quality considering the extremely low intensity of the ice magnetization and testify to the reliability of the measurements.


Since all ice samples were saturated, or nearly saturated, at the maximum field of 1 T we consider the IRM at 1 T equivalent to the saturation IRM (SIRM). Backfield demagnetization of the SIRM was performed at 100 K using 10 mT steps, and was used to compute Hcr and the exact field value of Hcr was linearly interpolated between zero-crossing IRM magnetizations. The SIRM that was first measured at ∼100 K was then remeasured after allowing the samples to re-equilibrate to the freezer temperature (∼255 K) for several hours in order to remove the remanent magnetization due to superparamagnetic particles (Lanci and Kent, 2006). We refer to the SIRM that remains after warming to ca. 255 K simply as SIRMice meaning that such SIRM is computed with respect to the mass of the ice sample. The SIRM measured at 255 K is generally smaller than that measured at ∼100 K, which includes a superparamagnetic fraction part of which is carried by nanometer-sized particles of extraterrestrial origin (Lanci et al., 2012). The rewarming has the main purpose of discarding this superparamagnetic fraction because of its different origin, but the temperature transit of the samples through the Verwey transition and through the magnetite isotropic point, both around 120 K, could further reduce the remanent magnetization of multi-domain grains. This underestimate the SIRM of the dust trapped in ice compared to an ideal measurement, but this error is balanced out in the comparison with PSA samples since both measurements were performed using the same procedure.

Insoluble dust concentration (IDC) was measured in the same ice samples analyzed for magnetic properties, after additional decontamination in the clean room and melting at room temperature. Insoluble microparticles were measured by Coulter Counter, which detects insoluble particles with equivalent spherical diameters ranging from ca. 1 μm to about 30 μm. The dust mass was then calculated assuming that mineral grains have an average density of 2.5 g/cm3, which is the standard average density for eolian dust used in the literature (e.g., Delmonte et al., 2004, and references therein).

Our IDC data, shown in Figure 3, are generally compatible with the extensive measurements performed on the same cores (Petit et al., 1999; Ruth et al., 2008). However, we notice that some samples, whose stable isotope profile belongs to the full glacial (MIS 8, 10, 12, and 18 in EDC and MIS 4 in VK), show a IDC significantly lower than previous measurements. We assume that the lower IDC of our discrete samples are a consequence of the natural variability of IDC during glacial stages.
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FIGURE 3. IDC measurements of individual samples (solid red circles) from Vostok and Epica Dome C (A and B, respectively) compared with extensive measurements on the same cores (black line) from Petit et al. (1999) and Ruth et al. (2008). Vostok samples includes additional samples from Lanci et al. (2007) shown with open symbols, see section “Appendix.” Red numbers indicate the glacial marine isotopic stages and scales on the top axis report the core depth. Note that all EDC samples are taken at depth >2,200 m.


The magnetization of the dust trapped in ice samples (SIRMdust) was computed by dividing the samples magnetic moment by the mass of the dust measured in the same samples, or equivalently dividing the SIRMice by the IDC mass. Analytical errors of the combined magnetic and IDC measurements were discussed in Lanci and Delmonte (2013). Probably the most important factor affecting the precision of SIRMdust is the uncertainty of the mass loss of the soluble aerosol fraction during Coulter Counter measurements. We do not have a direct estimate of this error that would result in an overestimate of SIRMdust but we assume that is proportional to the IDC, practically meaning that the SIRMdust could be overestimated by a small constant factor.



Possible Source Area Samples

We analyzed 86 samples from PSA from Antarctica each one consisting of ca. 3 grams of pristine fine sands and silt, sieved keeping the granulometric fraction <62 μm. Several of these samples have been studied previously (Lanza and Zanella, 1993; Gore et al., 2001; Delmonte et al., 2010b, 2013; Bristow et al., 2011; Blakowski et al., 2016). Antarctic PSA samples were studied to examine the possible influence of local sources of dust and were collected in unconsolidated sediments mostly from the Dry Valley and Victoria Land regions. These samples were integrated with 11 PSA samples from classic source area (South America and New Zealand) previously studied for isotopic analysis (Delmonte et al., 2004). Measurements on PSA samples were performed following the same protocol used for ice samples in order to allow a proper comparison. We decided to use the relatively coarse (<62 μm) granulometric fraction of PSA samples after a pilote experiment made with the fine-grained fraction on a set of 5 Argentinian PSA samples. Measurements on the fine fraction gave inconsistent results suggesting that the sedimentation procedure used for separation introduced relevant artifacts in the magnetic properties. We are aware that the different granulometry could cause some discrepancy in the magnetic properties of the PSA samples and airborne dust, however, the results obtained from a analogous experiment in North GRIP ice core (Lanci et al., 2004) and from laboratory experiments using natural and artificial sediments (Valet et al., 2017) suggest that such a discrepancy can be small compared to the large natural variability of the magnetic properties of PSA samples and of dust trapped in ice.

The study of PSA samples is aimed to constrain the provenance area of aerosol dust. The problem of dust provenance is traditionally addressed using radiogenic isotopes studies, magnetic methods are probably not as selective in detecting the provenance area but they are simpler to perform and have provided a larger amount of data. As for isotopic data, the assumption is that magnetic properties of PSA samples will be similar to that of aerosol dust if they share the same provenance. This reasonable assumption is supported by results from NGRIP ice core where dust magnetization is similar to that of pristine loess samples from Chinese Loess Plateau (Lanci et al., 2004). The PSA location is shown in Figure 1 and a table with their magnetic properties and other available information can be found in the Supplementary Material.



RESULTS


Ice Samples

An overview of the magnetization of ice samples, divided in glacial and interglacial stages and by sites, are shown in the log-log diagrams of IDC versus SIRMice (Figures 4A,B). Samples from VK (Figure 4A) suggest a main linear trend indicating a proportionality between IDC and SIRMice. The linear trend can be computed by fitting either a line passing through the origin whose slope represents the average SIRMdust (gray dashed line in Figure 4A) or as a line with an offset (which is not rectilinear in the log-log plot, the green dashed line in Figure 4A). The latter can be interpreted as a linear model with a contribution to SIRMice proportional to IDC plus a constant contribution independent from IDC. Both linear models have a high correlation coefficient (R2 = 0.85 and R2 = 0.78, respectively) and are significant at the 99% confidence level according to a t-test. Prominent outliers belongs to MIS 7, MIS 9 and MIS 11, and are sampled at depth > 2,500 m.
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FIGURE 4. Log-log diagram of IDC and SIRMice of the EDC and VK datasets. Samples are grouped by color in glacial and interglacial stages with numbers indicating the isotopic stage (MIS) of each sample, symbols size is proportional to Hcr. Estimated distribution densities are shown in the marginal plots. (A) In VK samples the distributions of glacial and interglacial SIRMice are distinct and most of the samples do not deviate significantly from a linear relationship between IDC and SIRMice. The best-fit lines (not rectilinear in the log-log diagram) represents the following models: SIRMice = 0.108 × IDC + ei (gray) and SIRMice = 0.0935 × IDC + 1.23 × 10–8 + ei (green) where ei are random variables representing the deviations of the data from the best-fit line. (B) Compared to VK, EDC samples shows significant differences in the distribution of SIRMice. EDC ice samples from interglacial stages are much more magnetic than VK and the same linear relationship found in VK (here reported for comparison) is not maintained.


EPICA Dome-C samples (Figure 4B), which are all taken in the deepest part of the core (depth > 2,200 m), do not show the same clear linear relationship. Especially samples from interglacial stages deviates significantly from the VK proportionality line because of a much higher magnetization, which suggests a much higher concentration of magnetic minerals. The difference between VK and EDC interglacial SIRMice is evident also in the distribution density estimates shown in the marginal plots. Glacial and interglacial distribution of SIRMice are well distinct in VK and very similar in EDC, to a minor extent also ICD distributions have a larger overlap in EDC.

The semilogarithmic diagram of SIRMdust/Hcr (Figures 5A,B) have been used to characterize the magnetic properties of the dust trapped in the ice (e.g., Lanci et al., 2012). The SIRMdust of glacial samples from VK are well-grouped around an average value of ca. 0.1 A m2/kg corresponding to the slope of the linear models above. The SIRMdust of interglacial samples is generally higher and occasionally extremely high. We further notice that samples with high SIRMdust generally exhibit low Hcr suggesting that their remanent magnetization is carried by low-coercivity ferrimagnetic minerals such as magnetite or maghemite. In samples from EDC the groups of glacial and interglacial samples have a broader overlap and especially the latter displays extremely large SIRMdust values. The natural variability of both SIRMdust and Hcr can be large even within the same MIS.
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FIGURE 5. Semi-logaritmic SIRM/Hcr diagram. Samples are grouped by color in glacial and interglacial stages with numbers indicating the isotopic stage (MIS) of each sample, symbols size are proportional to IDC. Vertical line at 0.11 A m2/kg represents the average SIRMdust computed by the best-fit line. (A) The magnetic properties of VK are distributed along the vertical line of constant SIRM. Some low IDC samples from interglacial stages 5, 7, 9, and 11 plot in the lower-right part of the SIRM/Hcr diagram. (B) Only two EDC samples from MIS 16 exhibit true glacial magnetic properties and plots in the upper-left portion of the SIRM/Hcr diagram. Most samples are characterized by low Hcr and high SIRM irrespective of climatic stage. Note, however, that no EDC samples prior to MIS 6 are present in this dataset.


Extremely high SIRMdust values (>1 A m2/kg), were occasionally observed in some interglacial samples from the previous EDC dataset (Lanci et al., 2008b) and Talos Dome (Lanci and Delmonte, 2013). In the new dataset they are much more frequent and, in EDC, not limited to interglacial stages; in fact only samples from MIS 16 have shown “typical” glacial magnetic properties similar to that previously observed in MIS 2, MIS 4, and MIS 6 (Lanci et al., 2008b). In Table 1 we have summarized the data from VK and EDC ice cores listing the averaged values (within each MIS) of all the available magnetic data, including this study, the amended Vostok dataset from Lanci et al. (2007); see section “Appendix”, and the EDC dataset from Lanci et al. (2008b).


TABLE 1. Summary of available magnetic data from Vostok and EPICA Dome-C, averaged over their climatic stages.

[image: Table 1]


Possible Source Area Samples

Magnetic properties of PSA samples, which include Fe-rich magmatic rocks, are summarized in Figures 6A,B using the semilogaritmic SIRM/Hcr diagram. PSA data are compared to all the available aerosol dust data from VK and EDC ice cores, which include data from Lanci et al. (2007) and Lanci et al. (2008b; section “Appendix”); the complete dataset is included in the Supplementary Information Tables. To avoid cluttering the diagram, the aerosol dust data are summarized using their two-dimensions distribution density estimates, computed with the method described in Venables and Ripley (2002). Aerosol distribution density are computed separately for samples with high IDC (IDC ≥ 100 ng/g), which comprise mostly glacial samples, and low IDC (IDC < 100 ng/g) that comprise interglacial samples.
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FIGURE 6. Magnetic properties of PSA samples in the semi-logaritmic SIRM/Hcr diagram. The SIRMdust data from ice cores, including the dataset from Lanci et al. (2008a), are reported for comparison using their distribution density estimates computed according to Venables and Ripley (2002). SIRMdust data are divided in glacial (IDC ≥ 100 ng/g) and interglacial (IDC < 100 ng/g) groups whose distribution is indicated with blue and red lines, respectively. Isolines shows the same level of density of SIRMdust data. The whole dataset used to compute the distribution is available in the Supplementary Material. (A) All available PSA samples divided in groups based on provenance area. (B) Close-up view of the PSA samples that shows properties similar to that of ice dust. Information on individual PSA samples can be found in the Supplementary Information. Despite the large natural variability of magnetic properties of PSA samples, none of them can explain the properties of interglacial aerosol dust.


The complete set of PSA samples (Figure 6A) shows a very large scatter in the magnetic properties. Magnetic properties of Argentinian samples are sufficiently similar to that of interglacial aerosol, although their SIRM is slightly lower. This could be a consequence of the underestimate of IDC due to the soluble dust fraction that result in an overestimate of SIRMdust. Overall we believe that magnetic properties confirm the affinity suggested by isotopic analysis (Gaiero, 2007; Gili et al., 2016) in Argentinian samples while New Zealand PSA samples, instead, are mostly incompatible from the point of view of magnetic properties. Within the set of Antarctic PSA samples the variability of magnetic properties is surprisingly large, however, some of them and in particular the sample group from dry Valleys and Victoria Land, have magnetic properties that are similar to that of glacial dust (Figure 6B). The map inset in Figure 6B shows that compatible PSA samples likely originate all in a restricted area and derived from, the bedrock with a high concentration of magnetic minerals. Our results from PSA samples are in general agreement with magnetic measurements of the rock from the Dry Valleys (Brachfeld et al., 2013), although some caution is needed comparing the two sets because of the different measurement procedures. In particular the difference in Hcr that in the data from Brachfeld et al. (2013) have, on average, lower values, could be a consequence of measurements at room temperature instead of 100 K. In comparing these data lower SIRM in the PSA set can also be expected because of their transition through the Verwey transition or magnetite isotropic point after magnetization. A subset of Brachfeld et al. (2013) data, which falls near the distribution of dust, are presented in Figure 7.


[image: image]

FIGURE 7. Semi-logaritmic SIRM/Hcr diagram of rock-magnetic data from the Dry Valley (Brachfeld et al., 2013) and of micrometeorite samples from Suavet et al. (2009). Samples labels and groups correspond to that of original data, micrometeorite groups are divided in BO (Barred Olivine), CC (Cryptocrystalline), and G (G-type cosmic spherules). The SIRMdust data from ice cores are reported for comparison as their density estimates as in Figure 6. SIRM of Dry Valley rocks are not significantly different from that of PSA samples from the same area and are compatible with glacial dust but they have, on average, a lower Hcr, Magnetic properties of micrometeorites are compatible with that of interglacial aerosol dust except for the larger variability of Hcr. However, to explain the total amount of magnetic minerals found in the ice would require a micrometeorite flux ranging from 2 × 10–7 to 2 × 10–6 (kg/m2 year). Extrapolated to the whole Earth surface (5.1 × 1014 m2) this corresponds to a total flux from ca. 102 to ca. 1020 (kt/year), which is orders of magnitudes higher than current estimates of ca. 160 ± 60 t/year (Prasad et al., 2013).




DISCUSSION

The magnetic properties of Pleistocene ice have emphasized the differences between EDC and VK previously observed during the most recent (MIS 1–6) climatic stages (Lanci and Delmonte, 2013). If the aerosol record of Antarctic ice cores were a perfect record of long range atmospheric transport one would expect minimal differences between the two sites, hence Lanci and Delmonte (2013) resorted to short distance (i.e., local) sources to explain the observed data. Regrettably, the even larger differences observed in the new dataset are much more difficult to explain, especially in light of the results from PSA samples.

The analysis of PSA samples gave two main results: first they show that, in general agreement with the literature (Delmonte et al., 2010a), Argentinian PSA samples are similar, hence compatible, with glacial aerosols. They also showed that there is a group of Antarctic PSA samples that are equally compatible with glacial aerosol from the point of view of magnetic properties. This group of samples originates in a relatively restricted area. Based on our results it can be safely concluded that the aerosol dust entrapped in ice samples from glacial periods is compatible with a mixture of South American (Argentinian) and Antarctic contributions.

A second important result is that none of the measured PSA sample has magnetic properties that can explain the distribution density of the interglacial samples (IDC < 100 ng/g), in particular none of them reach the very large SIRMdust observed in these samples. Although our PSA dataset is not exhaustive, this observation is confirmed by the rock magnetic data from the Dry Valleys (Brachfeld et al., 2013) and cast doubts on the existence of a local (i.e., Antarctic) source of highly magnetic dust capable to explain the magnetic properties of these samples and therefore do not support the hypothesis of their origin from a local source. Without a local source capable of supplying enough magnetic minerals to justify the strong magnetization of interglacial dust, the observed differences between EDC and VK are difficult to explain as original depositional features.

The nature of the magnetic particles responsible for the very high SIRMdust values found especially in interglacial samples (IDC < 100 ng/g) and particularly in several EDC samples from MIS 11, 13, and 15 and VK samples from MIS 9 is puzzling. A compatible local source was not found and, more generally, terrestrial rocks with such a large SIRM are not common. In fact, to find similar SIRM we had to resort to the Antarctic micrometeorite collection of Suavet et al. (2009; Figure 7). However, a direct flux of micrometeorites cannot account for the high SIRMdust for two reasons: (i) a uniform micrometeorite flux cannot explain the difference between relatively close sites of EDC and VK, and (ii) more importantly, the required particles flux exceed by at least two orders of magnitude micrometeorites influx estimates (Prasad et al., 2013).

Furthermore, we notice that highly magnetic samples pertain to a part of the core, below 2,500 m depth, where post-depositional physical processes affecting the mineral dust have been observed (Lambert et al., 2008).

These results do not identify the origin of interglacial dust, but they suggest that samples with SIRMdust larger than ca. 1 A m2/kg are unlikely to represent the pristine magnetic properties of natural atmospheric dust. In fact, it seem reasonable to expect that the properties of interglacial airborne dust cannot be too different from those of the PSA samples and therefore, ultimately not very different from the magnetic properties of the glacial dust. This, incidentally, is what had emerged from an earlier study in Holocene samples from VK (Lanci et al., 2007), and suggests that most of the observed glacial/interglacial difference could be the results of post-depositional alteration of the original aerosol. Post-depositional processes in mineral dust are known to occur in the deepest part of Talos Dome ice core (Baccolo et al., 2018), although these results cannot be directly applied to EDC and VK.

Based on these observations we tentatively define an index of alteration of magnetic minerals computed as the absolute value of the difference between the actual SIRMdust and the pristine SIRMdust normalized to unity,
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The pristine SIRMdust is not known but based on the above consideration we assume that the magnetic properties of the VK Holocene ice are the best available for pristine interglacial dust. The pristine SIRMdust value is then estimated as the linear fit of SIRMice versus IDC, similar to that shown in Figure 4, but computed using only VK samples from MIS 1 and MIS 2 that are assumed to be the least altered, This set of samples can be extracted from the table “complete set” in the Supplementary Material. The coefficients of this linear fit (intercept = 4.37 × 10–9 slope = 0.1052), which are highly significant according to a t-test, are used to compute the pristine SIRMdust of other samples using MIS-averaged IDC data listed in Table 1 as SIRMpristine = 4.37×10−9 + 0.1052 ⋅IDC. The results (Figure 8) show that no glacial stages from VK show relevant alteration and the only large alteration index are obtained in interglacials MIS 7 and MIS 9. High index values are found only at a depth > 2,000 m and MIS > 6 in both sites, with the exception of MIS 5 at EDC. Most of the older MIS from EDC (depth > 2,000 m) have a large index.
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FIGURE 8. Alteration index representing the normalized absolute difference between SIRMdust and its estimated pristine value, which is computed from IDC data averaged within each MIS (Table 1), see text for details. Alteration index close to zero indicates a SIRMdust similar to that measured in the Holocene and LGM samples at VK. Values close to unity indicates anomalously large SIRMdust that could not be explained by the magnetization of PSA samples. Symbols size is proportional to Hcr and numbers indicate the M.I.S. from which one can deduce the average age of the group of samples (Table 1).


This summarizes previous observations suggesting that: (i) alteration processes are more common in samples deposited during interglacial periods, (ii) large alteration indexes become very frequent below ca. 2,000 m depth, where mineral dust is more likely to be affected by post-depositional processes, (iii) lowest Hcr (smaller symbols in Figure 8) are often associated with higher indexes suggesting that alteration affects the magnetic mineralogy, and (iv) regardless of other factors, the alteration is more pronounced at EDC than at VK.



CONCLUSION

According to a widely accepted interpretation of the Antarctic dust record based on the study of the lasted climatic stages, during glacial conditions dust deposition is dominated by a large load of long-distance transported dust, while during interglacial conditions other, unknown, contributions became significantly large compared to the much smaller atmospheric dust load. In this conceptual model the magnetic properties of wind-blown dust in Antarctica are expected to oscillate between two clusters which were identified with the interglacial cluster dominated by dust with low-Hcr and high-SIRMdust and glacial cluster characterized by high-Hcr and low-SIRMdust. Our result, instead, shows that this model does not hold very well when older climatic stages of VK and EDC are analyzed. Moreover, the difference between VK and EDC sites, which could be considered minor during MIS 1–6, became larger in older stages during both glacial and interglacial periods.

Results from PSA samples support the provenance of glacial aerosols from Argentina and found compatible Antarctic samples from Victoria Land. However, magnetic properties of PSA samples are incompatible with that of interglacial aerosol, hence, the origin of the source responsible for the low-Hcr and high-SIRMdust measured in interglacial samples remains enigmatic. The properties of these samples, and in particular their SIRMdust are unusual in terrestrial rocks and we had to resource to data from Antarctic micrometeorites to find similar SIRM. Nonetheless the required micrometeorite flux exceed the current estimates by orders of magnitude and this mechanism would not explain the difference between VK and EDC.

With the lack of plausible sources for the low-Hcr and high-SIRMdust aerosol, the differences observed between EDC and VK ice cores are difficult to explain as original depositional features and it is suggested that they could originate from post-depositional alteration occurring in the deepest part of the Antarctic ice sheet. In any case our results indicate that the properties of interglacial Antarctic dust from the deepest layers of ice cores, do not represent a reliable sample of the pristine atmospheric aerosol composition. In this respect VK dust record seems to provide a less biased record than EDC.
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APPENDIX


Integration With Previous Data From Vostok

The new measurements were integrated with unpublished Hcr data from VK ice core, based on measurements performed during a previous study (Lanci et al., 2007).

This dataset consisted in 10 groups of specimens from Vostok ice core published in Lanci et al. (2007), taken at depth from ∼144 m to ∼481 m belonging to MIS 1 and MIS 2. In each group of samples the mean SIRMice and SIRMdust was computed in order to average out the imprecision in the IDC data, which were taken from the literature. Here we processed the unpublished backfield IRM demagnetization measurements and computed the mean Hcr for each group. IRM demagnetizations were not available for all samples and the mean values were computed on a different number of specimens, as summarized in Table A1.


TABLE A1. Integrated dataset from Lanci et al. (2007).
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In 8 groups of samples out of 10, we have a minimum of 4 Hcr measurements that allowed to compute reliable mean Hcr values.
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As the northwest Pacific has been subject to varying terrigenous input linked to paleoclimate change, the concentration of magnetic minerals in deep-sea sediments is often utilized as a proxy to reconstruct the past atmospheric circulation in the Northern hemisphere. Volcanic materials account for a significant portion of the terrigenous input, but their contribution to sedimentary magnetic properties has not been carefully investigated. This study reveals the magnetic contribution and characteristics of volcanic materials, based on particle-size specific magnetic measurements on sediments that span the last 400 kyr for five size-fractions, including ranges typically attributed to fine eolian (<2 and 2–8 μm) and coarse volcanic (8–31 and 31–63 μm) sediments. Such detrital origins were confirmed by SEM observations. Magnetic concentration (i.e., saturation isothermal remanent magnetization) of the coarse fractions is found to have a positive relationship with bulk values, making up a 23–68% portion. The volcanic contribution is more pronounced on the concentration of hard (>100 mT) magnetic minerals, showing an increased portion of 32–74%. From coercivity spectra analysis, the coarse volcanic fractions are characterized by an abundance of the ∼100 mT coercivity minerals, which can result in an increased average coercivity of bulk sediments. Around the study area, magnetic susceptibility records show synchronized variations with volcanic proportions in terrigenous sediments, validating their close relationship. Consequently, our results indicate that volcanic materials have a high potency of magnetic concentration, which can control bulk sedimentary signals in the northwest Pacific.

Keywords: volcanic materials, terrigenous input, particle size fraction, magnetic concentration, northwest Pacific


INTRODUCTION

Mineral dust in the North Pacific, including iron oxides, is transported mainly from the Asian inland by westerly winds (Rea et al., 1998). In agreement with the geochemical behaviors of mineral dust, the physical properties of magnetic particles (e.g., concentration and composition) in deep-sea sediments have shown long-term dependence on Cenozoic global cooling. For example, an increased concentration of magnetic minerals in sediments, particularly of high coercivity minerals (e.g., hematite), has been an indicator of the intensified Asian dust input by source aridification (e.g., Yamazaki and Ioka, 1997; Bailey et al., 2011; Zhang et al., 2018). On orbital timescales, magnetic mineral concentration in North Pacific sediments shows a good correlation with the global oxygen isotope stack (e.g., LR04; Lisiecki and Raymo, 2005) during the Pleistocene, with its decrease or increase during colder or warmer periods, respectively (e.g., Yamazaki, 1999; Yamamoto et al., 2007; Kars et al., 2017). As an explanation for the cyclicity of the magnetic concentration, various factors have been suggested: glacial enhancement of dust input with high coercivity minerals (Doh et al., 1988), fossilized biogenic magnetite contribution relative to dust input (Yamazaki, 2009), and non-steady state diagenesis with glacial magnetite dissolution (Korff et al., 2016; Shin et al., 2018). However, the relationship between terrigenous input and magnetic concentration in orbital timescales is still unclear.

In the northwest Pacific, the atmospheric transport of volcanic materials from nearby arcs (e.g., Japan and the Kurile Islands) makes a vital part of terrigenous input (Nakai et al., 1993). The geochemical isotopic composition of terrigenous sediments provides a simple binary mixing feature between eolian and volcanic components (Pettke et al., 2000; Bory et al., 2003; Chen et al., 2007). Volcanic materials generally comprise more than 10–30 percentages of terrigenous input in the northwest Pacific (e.g., Nakai et al., 1993; Serno et al., 2014). Most magnetic studies on volcanic materials have identified that intercalated tephra layers in northwest Pacific sediments are characterized by strong magnetization (e.g., Yamamoto et al., 2007; Korff et al., 2016). In addition, a good relationship between magnetic signal and volcanic ash contribution during the last ∼800 kyr has been reported from abyssal sediments at a western marginal site (Urbat and Pletsch, 2003).

The development of methods to unmix magnetic signals helps discriminate magnetic mineral assemblages in bulk sediments, such as detrital/biogenic magnetite and hematite (e.g., Kruiver and Passier, 2001; Egli et al., 2010; Heslop, 2015). The magnetic contribution of biogenic magnetite, which significantly contributes to the bulk magnetic signals of northwest Pacific sediments, is readily decomposed by its non-interacting magnetic signature, such as a low and narrow coercivity distribution (Roberts et al., 2000; Egli, 2004). Meanwhile, detrital magnetite and hematite can be identified by a broader spectrum and their intrinsic coercivity (Egli, 2004). However, it is often difficult to decompose detrital magnetic minerals of different origins, such as eolian and volcanic components, from bulk magnetic signals. In this case, the combination of physical particle size separation and magnetic measurements provide useful insight to sediment transport mechanisms linked to particle size distribution (e.g., Bailey et al., 2011; Hatfield, 2014; Hatfield et al., 2017). In this study, the particle size separation approach is applied to isolate the magnetic properties of northwest Pacific sediments. From the particle size-dependent magnetic properties, we investigate the magnetic contribution of volcanic materials and its relationship with the climate-related magnetic variations since 400 ka.



MATERIALS AND METHODS


Materials

Sediment samples were taken from the core NPGP1302-1B (32°17.550N, 158°13.570E; Figure 1) on the South High of the Shatsky Rise studied by Shin et al. (2018). Terrigenous sediments of the Shatsky Rise area are mainly composed of eolian dust from Asian deserts (e.g., the Taklimakan and Gobi deserts) and volcanic materials from the nearby Japanese arcs (Natland, 1993; Zhao et al., 2006). In terms of magnetic minerals, the terrigenous fractions have experienced post-depositional alteration (i.e., magnetite dissolutions) during glacial periods, as indicated by abruptly reduced magnetizations in glacial-stage sediments (Korff et al., 2016; Shin et al., 2018). For the studied core, Shin et al. (2018) reported that magnetic minerals experienced weak alteration during Marine Isotope Stage (MIS) 2 and severe dissolution during MIS 6, 8, and 10.
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FIGURE 1. A map showing the location of the studied core NPGP1302-1B. Cores referred in this study are also shown. In the North Pacific, eolian dust and volcanic materials are transported by the Westerly jet and the East Asian winter monsoon (yellow shaded arrows).


To identify particle size dependence on rock magnetic properties, 20 bulk sediment samples were selected from core NGP1302-1B and physically separated into five particle size fractions (<2, 2–8, 8–31, 31–63, and >63 μm). Sample selection was based on sediment ages of NPGP1302-1B (Shin et al., 2018), covering periods of MIS 1–10. Shin et al. (2018) constructed the sediment age model through correlations of magnetic susceptibility and Ba/Ti (Ba/Al) records with adjacent cores. Radiocarbon dates spanning the last ∼20 kyr were also combined. From a total of 23 age–depth points, the average sedimentation rate was calculated as 1.60 cm/kyr, with the bottom age of 394 ka at 603 cm depth.



Particle Size Separation

Particle size separation was made following the Atterberg method (Atterberg, 1912). A bulk sediment sample of ∼2.5 g dry weight was mixed with 25 ml of a 2% Calgon solution (sodium hexametaphosphate) and distilled water and stirred sufficiently. The >63 μm fraction was extracted by sieving. Next, the sediment solution was separated into four size-fractions on the basis of Stroke’s Law, in sequence from coarse to fine fractions (31–63, 8–31, 2–8, and <2 μm), by siphoning suspended sediments after deposition time of respective particle size fractions. The extraction process of each fraction was repeated at least twice to obtain purer particle size fractions. The size-separated samples were oven-dried at a temperature of ∼50°C and measured as dry masses. For the <2 μm fraction, the mass of Calgon was corrected.



Magnetic Measurements

For a total of 100 size-fractionated samples, concentration-related magnetic parameters were measured: saturation isothermal remanent magnetization (SIRM), anhysteretic remanent magnetization (ARM), and backward IRM at 100 and 300 mT in the opposite direction to the SIRM (IRM–100mT and IRM–300mT, respectively). Hard IRMs (HIRMs) were calculated as follows: HIRM100 = 0.5 × (SIRM + IRM–100mT) and HIRM300 = 0.5 × (SIRM + IRM–300mT). SIRM and ARM represent magnetizations of all grains and fine-grained ferrimagnetic minerals (e.g., magnetite), respectively (Evans and Heller, 2003). HIRM100 and HIRM300 reflect concentrations of magnetic minerals with >100 mT (e.g., partially oxidized magnetite) and >300 mT coercivities (e.g., hematite), respectively. S-ratios (S100 and S300) were calculated using S100 = 0.5 × (1 – IRM–100mT/SIRM) and S300 = 0.5 × (1 – IRM–300mT/SIRM). S100 and S300 are applied to estimate the relative significance of magnetic minerals with <100 mT and <300 mT coercivities, respectively, among all magnetic minerals (Evans and Heller, 2003). All remanent magnetization values were measured using a Agico JR-6A spinner magnetometer.

For selected size-fractionated samples, IRM acquisition and backfield demagnetization curves were obtained using a Princeton MicroMag 3900 vibrating sample magnetometer in the Center for Advanced Marine Core Research, Kochi University, Japan. IRMs were acquired by applying DC fields of up to 1 T, with 140 nonlinear field steps. From stepwise backfield IRM demagnetization, remanence coercivity (Bcr) was estimated as the field reduced the remanence to zero. Based on IRM acquisition behavior, principal component analysis on coercivity distribution was performed using a fitting program (Kruiver and Passier, 2001).



Electron Microscope Observations

Scanning electron microscopy (SEM) observations were carried out for magnetic mineral extracts from selected size-fractionated samples and a volcanic ash layer. After magnetic measurements, samples were dispersed into distilled water under ultrasonication for 5 min. The sediment solution was slowly dropped into a glass vial filled with distilled water, and magnetic minerals were extracted by a rare earth magnet of 1 T which was placed next to the vial. This procedure was repeated several times to gather purer magnetic extracts. The extracted samples were dried at ∼50°C in an oven overnight. Finally, the dried magnetic extracts were mounted using a carbon tape, and then coated with carbon. SEM observations were performed with a JEOL analytical field emission SEM (JSM-7610F) coupled with energy dispersive X-ray spectroscopy (EDS) at Gyeongsang National University, South Korea.



RESULTS

Magnetic concentration parameters (SIRM, ARM, HIRM100, and HIRM300) of size-fractionated samples were normalized by mass, and then multiplied by each mass fraction (f); representing mass-normalized and mass-weighted values, respectively. The mass-normalized values are generally higher in coarser fractions which take small portions in total mass (Supplementary Figure S1), indicating higher magnetic concentration. In order to take account into mass contribution together, the mass-weighted values were adopted in this study (Figure 2) and relative abundance of magnetic minerals in each size fraction was evaluated (e.g., Razik et al., 2014). By normalizing the mass-weighted values with bulk values, the percentage magnetic contribution (PMC) was also calculated.
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FIGURE 2. Magnetic concentration parameters of bulk and size-fractionated samples from NPGP1302-1B. (A) Saturation isothermal remanent magnetization (SIRM); (B) anhysteretic remanent magnetization (ARM); (C) hard (>300 mT) IRM (HIRM300); and (D) hard (>100 mT) IRM (HIRM100). Values are mass-weighted by multiplying fractional abundance (%). For comparison, the bulk values from Shin et al. (2018) are shown as gray shaded area. Marine Isotope Stages (MIS) are labeled as numbers on the top. Volcanic ash layers at ∼80 and ∼270 ka are marked by orange bars.


The calculated parameters for the sized fractions in this study are compared with the results obtained from bulk samples in the previous study (Shin et al., 2018). In addition, the relative significance composition of low and high coercivity minerals was estimated by comparison of S-ratios.


SIRM and ARM

SIRM values of the sized fractions display similar variations to bulk SIRM, showing markedly low values in all fractions during MIS 6, 8, and 10 (Figure 2A). Of the five fractions, the 2–8 μm fraction has relatively high SIRM values with the highest average PMC of 31% (Figure 2A and Table 1), revealing higher contribution (36–38%) during MIS 1 and 9, and lower contribution (19–27%) during MIS 7 and 8 (Figure 3A). The finest fraction (<2 μm) does not show distinctively high SIRM values (Figure 2A), and the average PMC (25%) is lower than the 2–8 μm fraction (Table 1). Although coarser fractions (8–31 and 31–63 μm) have slightly lower average PMC values of 21 and 22%, respectively (Table 1), they occasionally show significantly high SIRM values and PMC up to 43% (Figures 2A, 3A). In particular, the 31–63 μm fraction exhibits the maximum SIRM values with PMC of 28–43% during MIS 7 and around a volcanic ash layer at ∼270 ka (Figures 2A, 3A). The coarsest fraction (>63 μm) contributes a small portion to the bulk SIRM (Figure 3A and Table 1) and could reflect inclusions of magnetic grains in host minerals, such as silicates (e.g., Chang et al., 2016; Chen et al., 2017).


TABLE 1. Percentage Magnetic Contribution (PMC) of each particle size fraction to bulk magnetic concentration parameters.
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FIGURE 3. Percentage magnetic contribution (PMC) of the size-fractionated samples to bulk magnetic parameters of (A) SIRM, (B) ARM, (C) HIRM300, and (D) HIRM100. PMC of each fraction is illustrated as cumulative bar chart. The color index is the same as in Figure 2.


Fine fractions (<2 and 2–8 μm) have high ARM values (Figure 2B), which is consistent with ARM being more sensitive to the presence of finer magnetic grains. Their average PMC dominates the bulk ARM, accounting for 44 and 33%, respectively (Table 1). The two dominant fractions show opposing fluctuations in some periods (Figure 2B), which probably reflects fine magnetite of different origins (e.g., biogenic vs. detrital magnetite). ARM values of coarser fractions (8–31 and 31–63 μm), similarly, vary with those of the 2–8 μm fraction (Figure 2B), but their average PMC is generally as low as 11 and 10%, for 8–31 and 31–63 μm fractions, respectively (Table 1).



HIRMs and S-Ratios

Bulk HIRM300 and HIRM100 variations resemble that of SIRM, reflecting a similar input mechanism for both high and low coercivity minerals (Figures 2C,D). Of the measured parameters, the bulk HIRM300 does not show a noticeable decrease during MIS 6, 8, and 10 (Figure 2C) since high coercivity minerals (e.g., hematite) are resistant to dissolutions (Roberts, 2015). Fine fractions of <2 and 2–8 μm have relatively constant HIRM300 values (Figure 2C), with average PMC values of 26 and 27%, respectively (Table 1). The PMC generally increases during glacials (MIS 2, 6, 8, and 10) (Figure 3C). On the other hand, the coarser fractions, 8–31 and 31–63 μm, display a relatively large fluctuation in HIRM300 values (Figure 2C) with average PMC values of 24 and 22%, respectively (Table 1). Strikingly, the coarse fractions dominate the bulk HIRM300 with peak values in MIS 7, as in SIRM, showing PMC of 62–74% (Figures 2C, 3C).

Compared to the bulk HIRM300, HIRM100 variation is more similar to SIRM variation (Figures 2A,C,D). However, the <2 μm fraction has relatively low HIRM100 values, with an average PMC of 18% (Figure 2D and Table 1). Meanwhile, HIRM100 values of coarser fractions of 8–31 and 31–63 μm dominate the bulk values (Figure 2D), showing average PMC values of 25 and 26%, respectively (Table 1). The PMC of the coarse fractions to HIRM100, exhibiting ∼50–80% together, is distinctively higher than to other parameters (Figure 3).

The sized fractions have relatively constant S300 ratios in the range of ∼0.95–0.98, except for significant decreases during MIS 6, 8, and 10. This indicates the dominance of low coercivity minerals (<300 mT) in all fractions. As shown by relative fluctuations in SIRM instead of HIRM300 (Figure 4), the S300 decreases during MIS 6, 8, and 10 are associated with a decrease in low coercivity minerals. The lowest S300 in the <2 μm fraction supports the preferential dissolution of fine magnetites (e.g., Roberts, 2015). S100 of the sized fractions, similarly, changes with S300, showing decreases during MIS 6, 8, and 10. However, more distinctly, S100 is lower in the coarse fractions (8–31 and 31–63 μm), reflecting the greater contribution of high coercivity minerals (>100 mT). This is consistent with relatively high PMC to the bulk HIRM100 in the coarse fractions (Figures 3D, 4A).
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FIGURE 4. (A) S300 and (B) S100 of bulk and size-fractionated samples. The lower S-ratios indicates greater contribution of high coercivity magnetic minerals. The color index is the same as in Figure 2.




SEM Observations

SEM photos of magnetic extracts for the <2 μm and 8–31 μm fractions of 231 ka (361 cm depth) in Figure 5. For the <2 μm fraction (Figures 5A,B), magnetic particles show various morphologies with frequent occurrences of subangular–euhedral and cuboidal shapes with smooth surfaces. EDS analysis reveals that most of the particles are identified as iron-oxides showing distinctive Fe and O peaks (Supplementary Figure S2). Most of <100 nm particles are observed as cuboidal iron-oxides aggregated each other (lower panels of Supplementary Figure S2). On the other hand, magnetic extracts for the 8–31 μm fraction show angular, irregular, and vesicular morphologies with 10–30 μm particle sizes (Figures 5C,D). Such typical morphologies are characteristics of volcanic ashes (e.g., Riley et al., 2003). Within large alumino-silicates composed mainly of Al, Ca, and Si, iron-oxides are observed as submicron sized inclusions (Figure 5D and Supplementary Figure S3). Notably, the iron-oxide inclusions also have Ti as a major element.
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FIGURE 5. Scanning electron microscopy (SEM) photos of magnetic extracts for (A,B) the <2 μm and (C,D) the 8–31 μm fractions of the 231 ka (361 cm depth) sample. (E,F) SEM photos for volcanic ash layer (275 ka, 470 cm depth) are presented for comparison. Representative chemical compositions are shown in Supplementary Figures S2–S4.


For comparison, magnetic extracts for a volcanic ash layer (275 ka, 470 cm depth) were observed (Figures 5E,F). As expected, all the particles observed show similar morphologies to those in the 8–31 μm fraction. Ti-rich iron-oxides occur in the large alumino-silicate host (Supplementary Figure S4). Such morphological and compositional similarities indicate that most of large particles (>8 μm) including iron-oxides are probably in volcanic origin.



DISCUSSION


Climate Dependence of Volcanic Fraction

For the past ∼500 kyr, terrigenous sediments of ODP 1209B site on the South High of the Shatsky Rise, where our study core was collected at ∼50 km away (Figure 1), have shown a bimodal particle size distribution, with modes of ∼4 and ∼20 μm accounting for ∼60–100% and ∼0–40% of the terrigenous fraction, respectively (Zhang et al., 2019). The major components of the 4 and 20 μm modes have been identified as eolian dust and volcanic materials, respectively, based on their Nd isotopic (εNd) and geochemical (La-Sc-Th) compositions (Zhang et al., 2019). In the ODP 1209B core, εNd varied systematically with relative proportion of two size modes, in which εNd increased toward volcanic end member composition with increasing proportion of 20 μm mode size fraction. The SEM observation results of our size-fractionated samples clearly confirmed the two main detrital origins, showing differences in morphologies of magnetic particles (Figure 5). Thus, the 2–8 and 8–31 μm samples of this study are expected to represent magnetic signals of the eolian and volcanic components, respectively. In addition, finer (<2 μm) and coarser (31–63 μm) fractions probably retain the extended magnetic properties of the two components.

SIRM reflects the total magnetic mineral concentration, and average PMC of fine fractions (<2 and 2–8 μm) dominantly contribute to the bulk values (Table 1). Given the dominant fine eolian component in the pelagic setting (Maher, 2011), it is natural that the fine fractions make a high magnetic contribution. However, coarse fractions (8–31 and 31–63 μm) show a significant PMC of >50% in some cases. For example, the coarse fractions in MIS 7 make up greater than 60% of bulk SIRM, with high mass-weighted SIRM values (Figures 2A, 3A), implying significant contribution of volcanic particles to bulk magnetic concentration as confirmed by SEM observations (Figures 5C,D). Notably, the PMC of the coarse fractions is more distinctive in HIRMs than SIRM (Figure 3 and Table 1).

Interestingly, the temporal change in the bulk SIRM and HIRMs shows positive correlations with PMCs of the coarse fractions (8–31 and 31–63 μm), while the fine fractions (<2 and 2–8 μm) reveal negative correlations (Figure 6). Except for highly altered MIS 6, 8, and 10 samples that probably suffered magnetite dissolutions (Shin et al., 2018), PMC of the coarse fractions show a high correlation coefficient (r2) of 0.87 for SIRM (Figure 6A). This strongly indicates that volcanic contribution has a close relationship with temporal changes of magnetic concentration. Such significance of volcanic contribution on magnetic signal is consistently found in the nearby core ODP site 1209B (Figure 1). As shown in Figure 7, Zhang et al. (2019) reported that relative changes in volcanic particle contribution of the ∼20 μm mode component at the site 1209B mimics the global oxygen isotope stack (LR04; Lisiecki and Raymo, 2005) during the last ∼500 kyr. When we compare this volcanic component with magnetic susceptibility from the site 1209B (Westerhold and Röhl, 2006), the two records show concurrent variations. This implies that volcanic particle contribution, rather than eolian dust, is the critical cause of the magnetic susceptibility variations. Moreover, the two records are very analogous to bulk magnetic susceptibility records of the studied core NPGP1302-1B (Shin et al., 2018) and a nearby core NGC102 (Yamamoto et al., 2007). Yamamoto et al. (2007) also stratigraphically correlated similar magnetic susceptibility changes of cores around the Shatsky Rise. All these consistent records indicate that bulk magnetic signals (i.e., magnetic mineral concentration) of northwest Pacific sediments sensitively responded to volcanic particle contribution.
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FIGURE 6. Correlation between bulk magnetic concentration (SIRM, HIRM300, and HIRM100) and PMCs of (A) coarse (8–31 and 31–63 μm) and (B) fine (<2 and 2–8 μm) fractions. Glacial samples (MIS 6, 8, and 10), suspected to be altered (open symbols), were excepted for the correlation. PMCs of coarse and fine fractions reveal positive and negative correlations, respectively, with bulk concentration parameters.
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FIGURE 7. Comparison of global oxygen isotope (LR04; Lisiecki and Raymo, 2005), magnetic susceptibility (MS) of ODP site 1209B (blue; Westerhold and Röhl, 2006; Bordiga et al., 2013 for age construction), particle size endmember (EM) contribution in ODP site 1209B (orange; Zhang et al., 2019), and MS records of NGC102 (dark gray; Yamamoto et al., 2007) and NPGP1302-1B (gray shaded; Shin et al., 2018). The EM corresponds to volcanic component relative to eolian dust in terrigenous fraction of ODP site 1209B.


As Zhang et al. (2019) suggested, the climate-dependence of volcanic particle contribution can be explained as the relative effect of dilution by evolving eolian dust flux, as dust input is enhanced during glacials (e.g., Hovan et al., 1991; Lambert et al., 2008; Jacobel et al., 2017); volcanic activities alone cannot directly paced to climate change. Of course, it should be noted that glacial magnetic signals represent the concentration of remaining magnetic minerals after magnetite dissolution (Shin et al., 2018). All particle fractions have low mass-concentration of magnetic minerals during MIS 6, 8, and 10 (Supplementary Figure S1) with low S-ratios (Figure 4), suggesting that magnetic minerals were primarily dissolved. Nevertheless, stronger contribution of eolian dust is likely well-reflected in higher PMC to HIRM300 of fine fractions during glacials (Figure 3). Conclusively, our results provide a more comprehensive understanding of the cause of climate-dependent magnetic variations: volcanic coarse particles have strong potency to magnetic concentration parameters of both low and high coercivity minerals and thus acted as the main controller of bulk magnetic records in relation to terrigenous input. Volcanic materials, thus, should be considered as an essential factor for the interpretation of magnetic signals in the northwest Pacific, even though they account for a relatively small portion in sediments than dust.



Magnetic Characterization of the Volcanic Component

Magnetic properties of volcanic materials deposited in the northwest Pacific have been identified mostly from intercalated ash layers in bulk sediments. In general, the volcanic ash layers are characterized by magnetic spikes, associated with deposition of abundant magnetic minerals by short-term events (e.g., Yamamoto et al., 2007; Korff et al., 2016; Shin et al., 2018). Detailed magnetic analyses on the volcanic ash layers have also reported their magnetic features, such as rare antiferromagnetic minerals (Natland, 1993) and abundant ultrafine superparamagnetic particles (Bailey et al., 2011). In particular, Zhang et al. (2018) verified that volcanic ash layers deposited at a northern Pacific site (ODP site 885A; Figure 1) rarely contain pedogenic hematite and goethite, commonly present in eolian dust from arid regions, based on diffuse reflectance spectroscopy (DRS) signals. They also specified abundant high coercivity (80–100 mT) ferrimagnetic minerals in the ash layers from coercivity distribution. Along with these achievements, the particle size separation approach in this study can further provide magnetic information on the long-term airborne input of coarse volcanogenic particles in the northwest Pacific.

Considering the magnetic features of volcanic ash layers, coercivity distribution of fine (<2 and 2–8 μm) and coarse (8–31 and 31–63 μm) fractions could provide useful information on eolian- and volcanic-related magnetic signals, respectively. IRM component analysis for selected interglacial bulk samples and their sized fractions, avoiding glacial magnetic alteration, was performed (Figure 8 and Supplementary Figure S5). Coercivity spectra of the four sized fractions are all dominated by component 2, with low coercivity (B1/2 of 45–54 mT; Figures 8C–F). In the coercivity range, a narrow dispersion parameter (DP) of ∼0.2 in the finest fraction (<2 μm) is typical for biogenic magnetite, while wider DP in the other fractions corresponds to detrital magnetite (Egli, 2004; Yamazaki, 2009). Despite the dominant contribution of component 2, component 3, with a B1/2 of 93–145 mT, is prominent in the coarse fractions with ∼22.5% contribution to SIRM (Figures 6E,F). On the other hand, component 4, which exhibits a higher coercivity (B1/2 of 427–501 mT), is negligible in the coarse fractions.
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FIGURE 8. Remanence acquisition and gradient plots for the 103 ka (164 cm depth) samples. (A) IRM acquisition and backfield decay curves for bulk and sized fractions altogether; (B–F) coercivity spectra of bulk and each sized fractions. In coercivity spectra, raw data points are indicated by squares; coercivity components are marked as purple (component 1), green (component 2), blue (component 3), and gray (component 4) lines; and sum of components are red lines fitted to the raw data. For each coercivity component, mean coercivity (B1/2), dispersion parameters (DP), and contribution to SIRM (cont.%) are specified.


In contrast, the fine fractions display high-field tails in the IRM acquisition curves (Figure 8A), indicating the presence of high coercivity antiferromagnetic minerals, such as hematite, in eolian dust. The high coercivity signal in the fine fractions could be useful to trace the eolian contribution as demonstrated using DRS parameters by Zhang et al. (2018). Taken together, from the coercivity behaviors of the coarse fractions, volcanic materials can be characterized by abundant ferrimagnetic minerals of intermediate coercivity (∼100 mT). Although this coercivity range is slightly higher than the results from the ash layers originating from the Kamchatka-Aleutian arcs (i.e., the site 885A; Zhang et al., 2018), the coercivity distribution of our coarse fractions may be somewhat different depending on the relic of antiferromagnetic minerals in eolian dust (Supplementary Figure S5).

The IRM acquisition behavior of the bulk sample is similar to that of the 2–8 μm sample, particularly in the low coercivity range (Figure 8A). However, as shown in the bulk coercivity spectra (Figure 8B), the large dispersion of component 2 and the significant contribution of component 3 are more related to the coercivity distribution of the coarse fractions (Figures 6E,F). This confirms volcanic particles as an essential supply source of magnetic minerals. In particular, the abundant intermediate coercivity minerals (i.e., component 3) in volcanic particles can yield relatively high coercivity, as consistently presented by higher Bcr and lower S-ratios in the coarse fractions (Figures 4, 6A, respectively). This implies that some proxies for higher coercivity fractions in bulk sediments (e.g., S-ratios and HIRMs) can be influenced by volcanic contribution. Thus, the use of such conventional eolian proxies for bulk sediments should be accompanied by consideration of volcanic contribution in coarse fraction in the northwest Pacific. In that respect, the magnetic analysis combined with particle size separation is a useful tool for characterizing volcanic and eolian contribution on bulk sediments.



CONCLUSION

Based on particle size-dependent magnetic properties, magnetic characteristics of volcanic materials and their contribution to bulk magnetic concentration was evaluated in ∼400 kyr sediments from the northwest Pacific. Magnetic properties of fine (<2 and 2–8 μm) and coarse (8–31 and 31–63 μm) fractions were isolated as eolian- and volcanic-related, respectively. SIRM and HIRMs (HIRM300 and HIRM100) were significantly contributed to by the coarse fractions, often showing >50% (up to 74%) of PMC. Moreover, the PMC of the coarse fractions generally varies in sync with the respective bulk values of SIRM and HIRMs, implying a close relationship between volcanic particle contribution and bulk magnetic concentration. Such a relationship is validated by covariation between magnetic susceptibility records and the relative proportion of volcanic components in the terrigenous fraction. Thus, we suggest volcanic materials as an important factor of magnetic concentration in the northwest Pacific, related to climate change. In addition, coercivity spectra of the coarse fractions reveal that volcanic materials contain abundant intermediate coercivity (∼100 mT) minerals, which can significantly influence high coercivity fraction parameters (e.g., S-ratios and HIRMs). Therefore, traditional coercivity proxies should be carefully interpreted in the northwest Pacific, in consideration with the volcanic contribution.
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Microbial respiration in marine sediment can affect the magnetic properties of the sediment through a complicated interplay between reductive dissolution and authigenic precipitation of iron-bearing magnetic minerals. However, a direct link between the main diagenetic zones in the upper sedimentary column and sedimentary magnetic properties using high resolution multi parameter profiles has been demonstrated only in few studies. Here, we directly correlate early diagenetic processes and sedimentary magnetism using a composite high-resolution sedimentary record of pore water chemistry, solid phase chemical measurements and mineral-magnetic parameters. Measurements along the profiles include the entire redox cascade, from the water-sediment interface, down through the deep methanic zone, on a six-meter sediment core collected from the Southern Eastern Mediterranean continental shelf. The uppermost part of the sediment core, associated with oxic, nitrous, manganous, ferruginous, and sulfate reduction zones, is characterized by high ferrous iron and sulfate concentrations and high values of the measured magnetic parameters [susceptibility, Isothermal remanent magnetization (IRM) and Anhysteretic remanent magnetization (ARM)]. This layer is underlain by a sulfate-methane transition zone (SMTZ) that shows a significant decrease in magnetic parameters due to the dissolution of magnetic minerals. Below the SMTZ, the methanic zone has been assumed to be magnetically inactive under steady-state conditions. However, we observe in the upper methanic zone an increase in microbial iron reduction, coupled to an abrupt increase in magnetic parameters. Our data indicate that the observed increase in the magnetic signal is related to the precipitation of authigenic magnetic minerals. These diagenetic changes should be considered when interpreting paleomagnetic data, and highlight the potential to use high-resolution magnetic data as a proxy for identifying diagenetic processes.

Keywords: early diagenesis, sedimentary magnetism, porewater chemistry, methanogenesis, iron reduction


INTRODUCTION

Microbial respiration of organic debris in sediments is coupled to the reduction of electron acceptors along a cascade of decreasing free energy yield from oxygen reduction, followed by nitrate reduction, manganese and iron oxide reduction, then sulfate reduction, and finally, methanogenesis (Froelich et al., 1979). This respiration order predicts that the more favorable processes (with more negative Gibbs energy) would occur at shallower depths (Jorgensen, 2000). Therefore, these respiration processes define diagenetic zones associated with change in the chemical composition of the pore water (Berner, 1980; Canfield and Thamdrup, 2009).

The change in pore water chemistry due to the microbial respiration processes can cause also diagenetic changes in the mineralogy of the sediment. This can include dissolution and precipitation of iron-bearing magnetic minerals, which leave traceable magnetic fingerprints (signals) in the sediment (Lovley, 1991; Liu, 2004; Maloof et al., 2007; Rowan et al., 2009; Roberts, 2015). Thus, understanding and characterizing the link between geochemical pore water profiles, diagenetic zones, and sedimentary magnetic changes, is necessary for adequate interpretation of magnetic sedimentary data, and vice versa can enable new insights into the microbial activity in sediments.

Magnetic properties of the sediment and the assemblage of its magnetic particles can vary as a response to changes in sediment transport and deposition regime, but also due to diagenetic reactions, which evolve with burial (Liu et al., 2012). In the oxic zone, surface oxidation of detrital iron minerals, mainly maghemitization of magnetite, commonly occurs (Smirnov and Tarduno, 2000; Torii, 2011). In addition, iron-bearing minerals can precipitate in the oxic, nitrogenous, and manganous zones (which can overlap) as dissolved ferrous iron from underlying zones diffuses upward and reacts with dissolved oxygen, nitrate, or with oxide minerals, to form oxyhydroxides (Lovley et al., 1990; Cornell and Schwertmann, 2003). In the ferruginous zone, iron minerals undergo reductive dissolution by iron reducing bacteria oxidizing organic substrates, releasing ferrous iron into the pore water and triggering the precipitation of authigenic and/or biogenic minerals, mainly magnetite (Channell et al., 1982; Chang et al., 1987; Karlin et al., 1987; Lovley et al., 1987). Ferric iron appears in most aquatic systems as low-solubility iron oxide minerals. Thus, its reduction is a challenge to microorganisms, which need to breathe those minerals, rendering many of them effectively unavailable for reduction deep in sedimentary environments, and leading to the dominance of sulfate reducing bacteria at a certain depth (Shi et al., 2007). In the sulfate reduction zone, sulfide, the product of bacterial sulfate reduction, reacts also with the remnant of the ferric iron oxides, which have survived the dissolution in the upper sediment. This causes oxidation of the sulfide to sulfur intermediates (and then to sulfate and sulfide by disproportionation), reductive dissolution of the detritus iron oxides and liberation of dissolved ferrous iron into the porewater (Rickard and Luther, 2007). The excess sulfide and the dissolved ferrous iron precipitate as authigenic iron-sulfide minerals, first as iron-monosulfide, altering to pyrite, the most stable iron-sulfide mineral, as sulfide concentration increases (Berner, 1984; Canfield and Berner, 1987; Roberts, 1995; Rowan et al., 2009).

Once sulfate is depleted, methane production by methanogens (Archaea), traditionally serves as the terminal process anchoring carbon remineralization. When the produced methane comes into contact with an available electron acceptor, it can be consumed by it through microbial oxidation (methanotrophy), the main process by which methane is prevented from escaping to the atmosphere. In marine sediments (the main natural reservoir of methane), up to 90% of the upward methane flux is consumed anaerobically by sulfate (Valentine, 2002), wherein established (diffusive) profiles it occurs within a distinct sulfate-methane transition zone (SMTZ). According to the classical view, minor magnetic changes are expected below the SMTZ with regard to the iron mineral assemblages in the sediments. A significant iron reduction has been recently reported below the SMTZ, in the methanic zone of marine sediments, where the release of dissolved ferrous iron often coincides with a decrease in methane concentrations (Jørgensen et al., 2004; März et al., 2008; Slomp et al., 2013; Riedinger et al., 2014; Treude et al., 2014; Egger et al., 2015). These observations suggest the possibility of a “deep” diagenetic zone associated with the reduction of iron minerals that have survived the upper reduction zones and potentially the formation of magnetic authigenic minerals.

Several studies have explored the relationship between porewater chemistry, sediment chemistry, and sedimentary magnetism (Kasten et al., 1998; Liu, 2004; Riedinger et al., 2005; Kawamura et al., 2007, 2012; Larrasoaña et al., 2007; Fu et al., 2008; März et al., 2008; Rao et al., 2008; Cruz et al., 2018). However, a direct link between depth profiles of chemical composition of the porewater and the magnetic parameters throughout the diagenetic zones has been only partly established (Garming et al., 2005; Fu et al., 2008). Here, we explore the coupling between porewater chemistry and sedimentary magnetism in marine sediments and investigate the entire diagenetic profile from the oxic zone down to the deep methanic zone.



MATERIALS AND METHODS


Study Site

The sediment core was collected from Station SG-1 (32°57.83′N 34°55.29′E), located on the continental shelf of Israel, 20 km offshore Acre, at a water depth of 85 m (Figure 1). The sediments in this area mainly correspond to input from the Nile River, which has been delivering a massive load of siliciclastic clays through counter-clockwise currents parallel to the coast since sea level stabilization at 6000–7000 years BP (Nir, 1984; Lambeck and Purcell, 2005; Schattner et al., 2010). The sediment extending 3–5 km from the shore is mainly composed of sand and silt, while further, the sediment is composed of muddy clayey sediments derived from the Nile. The most abundant clay mineral is montmorillonite (with a smaller fraction of illite and kaolinite), which makes silica, alumina, and ferric iron oxides the main chemical components in the bulk sediment (Nir, 1984). Although methane is not expected in the upper several meters of the sediments due to the oligotrophic characteristics the SE Mediterranean Sea surface water, methane was observed in several cores collected from SG-1 (Sela-Adler et al., 2015; Vigderovich et al., 2019; Wurgaft et al., 2019). They identified the SMTZ in the upper few meters of the sediments, conducted an isotopic analysis of the methane and concluded that most of the methane is from biogenic source and that it is being produced in situ. Yet, it is possible some methane gas might diffuse upward from a deeper biogenic methane gas pocket, which was observed by seismic surveys at depths of 40–110 m (Schattner et al., 2012).


[image: image]

FIGURE 1. Location map of Station SG-1 in the Southern Eastern Mediterranean Sea continental shelf.




Sampling

A 6 m long sediment core was collected from Station SG-1 using a piston corer during a cruise on the R. V. Bat-Galim in January 2017. The sediment core was sliced onboard at intervals of 30 cm within minutes of core collection. For headspace measurements of CH4, approximately 1.5 mL of sediment was taken from the top of each sediment slice. This sediment was transferred immediately into N2-flushed crimped bottles containing 5 mL of 1.5 N NaOH. Sediment samples from the top 5 cm of each sediment slice were transferred to vials under anaerobic conditions, and porewater was extracted from them on the same day by centrifugation at 4°C under an N2 atmosphere. The supernatant was filtered through a 0.22 μm filter and was analyzed for dissolved Fe2+, sulfide, and sulfate. The sediment was dried in an ambient temperate under N2 atmosphere, the dry sediment was analyzed for different iron minerals fractions following the sequential extraction protocol from Poulton and Canfield (2005). The 30 cm core segments were split along their length and sampled for magnetic analysis by pushing non-magnetic plastic sampling boxes of 23 × 23 × 19 mm into the split halves at ∼5 cm intervals. Magnetic mineral extractions for scanning electron microscopy (SEM) were prepared from a mixture of 2–3 g of sediment and alcohol, using a strong hand magnet within a plastic probe (Nowaczyk, 2011). The extracts were dried in ambient temperature, half of the dried sediment was characterized by X-Ray Diffraction (XRD) measurement, the other half tapped on a conductive polycarbonate tape for electron microscopy imaging and elemental analyses, using high-resolution SEM with an integrated energy dispersive X-ray spectroscopy (EDS).



Chemical Measurements

Headspace methane concentrations were measured on a Thermo Scientific gas chromatograph (GC) equipped with a flame ionization detector (FID) at a precision of 2 μmol⋅L–1. Sulfate concentrations were analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-OES-720-ES, VRIAN) with a precision of 2%. Ferrous iron was fixed immediately using Ferrozine solution, and its absorbance in 562 nm was measured on a spectrophotometer (Stookey, 1970), with an error of less than 7 μmol⋅L–1. Sulfide was measured using the Cline method (Cline, 1969), and 1.5 mL filtered porewater was inserted into a 15 mL falcon tube with 0.1 mL of ZnAc (200 g⋅L–1). Then, 120 μL of the diamine reagent was added into the solution, and the sample was stored in the dark for 30 min before measuring. Sulfide concentration was measured photometrically at 665 nm wavelength with a precision of ± 2%. The measurements of different iron minerals in the solid phase were performed on chemical extractions of four Fe fractions (Fecarb- siderite and ankerite, Feox1- ferrihydrite and lepidocrocite, Feox2- goethite, hematite and akageneite, and Femag- magnetite), following the Poulton and Canfield (2005) sequential extraction protocol. A 0.5 g dry sediment was inserted into a centrifuge tube with 10mL of a specific extractant at every stage. The fluids were separated from the sediment by centrifugation and removed from the tube after every extraction stage. At the end of each extraction stage, the extractant was transferred into a falcon tube containing ferrozine solution, and then it was measured spectrophotometrically. FeCarb was extracted by adding 1 M sodium acetate at pH 4.5 to the samples for 24 h. Feox1 was extracted by adding 1 M hydroxylamine- HCl in 25% [v/v] acetic acid to the samples for 48 h. Feox2 was extracted by adding 50 g⋅L–1 sodium dithionite buffered to pH 4.8 with 0.35 M acetic acid or 0.2 M sodium citrate for 2 h. Femag was extracted by adding 0.2 M ammonium acetate solution at pH 3.2 for 6 h.



Magnetic Measurements

Magnetization measurements were carried out using a three-axial 2G-750 Superconducting Rock Magnetometer (SRM) system with an in-line two-axial AF unit and an axial anhysteretic remanent magnetization (ARM) coil. IRM was acquired using ASC pulse magnetizer and was measured using AGICO JR-6 spinner. Each sample was subjected to the following procedure: AF demagnetization of the NRM; ARM acquisition in 100 mT AC field and 0.1 mT bias field; AF demagnetization of the ARM using the same steps as the NRM demagnetization; IRM acquisition in 1.5 T. Demagnetization experiments were done in 11 steps (5, 10, 15, 20, 30, 40, 50, 65, 80, 100, 110, and 120 mT). Demagnetization data were analyzed using the PmagPy software package (Tauxe et al., 2016). Characteristic remanent magnetization (ChrM) directions were calculated from principal component analysis (PCA) following Kirschvink (1980). To detect the presence of gyro-remanent magnetization (GRM), typical to SD greigite (Snowball, 1997; Roberts et al., 2011) we calculate a GRM(%) parameter as described in eq. 1:
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Where m120  mT is the magnetic moment after the 120mT step and mmin is the minimum moment measured during the AF demagnetization process.

Bulk low frequency (χlf) and high frequency (χhf) susceptibility were measured using an AGICO MFK-1 kappabridge at frequency of 976 and 15616 Hz, respectively. Frequency-dependent susceptibility (χfd) was calculated using the percentage of the normalized difference in susceptibility, as shown in eq. 2:
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High-temperature susceptibility thermomagnetic curves were measured on selected samples from depths 160, 280, 340, and 550 cm with the kappabridge using a CS4 furnace at temperatures ranging from ambient temperature to 700°C in Argon atmosphere. Low-temperature zero field cooling (ZFC) heating curves were measured on samples from depths 54, 150, 240, 350, 450, and 560 cm using Quantum Design MPMS by heating the samples under 10 mT magnetic field from 5K to room temperature after cooling them in zero field.



Electron Microscopy

Imaging of magnetic minerals, extracted from depths 84, 160, and 280 cm, was done using a FEI Magellan TM 400L field emission XHR-SEM (Oxford Instruments, United Kingdom) at 10–15 kV and 0.2 nA using a Secondary electron detector (ETD) and High contrast retractable solid-state detector (vCD). Elemental composition measurement was carried out using an energy dispersive X-ray spectroscopy (EDS) silicon drift detector Oxford X-Max (Oxford Instruments, United Kingdom). Imaging was conducted at the center of Nanoscience and Nanotechnology at the Hebrew University, Jerusalem, Israel.



X-Ray Diffraction

Sample characterization was performed by X-Ray Powder Diffraction method. Data were collected on Panalytical Empyrean Powder Diffractometer equipped with position sensitive detector (PSD) PIXCEL and Graphite monochromator on the diffracted beam The Cu Kα radiation (α = 1.541 Å) was used at operation conditions (voltage and current) 40 kV and 30 mA. The usual Bragg-Brentano q/2q was employed. q/2q scans were run for 15 min in a 2q range of 5–60° with step equal to ∼0.026°. Phase identification was performed by using the Match computer search/match program coupled with the ICDD (International Centre for Diffraction Data) Powder Diffraction File database (2015).



RESULTS


Sediment Composition

The sediment is composed of homogenous dark-gray clay and silt. Neither changes in grain size, nor in sediment color are visible. The XRD results (Supplementary Figure S1) indicate that the sediment is composed of quartz, calcite, clays, and albite. All four samples, collected from different depths, show an identical composition. Wurgaft et al. (2019) determined the content of calcite, clays, and quartz, in a different core collected from the same station, by 4–6%, 50–70%, and 15–25%, respectively. Measurements of iron fractions using chemical extractions (Figure 2D) show that goethite, hematite and akageneite (Feox2) are the most abundant Fe minerals in the sediment, with concentrations of 2.2% wt/dry sediment at the top of the sediment, decreasing to 1.4% wt/dry sediment at 500 cm depth. Ferrihydrite and lepidocrocite (Feox1) and siderite and ankerite (Fecarb) concentrations at the sediment-water interface are 0.5 and 0.3% wt/dry sediment, respectively. FeOx1 concentration increases to 0.65% wt/dry sediment at 250 cm depth and then decreases to its initial value, while Fecarb concentrations increase with depth to a value of 0.48% wt/dry sediment at 500 cm depth. Magnetite (Femag) concentration decreases from 0.14% wt/dry sediment at the top of the sediment to 0.08% wt/dry sediment at 200 cm depth, then it rises to ∼0.18% wt/dry sediment between 220 and 260 cm, and decreases back to 0.1% wt/dry sediment below that.
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FIGURE 2. Depth profiles of porewater geochemistry, Fe fractions, and magnetic data. (A) Porewater ferrous iron concentrations. (B) Porewater sulfate concentrations. (C) Porewater methane concentrations. (D) Sediment Fe fraction concentration. Fecarb (siderite and ankerite) - Circles. Feox1 (ferrihydrite and lepidocrocite)- Squares, Feox2 (goethite, hematite, and akageneite)- Diamonds, Femag- Stars. (E) Low-frequency susceptibility. (F) Frequency dependent susceptibility. (G) Anhysteretic remanent magnetization (ARM), (H) Isothermal remanent magnetization (IRM). (I) IRM to low-frequency susceptibility ratio. (J) IRM to ARM ratio. (K) Gyroremanent magnetization (GRM%). (L) Inclination. The data in panels (A–C) represent the average of duplicates with error values smaller than the sample symbol, except the methane profile, in which the two duplicates are shown (in squares and circles). Iron and sulfate reduction and methanic zones are marked with gray background. The SMTZ is marked with dark gray background.




Porewater Chemistry

Figures 2A–C shows the porewater chemistry depths profiles. Dissolved ferrous iron concentrations at the top 90 cm of the core are 20–90 μM, between 190 to 290 cm depth the concentrations are 20–70 μM, and at the rest of the core they are below 5 μM (with one exception at 480 cm depth) (Figure 2A). Sulfate concentrations are 34 mM at the top of the core, and gradually decrease to zero at 180 cm depth (Figure 2B). Methane starts to accumulate below 100 cm to ∼2.7 mM at 450 cm depth, where it remains stable with depth (Figure 2C).

According to the porewater chemistry data (Figure 2), the ferruginous zone is located at depths of 10–100 cm; the sulfidic zone is at the upper 180 cm; the SMTZ is located at depth of 105–180 cm, with a decrement in sulfate concentration parallel to the rise in methane concentrations; and the methanic zone is below 180cm with some peaks of iron reduction (see Discussion).



Rock Magnetism

Depth profiles of selected bulk rock magnetic parameters are shown in Figures 2E–J. For a detailed review of each of these parameters, see Liu et al. (2012). The Mass normalized low-frequency susceptibility χlf (Figure 2E, see section “Materials and Methods”) is sensitive to the mineralogy and the concentration of all the magnetic phases. χlf shows a zigzagged pattern with two maxima at the top 100 cm and between ∼200–300 cm, and two minima at ∼150 cm and ∼380. The mass normalized ARM and IRM magnetizations (see Methods, Figures 2G,H) are sensitive to the mineralogy, grain size, and concentration of the ferromagnetic phase, and they show similar trends of changes as χlf. This indicates that the depth variations in the susceptibility and magnetization curves are affected mainly by changes in the properties of low coercivity ferromagnetic particles capable of recording both ARM at 100mT and IRM at 1.5T. χfd (Figure 2F) - the difference between the low-frequency and high-frequency susceptibilities (see Methods) - is sensitive to concentration of small sub-micrometer scale ferromagnetic particles across the superparamagnetic (SP) – single domain (SD) transition. The χfd shows a similar trend as χlf in the top 300 cm, but with more abrupt change at ∼100 cm and 210 cm. This indicates a sudden drop in the concentration of the smallest ferromagnetic particles below the upper 100 cm, and recovery of small particles below 210 cm. The ratio between IRM and ARM (Figure 2J) increases with depth, suggesting a steady increase in the grain size of the ferromagnetic particles below the SMTZ. The ratio between IRM and χlf (Figure 2I), which is sensitive to SD ferromagnetic mineralogy, and also used as an indicator to greigite (Roberts, 1995; Sagnotti and Winkler, 1999) also shows a steady increase with no abrupt changes. The AF median destructive field (MDF) of the ARM (not shown in Figure 2) ranges between 17.1mT and 19.0mT. We could not see any correlation between the MDF values and the rest of the magnetic parameters.

The thermomagnetic curves of all four measured samples show very similar patterns (Figure 3). The susceptibility values gradually decrease above 400°C, with sharp drops between 400°C and 500°C and near 580°C. This indicates the presence of magnetite and titanomagnetite.
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FIGURE 3. Susceptibility thermomagnetic heating curves.


The ZFC curves (Figure 4) can help identify the presence of stoichiometric magnetite using the Verwey transition, the change in magnetite magnetization due to a crystallographic phase transition from an inverse cubic spinel to monoclinic, which occurs at 124 k (Verwey, 1939). The curves (Figures 4A–F) show similar trends, dominated by a paramagnetic signal that apparently masks small changes in magnetization. An increase in magnetization between 25K to 50K is observed in all samples. In order to detect small changes in magnetization around the Verwey transition temperature, which are not clearly visible in Figures 4A–F, we show in Figure 4G the first derivative of the ZFC curves. A peak in the derivative near the Verwey transition temperature, which is indicative for the presence of stoichiometric magnetite, is observed only at depth of 350 cm. This may suggest low concentration of stoichiometric magnetite in this depth.
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FIGURE 4. Low temperature measurements. (A–F) Zero field cooling (ZFC) curves of samples collected from the five diagenetic zones defines in (G) First derivative of the curves shown in (A–F) around the Verwey transition temperature.




Paleomagnetic Directions

Demagnetization of the NRM yielded straight univectorial Zijderveld diagrams with straight lines converging to the origin. ChRM component calculated between 10 mT and 80mT yielded MAD values (Kirschvink, 1980) below 5, typically less than 2, and DANG values (Tauxe and Staudigel, 2004) below 3 (except one specimen). The low MAD indicates low scatter of the data points, and the low DANG values indicate convergence to the origin, which together implies high quality of magnetic recording. We did not observe any correlation between the MAD values and the geochemical zones. To detect the presence of gyro-remanent magnetization (GRM), typical to SD greigite (Snowball, 1997; Roberts et al., 2011) we calculate a GRM(%) parameter (see section “Materials and Methods”). Most of the GRM(%) values (Figure 2K) are equal to zero, and except one sample, all values are lower than 2%, indicating no GRM effect in this dataset. The inclination values (Figure 2L) range between 30° and 57°, where the geocentric axial dipole (GAD) inclination in the study area is 52.4°. Thus, the directions fall within the expected secular variation range.



DISCUSSION


Study Site Conditions

Sela-Adler et al. (2015) collected several cores from nearby stations, at water depths of 80–88, across a 10 km N-S trending strip in the vicinity of SG-1 station. In all cores, they identified the SMTZ in the top 4 m of the sediment and a clear signature of in situ methane. Following their findings, we investigated in details SG-1, in an attempt to better define the diagenesis zones in the upper sediment and correlate them with the magnetic properties of the sediment. Our interpretations of the new geochemical and magnetic data are based on the assumptions of a steady state condition, that is semi-constant delivery of sediments with similar properties. Generally speaking, there are a number of non-steady state mechanisms that can potentially violate our working assumption. One possible scenario is an abrupt change in the sedimentation rate, which can cause migration of the SMTZ (e.g., Riedinger et al., 2005; Fu et al., 2008). In addition, temporal changes in the organic matter load into the sediment can affect the depths of the different respiration processes (e.g., Larrasoaña et al., 2003; Rowan et al., 2009). Also, changes in the grain size and composition can lead to the accumulation of magnetic minerals in the sediment and change in the magnetic parameters. These mechanisms require time-variations in the flux of the sediment from Nile river, which is the main source of sediments to the studied area. Indeed, the Nile has experienced several environmental changes in the Holocene. The African Humid Period (AHP), which extended from 10–6 kyr was associated with an increased runoff of the Nile river and enhanced supply of organic-rich sediment. The outcome of these changes is the deposition of dark organic-rich sapropel layer (Rossignol-Strick et al., 1982). Yet, the sapropel layer is located at much greater depths below our investigated core. Also, while the Nile river water discharge in the last 6 kyr has changed several times, mainly due to shifts in the Inter-Tropical Convergence Zone (ITCZ), potential changes in the sedimentation rate of the SE Mediterranean have not been observed since by the last sapropel (e.g., Blanchet et al., 2013 for the last 7 kyr).

A number of observations support the steady state assumption. The entire core comprises homogenous lithology of silts and clays (Wurgaft et al., 2019), and the XRD analysis indicates nearly identical composition at all depths (Supplementary Figure S1). In addition, the thermomagnetic curves are also nearly identical, supporting the assumption of no significant change in the bulk properties of the sediment source. A physical disturbance of the sediments seems unlikely as the core was collected from a stable part of the continental shelf, where mass transports and turbidity currents do not play a significant role. Indeed, the paleomagnetic data show a stable paleomagnetic recording mechanism and all the paleomagnetic directions fall within the expected range of geomagnetic secular variation. This excludes the possibility of sediment disturbance from currents or slumps.

The sediment in SG-1 site was not dated, and the sequence lacks any chronological marker that enable estimation of the sedimentation rate and the age span of the core. Yet, based on previous analysis of cores from similar depths (Bareket et al., 2016), the estimated deposition rate is around 1 mm/year. To better constrain the age of the core, we show in Figure 5 the prediction of global geomagnetic models (Figure 5A) compared to the paleomagnetic inclination in SG-1 (Figure 5B). We used the SHA.DIF.14k geomagnetic model of Pavón-carrasco et al. (2014) that covers the past 14,000 years because it spans through sufficient time interval. The paleomagnetic inclination profile in SG-1 shows a steady decrease in inclination from 200 cm down to the bottom of the core. This trend in SG-1 inclination fits the decrease in inclination from ∼3000 BP to ∼7000 BP. Also, the increase in geomagnetic inclination from ∼9000 BP to the beginning of the Holocene, is not observed in SG-1. This provides us a rough constraint for the maximum age of the magnetic acquisition in SG-1, placing it before ∼9000 BP, likely around ∼6000 BP. The paleomagnetic data support our assumption that the sediments were deposited after the last sapropel in Mediterranean.
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FIGURE 5. Paleomagnetic inclination. (A) Geomagnetic inclination predicted by SHA.DIF.14k model (Pavón-carrasco et al., 2014) at the sampling site. (B) Depth profile of paleomagnetic inclinations in SG-1.


From the overall observations we base our interpretation of the data on the assumption that the observed depth-variations in the magnetic parameters, which are sensitive to small changes in the mineralogy and grain-size of the ferromagnetic phase, reflect dissolution and precipitation processes related to diagenesis rather than changes in the sediment supply. While we cannot rule out the possibility of other factors affecting the magnetic properties of the sediment, it seems more likely that that the changes in the magnetic parameters that occur in parallel to changes in the pore water geochemical data are associated with diagenesis. In the following parts, we interpret the combined magnetic-geochemical data in view of early diagenesis zones under steady state conditions.



Microbial Respiration Pathways and Magnetic Diagenetic Zones

Based on the geochemical and magnetic results, the sedimentary column can be divided roughly into five diagenetic zones. These zones are shown in Figure 6, with the main geochemical-magnetic depth profiles.
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FIGURE 6. Geochemical – magnetic depth profiles. (A) Porewater ferrous iron concentrations. (B) Porewater sulfate concentrations. (C) Porewater methane concentrations. (D) sediment magnetite concentration [following extractions of Poulton and Canfield (2005) protocol]. (E) Low-frequency susceptibility, (F) Frequency dependent susceptibility. (G) Anhysteretic remanent magnetization (ARM). (H) Isothermal remanent magnetization (IRM). The data in panels (A–C) represent the average of duplicates with error values smaller than the sample symbol, except the methane profile, in which the two duplicates are shown (in squares and circles). The five diagenetic zones are marked with white and gray backgrounds.


Zone I (0–100 cm depth) is the uppermost part of the sediment. It includes an overlap between the ferruginous and the sulfidic zones, as indicated by the high concentrations of dissolved ferrous iron (Figure 6A) and a steady decrease of sulfate concentrations with depth (Figure 6B). Based on the results of a previous study on an adjacent core, organoclastic sulfate reduction (OSR) is the main mechanism for sulfate reduction in this zone (Wurgaft et al., 2019). Dissolved sulfide concentrations are below the detection limit there and throughout the sediment core, probably due to precipitation of ferrous iron- sulfide minerals (Wurgaft et al., 2019). Indeed, pyrite framboids were observed in this zone (Figure 7A), supporting the presence of sulfide in this depth. The magnetic parameters χlf, χfd, ARM, and IRM (Figures 6E–H) in zone I are high compared to the underlying zones, due to the relatively high concentration of detrital titanomagnetite (Figure 7B). A slight increase in the ARM (from 0 to 50 cm) and IRM (from 0 to 90 cm) suggest enhancement of the magnetic parameters, which could potentially be explained by precipitation of ferrimagnetic greigite, or remnants of precursor greigite in pyrite framboids (Ebert et al., 2018), or precipitation biogenic and/or authigenic magnetite (Chang et al., 1987; Karlin et al., 1987; Lovley et al., 1987; Roberts, 2015; Roberts et al., 2018).
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FIGURE 7. SEM images of pyrite (Py) and titanomagnetite (TM) particles from different diagenetic zones. (A) Backscattered electron (BSE) image of pyrite framboid (red circle) and titanomagnetite from Zone I (84 cm depth). (B) Secondary electron (SE) image of titanomagnetite with dissolution marks from Zone II (160 cm). (C) SE image of a pyrite framboid from Zone II (160 cm). (D,E) BSE image of pyrite and titanomagnetite particles from Zone III (280 cm). (E) is an enlarged picture of the pyrite region marked with green frame. (F) BSE image of partly dissolved titanomagnetite from Zone III (280 cm).


Zone II (100–180 cm depth) is the SMTZ, where sulfate concentrations are low and methane concentrations are already measurable. This zone is characterized by intensive sulfate reduction by both anaerobic oxidation of methane (S-AOM) and OSR, which results in sulfide formation (Wurgaft et al., 2019). The sulfide reacts with iron oxides, leading to reductive dissolution of detritus ferric iron minerals and precipitation of the produced dissolved ferrous iron with the excess sulfide, as in Zone I (Figure 6). The observed steep decrease in all magnetic parameters in this zone is due to the intense reductive dissolution of iron-bearing magnetic minerals and the precipitation of paramagnetic pyrite (Canfield and Berner, 1987; Rowan and Roberts, 2006; Rowan et al., 2009; Roberts, 2015; Roberts et al., 2018). The frequency dependent susceptibility decreases at a shallower depth than χlf, suggesting that the smaller SD and superparamagnetic (SP) particles dissolve first. The effect of this process on the iron-bearing minerals is displayed in Figures 7B,C, showing titanomagnetite with partial dissolution marks and a pyrite framboid.

Zone III (180–310 cm depth) is the upper methanic zone, where sulfate is already depleted, and methane continues to increase with depth. Here we observed another increase in dissolved ferrous iron concentrations, as shown in other methanic sediments (Kawamura et al., 2007; Slomp et al., 2013; Riedinger et al., 2014; Egger et al., 2015). The significant increase in magnetic susceptibility and IRM indicates precipitation of authigenic ferrimagnetic minerals. The sharp increase in frequency-dependent susceptibility indicates a contribution from a large fraction of SP/SD particles. Interestingly, the ARM does not increase as sharply as the susceptibility and the IRM, suggesting that the newly formed particles may be in the non-interacting SD range. As we do not have any direct measurements of this authigenic phase, we can only hypothesize, in this stage their mineralogy. One possibility is greigite (Larrasoaña et al., 2007; Chang et al., 2008; Rowan et al., 2009; Roberts et al., 2011) or pyrrhotite (Larrasoaña et al., 2007; Roberts, 2015; Horng, 2018; Roberts et al., 2018). Also, authigenic magnetite can explain this type of magnetic pattern, as was shown in the suboxic ferruginous interface (Moskowitz et al., 1989, 1993; Lovley, 1991). The precipitation of authigenic magnetite in this zone is supported by higher magnetite concentrations (Figure 6D) and by the largest drop in magnetization next to the Verwey Transition at 120°K (Figure 4G). Shang et al. (2020) showed that magnetite can precipitate in anaerobic environments by methanogenic archaeon Methanosarcina barkeri, supporting this possibility. The mechanism for its formation remains unknown, although evidence in that work supports the extracellular reduction of ferrihydrite. Electron microscopy from 160 cm depth shows pyrite particles (Figures 7D,E) and partly dissolved titanomagnetite (Figure 7F), indicating that only part of the detrital titanomagnetite has been dissolved in the SMTZ. Thus, due to the fast sedimentation rate, a significant portion of the detrital ferromagnetic particles survive the SMTZ and can contribute to this diagenetic reaction.

Zone IV (310–575 cm depth) is the middle methanic zone. Here, there are negligible ferrous iron concentrations, methane concentrations still slightly increase with depth, and sulfate is absent. A moderate decrease in χlf, IRM, and ARM is interpreted as further growth and coarsening of the authigenic precipitated magnetic minerals in this zone (Peters and Dekkers, 2003). This can be similar to the results found by Rowan et al. (2009), which suggested that greigite particles in marine sediments grow with depth from superparamagnetic particles through the SD blocking volume.

Zone V (440–575 cm depth) is the lower methanic zone. Ferrous iron concentrations show an increase in one point at 490 cm depth, and methane concentration stops increasing with depth. These observed concertation trends indicate a reduction of ferric iron potentially related to AOM, as previously observed and modeled in the deep methanic depth of marine and freshwater sediments (Sivan et al., 2007, 2011; Riedinger et al., 2014; Egger et al., 2015, 2017; Bar-Or et al., 2017).

The ZFC curves show an increase in the derivative near the Verwey transition temperature mostly in Zone III, indicating the presence of magnetite in a small amount. The occurrence of magnetite could be explained also by greigite oxidation to magnetite following the sediment core extraction. Yet, this does not explain why the Verwey transition is not observed in other zones. Alternatively, it can be a result of direct precipitation of a small fraction of the authigenic magnetite. Interestingly, Verwey transition is not observed in the underlying Zones IV and V, deeper in the methanic zones, suggesting that this magnetite might undergo dissolution at greater depths, fitting the major role of magnetite reduction observed in iron-coupled AOM (Bar-Or et al., 2017). Dissolution can explain the decrease in the magnetic parameters in Zone IV.



Diagenetic Processes in the Methanic Zone and Their Impact on Magnetic Signals

Microbial iron reduction within the methanic zone has been observed in this area by incubation experiments that included also dead controls (Vigderovich et al., 2019), as well as in other marine provinces (Jørgensen et al., 2004; März et al., 2008; Slomp et al., 2013; Riedinger et al., 2014; Treude et al., 2014; Egger et al., 2015). This means reactivation of iron oxides with low solubility and more crystalline structure, that have “survived” the sulfidic zone at the previously assumed inactive zone, probably in relation to the methane cycling. It is still neither clear why iron oxides are ‘reactivated’ by the microbes and reduced in these deep methanogenic sediments nor what the link is to methane. However, theoretically, it can be due to the following: (a) Inhibition of methanogenesis by succession competition of iron-reducing bacteria over methanogens at the deeper part due to changes in environmental conditions of processes with close ΔG° (Jorgensen, 2000; Thamdrup, 2000; Roden et al., 2007). Iron reduction, in this case uses acetate, hydrogen or sulfide, either at low dissolved levels (Vigderovich et al., 2019) or as pyrite or FeS (Bottrell et al., 2000); (b) Direct iron utilization by archaeal methanogens that are abundant in this depth and can reactivate and reduce these low solubility minerals due to their specific advantages in electron transferring (Bond and Lovley, 2002; Van Bodegom et al., 2004; Zhang et al., 2012; Yamada et al., 2014; Sivan et al., 2016); (c) The use of methane, which is present in this zone, as an electron donor for iron reduction. This iron-coupled AOM process was suggested in other marine methanic sediments (Sivan et al., 2007; Riedinger et al., 2014; Treude et al., 2014; Egger et al., 2015, 2016).

The high abundance of iron-oxide minerals that have survived the sulfidic zone for reactivation at the methanic zone can be due to rapid sedimentation rate (Riedinger et al., 2005, 2014; Egger et al., 2017), non-steady state condition in eutrophication conditions (Egger et al., 2015), or intensive methanic zone that shallows the SMTZ zone (Sivan et al., 2007). In our study site, the combination of high sedimentation rates, and high methane fluxes (Vigderovich et al., 2019; Wurgaft et al., 2019) can explain the high concentration of iron-oxide minerals in the deep methanic zone.

The reactivation of iron minerals in the methanic zone means that the traditional view that this zone is magnetically inactive is challenged. In this zone only paramagnetic minerals as siderite (FeCO3) and vivianite [Fe(II)3(PO4)⋅8H2O] were assumed to precipitate under elevated concentrations of dissolved ferrous-iron, if pore waters are saturated with respect to carbonate or phosphate, respectively (Berner, 1980; Slomp et al., 2013; Liu et al., 2018). However, several studies have suggested magnetic modification and mineral precipitation just below the SMTZ, mainly monosulfides, pyrrhotite, greigite and pyrite (Dekkers, 1989; Peters and Dekkers, 2003; Riedinger et al., 2005, 2014; Horng and Chen, 2006; Larrasoaña et al., 2007; Kars and Kodama, 2015; Shi et al., 2017; Horng, 2018; Roberts et al., 2018; Badesab et al., 2019). Here, we show clearly enhancement of the magnetic properties of the upper methanic zone due to precipitation of ferrimagnetic minerals. Sivan et al. (2016) and Shang et al. (2020) studies emphasize the ability of methanogens to reduce iron in anaerobic conditions close to the natural ones in the sediments and to precipitate magnetite as a by-product. These studies may give us a clue about the mechanism for iron reduction in our sediments and the significant precipitation of authigenic ferrimagnetic minerals as magnetite several meters below the surface of the sediments. This precipitation in this zone can cause smoothed remanence acquisition, partial remagnetization or even complete remagnetization (Roberts and Weaver, 2005; Larrasoaña et al., 2007; Rowan et al., 2009; Roberts et al., 2018).



SUMMARY AND CONCLUSION

Our data indicate that early diagenesis can have notable implications on the magnetic parameters of methanic marine sediments. Figure 8 summarizes the coupling between porewater chemistry and magnetic parameters. Magnetic enhancement is observed first in the classic ferruginous zone. At the SMTZ, the reductive dissolution of magnetic iron minerals, followed by pyrite precipitation, cause a decrease of the magnetic imprint. In the upper methanic zone there is reactivation and reduction dissolution of iron minerals accompanied with intensive precipitation of authigenic ferrimagnetic minerals, enhancing the magnetic parameters of the sediment. In previous studies, pure culture anaerobic experiments close to the natural conditions of methanic sediments showed extracellular precipitation of magnetite, providing a possible explanation for the reactivation of iron minerals in the methanic zone and its potential precipitation there (Shang et al., 2020). This is by a direct switch of methanogens from methanogenesis to iron reduction due to their specific advantages in electron transferring [e.g., through their conductive methanophenazine (Sivan et al., 2016]) and precipitation of magnetite as a by-product. The diagenetic processes described here can potentially contribute to partial re-magnetization of the sediment and might impact the interpretation of paleomagnetic data. In addition, our data support the understanding that high resolution profiles of rock magnetic parameters, such as IRM, ARM, and susceptibility, can be used to approximate the depth of the SMTZ and the methanic zone in methane-bearing sediments and provide important insights into the degree of magnetic alteration triggered by early diagenesis.
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FIGURE 8. Schematic illustration with a general scheme of the five diagenetic zones, the microbial processes and the resulting magnetic changes in the sedimentary column.
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Diagenetically formed magnetic minerals at marine methane seep sites are potential archive of past fluid flow and could provide important constraints on the evolution of past methane seepage dynamics and gas hydrate formation over geologic time. In this study, we carried out integrated rock magnetic, and mineralogical analyses, supported by electron microscope observations, on a seep impacted sediment core to unravel the linkage between greigite magnetism, methane seepage dynamics, and evolution of shallow gas hydrate system in the K-G basin. Three sediment magnetic zones (MZ-1, MZ-2, and MZ-3) have been identified based on the down-core variations in rock magnetic properties. Two events of intense methane seepage are identified. Repeated occurences of authigenic carbonates throughout the core indicate the episodic intensification of anaerobic oxidation of methane (AOM) at the studied site. Marked depletion in magnetic susceptibility manifested by the presence of chemosynthetic shells (Calyptogena Sp.), methane-derived authigenic carbonates, and abundant pyrite grains provide evidences on intense methane seepage events at this site. Fracture-controlled fluid transport supported the formation of gas hydrates (distributed and massive) at this site. Three greigite bearing sediment intervals (G1, G2, G3) within the magnetically depleted zone (MZ-2) are probably the paleo-gas hydrate (distributed-type vein filling) intervals. A strong linkage among clay content, formation of veined hydrate deposits, precipitation of authigenic carbonates and greigite preservation is evident. Hydrate crystallizes within faults/fractures formed as the methane gas migrates through the gas hydrate stability zone (GHSZ). Formation of authigenic carbonate layers coupled with clay deposits restricted the upward migrating methane, which led to the formation of distributed-type vein filling hydrate deposits. A closed system created by veined hydrates trapped the sulfide and limited its availability thereby, causing arrestation of pyritization and favored the formation and preservation of greigite in G1, G2, G3.
Keywords: cold, seep, methane hydrate, rock magnetism, diagenesis, Bay of Bengal
INTRODUCTION
Cold seep ecosystems are unique ecosystem characterized by ebullition of methane-rich fluids through the seafloor (Suess, 2014). At active seeps, sulfate reduction driven by anaerobic oxidation of methane (AOM) releases sufficient amount of hydrogen sulfide into the surrounding pore waters (Borowski et al., 1996; Jørgensen et al., 2004) to sustain chemosynthetic communities. The hydrogen sulfide also facilitate dissolution of primary detrital magnetic minerals and transform them into stable non-magnetic pyrite or intermediate ferrimagnetic greigite; thereby, generating secondary magnetic signals in the host sediments (Housen and Musgrave, 1996; Passier et al., 1998; Kasten et al., 2003; Neretin et al., 2004; Riedinger et al., 2005; Musgrave et al., 2006; Larrasoaña et al., 2007; Roberts et al., 2015). These magnetic minerals serve as an excellent geological archive to record past methane seepage, and help in understanding the geochemical processes that favor diagenesis of magnetic mineral and may also influence the gas hydrate dynamics (formation and dissociation) (Housen and Musgrave, 1996; Aharon et al., 1997; Musgrave et al., 2006; Larrasoaña et al., 2007; Bayon et al., 2013; Feng and Chen, 2015).
Active seeps are also associated with shallow gas hydrates deposits (Bohrmann et al., 1998; Greinert et al., 2001; Suess, 2014; Bayon et al., 2015). These deposits undergo several cycles of formation and dissociation to sustain themselves within the sediment column (Chuvilin et al., 2018). Destabilization of gas hydrates due to increase in pressure owing to sedimentation, burial and tectonic activities can release vast amount of methane; a fraction of which may rise up to seafloor and form cold seep (Haq, B.U, 1998; Henriet et al., 1998; Vogt and Jung, 2002; Sultan et al., 2004; Handwerger et al., 2017; Argentino et al., 2019). Diagenesis of magnetic minerals involves postdepositional changes either by altering the detrital magnetic mineral assemblages or through authigenic growth of secondary minerals (Roberts, 2015; Musgrave et al., 2019). Therefore, the sediment magnetic signals in marine sedimentary system represent the primary depositional and secondary diagenetic processes. In methane-rich sediments, hydrogen sulfide generated via AOM at the sulfate-methane transition zone (SMTZ) can cause dissolution of iron oxides and precipitation of iron sulfides including ferrimagnetic greigite, pyrrhotite and culminating toward formation of pyrite (Kasten et al., 1998; Jørgensen et al., 2004; Kao et al., 2004; Neretin et al., 2004). Greigite can survive the pyritization process in the regions containing limited sulfide concentration. For example in gas hydrate bearing sediments of Cascadia Margin and Nankai Trough, it was demonstrated that sulfide sometime gets trapped within hydrate itself causing further arrestation of pyritization processes and subsequent precipitation of greigite and pyrrhotite (Housen and Musgrave, 1996; Kars and Kodama, 2015). Therefore, ferrimagnetic iron sulfide minerals (greigite, pyrrhotite) formed during such processes are regarded as potential markers of fossil gas hydrate deposits, and identification of such magnetic minerals may also help in deciphering paleo-gas hydrate deposits in marine sediments (Larrasoaña et al., 2007).
The first evidence of active methane seepage and shallow methane hydrate from geological, geochemical and geophysical studies was reported by Mazumdar et al. (2019) in the Krishna-Godavari (K-G) basin. Gas hydrate exploration cruise (SSD-045) of CSIR-National Institute of Oceanography (CSIR-NIO) onboard R/V Sindhu Sadhana discovered this active seep and associated shallow gas hydrates in 2018 (Figure 1A). Fracture-filled gas hydrates were recovered from sediment depth interval of 305–315 cmbsf at this site (Stn-9), (Figure 1B). The seep occurs due to deformation structures (fault/fractures and diapirs) formed due to shale tectonism in K-G basin (Dewangan et al., 2010; Sriram et al., 2020). A high-resolution seismic data beneath the seep sites showed the presence of acoustic chimneys, and the overburden is heavily faulted (Dewangan et al., 2020). Deep-rooted faults provide a conducive environment for the migration of methane from deep-seated gas reservoir and led to the development of a cold seep ecosystem and formation of shallow fracture-filled gas hydrate deposits at the studied site (Dewangan et al., 2020; Mazumdar et al., 2019; Sriram et al., 2020). High methane flux and favourable P-T conditions supported the accumulation of gas hydrates (Mazumdar et al., 2019). A recent rock magnetic study by Badesab et al. (2019) on the long drilled sediment cores that overlie the deep-seated gas hydrate deposit provided the longest and most detailed sediment magnetic record in the K-G basin, Bay of Bengal. They successfully delineated the control of higher sedimentation events and shale tectonics on the development of fracture-filled gas hydrate deposit and magnetic mineral diagenesis in K-G basin. A magnetic based proxy to constrain paleo-methane seepage events in marine sediments was established. In the present study, we carried out integrated rock magnetic and mineralogical analyses along with electron microscope observations on the seep impacted sediment core (SSD-045/Stn-9/GC-01) to unravel the linkage between greigite magnetism, methane seepage dynamics, and evolution of shallow gas hydrate system in the K-G basin. This 3.16 m long sediment gravity core serves as a potential archive to constrain the methane seepage dynamics and to understand the processes governing the shallow gas hydrate formation/dissociation through recent geologic time.
[image: Figure 1]FIGURE 1 | (A) Map showing the location of sediment core (SSD-045/Stn-0/GC-01) in the Krishna-Godavari (K-G) basin, Bay of Bengal and (B) photograph of recovered gas hydrate (GH) sample. Bathymetry data of the studied area was obtained from GEBCO Compilation Group (2020) GEBCO 2020 Grid (doi: 10.5285/a29c5465-b138-234d-e053-6c86abc040b9).
GEOLOGICAL SETTING
The K-G basin is a pericratonic, petroliferous rift basin located in the eastern continental margin of India (Powell et al., 1988). The sediment thicknesses reported from K-G basin varies from 3 to 5 km in the onshore region to about 8 km in the offshore region (Prabhakar and Zutshi, 1993; Bastia, 2007). Majority of sediment load to the basin is delivered by the Krishna and Godavari rivers (Rao, 2001). Annual sediment transport of the Krishna and Godavari rivers is estimated to be around 67.7 and 170 × 106 t, respectively (Biksham and Subramanian, 1988; Ramesh and Subramanian, 1988). Sedimentary deposits in the K-G basin are dominated by smectite-bearing Godavari clay formations (Rao, 2001). Krishna and Godavari rivers and their tributaries originates in the Western Ghats and drains through the provenance of Deccan trap basalts and Precambrian metamorphic rocks and created a thick sediment strata containing the dominant montmorillonite clay with traces of illite and kaolinite (Rao, 1991). Krishna and Godavari rivers are the major supplier of magnetite-rich detrital load to the K-G basin and hence provide an excellent opportunity to conduct studies related to environmental magnetism (Ramesh and Subramanian 1988; Sangode et al., 2007).
The K-G basin shows deformation structures in the form of shale bulges and toe-thrust faults due to ongoing gravity-driven shale tectonism (Choudhuri et al., 2010; Dewangan et al., 2010). One of the reasons for shale tectonism is rapid sedimentation during Paleocene and Eocene, which led to overpressured shale strata in the K-G basin (Rao and Mani, 1993; Singha and Chatterjee, 2014). The detrital load in the deltaic regions led to the movement of deeply buried shale strata and several geomorphic structures like bathymetric mounds, sedimentary ridges and toe-thrust faults formed on the sea floor. These deformed structures provide efficient migration pathway for methane-rich fluids through the deep-rooted faults, and hence these regions are preferred locales for the formation of gas hydrates deposits (Dewangan et al., 2010). The presence of sub-surface gas hydrate deposits in the K-G basin has been confirmed through well-logging, drilling and sediment coring activities, while paleo-methane seepage events are evident through the presence of methane derived authigenic carbonates and chemosynthetic community (Collett et al., 2008; Mazumdar et al., 2009, 2019).
MATERIALS AND METHODS
Coring Site, Sampling and Measurements
Gravity core (SSD-045/Stn-9/GC-01) was recovered onboard R/V Sindhu Sadhana (cruise no: SSD-045) from the K-G offshore basin (Latitude: 16°18.6027'N; Longitude: 82°37.9809'E; water depth: 1,673 m; core length: 3.16 m). The core was sub-sampled at the every 2 cm interval. Light gray to deep black colored soft sediments in this core yielded a strong odor of hydrogen sulfide after opening the sediment core onboard. The vertical sediment distribution in this core showed the dominance of clay and silt sized fractions. Numerous layers of light gray colored authigenic carbonates were found throughout the core. Dead shells of Calyptogena Sp. were found at 27 cmbsf and 51 cmbsf in the studied sediment core. Fracture-filled type gas hydrates were recovered from the core catcher and bottommost sediment interval at this site. Sediment sub-sampling for magnetic measurements were carried out in presence of high purity nitrogen flushing to avoid atmospheric conditions which could oxidize hydrogen sulfide or iron mono-sulfide present in the sediments. For rock magnetic analysis, 158 sub-wet sediment samples were weighed, and packed in a 25 mm cylindrical plastic sample bottles. Measurements were carried out at the Paleomagnetic laboratory of CSIR-National Institute of Oceanography (NIO), Goa, India and Center for Advanced Marine Core Research (CMCR), Kochi University, Japan.
Rock Magnetic Analysis
Low-field low frequency (0.47 kHz) magnetic susceptibility (χ) was measured using a MS2B Bartington Instruments magnetic susceptibility meter. An anhysteretic remanent magnetization (ARM) was applied in a direct current bias field (50 μT) in the presence of 100 mT peak alternating field and the remanent magnetism was measured using an AGICO JR-6A automatic spinner magnetometer. An isothermal remanent magnetization (IRM) was applied in an inducing field of +1 T in the forward direction and was demagnetized by DC backfields at −20, −30, −100, and −300 mT using a MMPM10 pulse magnetizer. The respective remanences were measured using AGICO JR-6A automatic spinner magnetometer. Mass-normalized IRM acquired at a peak field of 1T is considered to be the saturation IRM (SIRM). S-ratio is calculated as the ratio between the IRM at −300 mT and SIRM (IRM−300mT/SIRM1T; Bloemendal et al., 1992). This ratio indicates the relative proportion of high coercivity minerals compared to soft ferrimagnetic minerals. Thermomagnetic measurements were carried out at Paleo and Rock Magnetism Laboratory of CMCR. About 12 selected dried sediment samples were analyzed on a Natsuhara Giken (Model NMB-89) magnetic balance (Range: Room temperature to 700°C) with a heating rate of 10°C/min in a 0.3-T field. Hysteresis loops, first-order reversal curves (FORC) and back-field demagnetization curves were also measured for 10 selected dried sediment samples with a saturating field of 1 T (averaging time of 200 ms, slew rate limit of 1 T/, and field increment of 4 mT) at the CMCR. FORC distributions were generally processed using a smoothing factor (SF) of 4, but SF = 6 was used where possible (Roberts et al., 2000). FORC diagrams (Pike et al., 1999) were processed using the FORCinel software (Harrison and Feinberg, 2008).
Low-temperature magnetic measurements were made on six selected dried sediment samples with a Quantum Design Magnetic Properties Measurement System at CMCR. A RT-SIRM was imparted at room temperature (300 K) in 2.5 T. Samples were later cooled to 5 K and warmed back to 300 K in a zero magnetic field. A LT-SIRM was then applied at 5 K in 2.5 T. Samples were warmed up to 300 K in a zero magnetic field (termed “ZFC” for zero field-cooled). Samples were then cooled to 5 K in the presence of a 2.5 T magnetic field. A LT-SIRM was again imparted at 5 K, and samples were warmed to 300 K in a zero magnetic field (termed “FC” for field-cooled). Magnetic parameters were normalized by sample mass. Derived parameters (δFC and δZFC) were calculated following Moskowitz et al. (1993).
Sedimentological Analyses
Bulk Sediment Grain Size Measurements
Sediment grain size measurements were performed on a Laser Particle Size Analyzer (Malvern Mastersizer 2000) at CSIR-NIO. For removal of carbonate content, desalinated sediment samples were treated using dilute HCl (1N). Further, same suspensions were treated with 10% H2O2 to remove organic carbon content. The sediment dispersing agent (Na-hexametaphosphate) was added to the suspension before the analyses. Grain size values are presented as volume %.
Mineralogical Investigations
Magnetic particles were extracted from the bulk sediment following Petersen et al. (1986). A scanning electron microscope (SEM; JEOL JSM-5800 LV) captured the images of magnetic particles in a secondary electron imaging mode at energy levels between 15 and 20 keV. An energy dispersive X-ray spectroscopy (EDS) probe attached to the microscope was used to determine the composition of magnetic particles. The magnetic mineralogy of the selected samples from different sediment magnetic zones was determined using a Rigaku X-Ray Diffractometer (Ultima IV). The samples were run from 15° to 70° of 2θ at 1°/min scan speed using Cu Kα radiation (λ = 1.5414 Å).
Authigenic Carbonates and Chemosynthetic Community
Authigenic carbonates and chemosynthetic shells (Calyptogena sp.) were hand-picked during sub-sampling of the sediment core. These materials were washed and cleaned using a distilled water, and later dried at room temperature and stored in the plastic container.
RESULTS
Down-Core Changes in Magnetic Profile
We broadly classified the rock magnetic profile of the sediment core SSD-045/Stn-9/GC-01 into three distinct sediment magnetic zones: MZ-1 (uppermost 23.0 cmbsf), MZ-2 (25.0–265.0 cmbsf), and MZ-3 (267.0–315.0 cmbsf) based on the down core changes in the magnetic mineral concentration, composition and granulometry data. χlf, ARM, and SIRM (Figures 2A–C) are generally used as a diagnostic for magnetic mineral concentration. In MZ-1, a systematic decrease in these parameters from 1 to 5 cmbsf indicate down-core reduction in the magnetic mineral concentration (Figures 2A–C). MZ-1 showed higher values of χlf, ARM and SIRM suggesting high concentration of magnetic minerals while lower values are observed in MZ-2 and show uniform values except at certain intervals (Figures 2A–C). The beginning of MZ-2 is marked by an abrupt decrease in the magnetite concentration, and we refer this interval as the zone of reduced magnetic susceptibility (χlf). Within this zone (MZ-2), three distinct sediment intervals (G1, G2, G3) showed minor rise in χlf, ARM, SIRM, and SIRM/χlf indicating the dominance of fine-grained (SP-size) ferrimagnetic particles (Figures 2A–C,E; Tarduno, 1995; Rowan et al., 2009).
[image: Figure 2]FIGURE 2 | Depth variations of selected rock magnetic data (A–F) for sediment core (SSD-045/Stn-9/GC-01). Data from discrete parameters are color-coded as magnetic susceptibility χlf (red), anhysteretic remanent magnetization (ARM) (blue), saturation isothermal remanent magnetization (SIRM) (orange), ARM/SIRM (purple), SIRM/χlf (brown), and S-ratio (green). Based on the variation in magnetic susceptibility, three sedimentary magneto-zones MZ-1, MZ-2, and MZ-3 are demarcated. Greigite bearing sediment intervals (G1, G2, and G3) are highlighted with yellow shading. Gas hydrate bearing bottom-most interval in MZ-3 is highlighted by green shading. AGC refers to authigenic carbonates.
The SIRM/χlf ratio, an indicator of grain size of magnetic iron sulfides (Peters and Thompson, 1998; Peters and Dekkers, 2003) showed a linear decrease in MZ-1 and MZ-2 with a noticeable rise in G1, G2, G3 intervals and the bottommost sediment interval (303.0–315.0 cmbsf) in MZ-3 indicating the presence of fine-grained magnetic particles (Figure 2E). The variations in S-ratio can be linked to the changes in magnetic mineralogy, and is generally high and close to unity throughout the core (Figure 2F). A noticeable drop in S-ratio is observed between 229 cmbsf to 241 cmbsf suggesting the presence of either higher coercivity magnetic mineral (hematite, goethite) or ferrimagnetic magnetic iron sulfides (greigite, pyrrhotite) in this interval (Figure 2F) (Peters and Dekkers, 2003; Roberts et al., 2011).
Thermomagnetic Analyses
Thermomagnetic experiments on the representative sediment samples from MZ-1, MZ-2, MZ-3, G1, G2, and G3 are shown in Figure 3. A major drop in magnetization between 563°C and 595°C except on G3 sample (Figure 3I) suggest that the magnetite is the dominant magnetic mineral present in the sediments (Özdemir and Dunlop, 1997; Figures 3A–J). Increase in χ between 332°C and 480 °C can be attributed to the conversion of paramagnetic minerals into magnetite during heating process (Hirt et al., 1993; Passier et al., 2001; Philips, 2018; Figures 3A–J).
[image: Figure 3]FIGURE 3 | (A–J) Thermomagnetic profiles of selected representative samples representing three sedimentary magnetic zones of the studied sediment core SSD-045/Stn-9/GC-01. Solid red lines indicate heating curves, and blue lines indicate cooling curves.
First-Order Reversal Curves Diagrams
FORC diagrams provided additional constraints on the domain states and mineralogy of the magnetic particles (Figure 4). In general, closed contours in all the plots suggest that the magnetic particles exhibit vortex state to multidomain (MD) type behavior (Roberts et al., 2000; Roberts et al., 2017). FORCs indicate that the magnetic mineralogy of samples from MZ-1, MZ-2, and MZ-3 could be dominated by the ferrimagnetic iron oxides (Vortex state-MD type magnetite) and sulfides (SP Greigite) (Figures 4A–G) (Muxworthy and Dunlop, 2002). In all the samples, FORC distributions are characterized by a peak at coercive field BC ∼ 10 mT with closed contours suggesting the dominance of vortex state behavior in magnetite (Lascu et al., 2018; Muxworthy and Dunlop, 2002; Roberts et al., 2017; Figures 4A–I). Greigite can exhibit both ultrafine-grained superparamagnetic (SP) (Rowan and Roberts, 2006; Rowan et al., 2009) and stable SD-type behavior (Roberts, 1995). Diagenetically reduced sediments enhances the formation of SP-size greigite particles (Tarduno, 1995; Rowan et al., 2009). Increase in SIRM/χlf in G1, G2 and G3 intervals confirms the presence of SP-sized greigite particles (Figure 2E; Maher and Thompson, 1999; Nowaczyk et al., 2012; Snowball and Thompson, 1990).
[image: Figure 4]FIGURE 4 | (A–I) Representative first-order reversal curve diagrams for the three sedimentary magneto zones from core SSD-045/Stn-9/GC-01. All results are indicative of ferrimagnetic iron oxides, that is, titanomagnetite in the vortex state (Lascu et al., 2018; Roberts et al., 2017).
Low-Temperature Magnetic Measurements
Low-temperature magnetic measurements for representative samples selected from the different sediment magnetic zones MZ-1 (Figure 5A), MZ-2 (Figure 5B), MZ-3 (Figure 5E), G1 (Figure 5C), and G3 (Figure 5D) are presented. A well-developed Verwey (Tv 117–120 K) transition due to the presence of detrital magnetite is evident in RT-SIRM, ZFC-FC, and in the first derivative of magnetization curves (Figures 5A,B,E). During warming of RT-SIRM, remanence did not recover totally in these samples (MZ-1, MZ-2, and MZ-3) (Verwey, 1939; Muxworthy and McClelland, 2000; Özdemir et al., 2002; Chang et al., 2016). Samples (G1 and G3) from the zone of reduced magnetic susceptibility (MZ-2) did not show any indication of a Verwey transition in RT-SIRM, ZFC-FC, and the first derivative of magnetization curves (Figures 5C,D). We noticed that nearly 65% of the LT-SIRM imparted at 5K is lost during warming between 5 and 30 K (Figures 5C,D). This reflects the dominant presence of superparamagnetic (SP) magnetic particles in these samples (Tarduno et al., 1995; Passier and Dekkers, 2002). Kars and Kodama (2015) noticed a similar pattern of rapid decrease in LT-SIRM from 5 to ∼30 K and ∼50–60% loss of the imparted remanence in the sediment samples from Magesplay fault Zone of the Nankai Trough, offshore Japan. They attributed that the loss of remanence was due to the presence of SP particles which get unblocked very rapidly. The SP magnetic particles in these samples (G1 and G3) are most likely iron sulfides like greigite or pyrrhotite. These can be explained by the fact that fine-grained magnetic particles in these samples would get readily dissolved in the sulfidic environment (as seen through lowest χlf in MZ-2). In contrast, the SP greigite nanoparticles are thermodynamically more stable compared to the SP magnetite nanoparticles and would rather remain preserved (Rowan et al., 2009; Roberts et al., 2018). Lack of LT transitions in the magnetization derivation curves in these samples (G1 and G3) is consistent and further confirms the presence of greigite (Figures 5C,D; Chang et al., 2009; Roberts et al., 2011).
[image: Figure 5]FIGURE 5 | (A–E) Low-temperature (<300 K) magnetization curves for representative samples from the three sedimentary magnetic zones identified in sediment core SSD-045/Stn-9/GC-01. FC, field-cooled; RTSIRM, saturation isothermal remanent magnetization at room temperature; ZFC, zero field-cooled.
Scanning Electron Microscope–Energy Dispersive X-ray Spectroscopy Observations of Magnetic Particles
In addition to rock magnetic parameters, SEM-EDS data confirm and support the interpretation on the magnetic mineralogy in core SSD-045/Stn-9/GC-01. Detrital origin ferrimagnetic iron oxides (titanomagnetite) of various sizes and shapes are found in all magnetic zones (Figures 6A–L). Magnetic zones (MZ-1, MZ-3) contain well-preserved titanomagnetite grains. EDS data for these grains indicate the presence of titanium, iron, and oxygen with minor amounts of calcium, silicon, aluminum, and manganese (Figures 6B,K,L).
[image: Figure 6]FIGURE 6 | (A–L) Scanning electron microscope images (secondary electron) on magnetic extracts from different sedimentary magnetic zones of core SSD045/Stn-9/GC-01. Energy dispersive X-ray spectroscopy spectra are placed adjacent to the respective images (A–L). Iron (Fe), titanium (Ti), sulfur (S), oxygen (O), calcium (Ca), silicon (Si), carbon (C), aluminum (Al), magnesium (Mg), and manganese (Mn) peaks are indicated.
Diagenetically formed iron sulfides are found to occur as sub-micron, spherical-shaped particles in MZ-1, MZ-2, G1, G2, and G3 (Figures 6A,C,J), and EDS spectra contain Fe and S peaks. Presence of such particles in the magnetic extracts from the zone of reduced χlf (G1, G2, G3) suggest that a ferrimagnetic iron sulfide i.e., greigite or pyrrhotite is the major constituent of the particles occurring as overgrowth on the paramagnetic host substrate such as pyrite (Rowan and Roberts, 2006). Sub-micron sized iron sulfide particles were also seen to occur as overgrowth on the large titanomagnetite grain in MZ-2 (Figure 6E). Several titanomagnetite grains of various sizes and shapes were found in the magnetically enhanced zone (MZ-3), and EDS spectra contain Ti, Fe, and O peaks (Figures 6K,L).
X-ray Diffraction (XRD) Analyses of Magnetic Minerals
Magnetic mineralogy is dominated by titanomagnetite, greigite, and pyrite particles occuring in varying proportion (Figure 7). XRD data confirms the dominant presence of pyrite along with minor peaks of greigite and titanomagnetite in G1, G2, and G3 (Figures 7F,I,K). Magnetically enhanced zone (MZ-3) contains titanomagnetite and pyrite (Figures 7N,O). Pyrite is the major magnetic mineral in the zone of reduced χlf (MZ-2) (Figures 7C–M). XRD peaks corresponding to quartz are seen in all the samples (Figure 7).
[image: Figure 7]FIGURE 7 | (A–O) X-ray diffraction spectra for minerals extracted from different sedimentary magnetic zones of core SSD-045/Stn-9/GC-01 (a–o). TM, titanomagnetite; P, pyrite; Q, quartz; G, greigite.
Authigenic Carbonates and Chemosynthetic Clams
Gray color authigenic carbonates of various sizes and morphologies are found predominantly throughout the core. Representative images of the carbonates found within the greigite-bearing (G1, G2, G3) sediment intervals are presented in Figures 8A–I. Two relict shells of Calyptogena (family: Vesicomydae) were found in the sediment depth intervals of 26–28 cmbsf and 50–52 cmbsf respectively (Figures 8J,K; Table 1).
[image: Figure 8]FIGURE 8 | (A–I) Photographs showing methane-derived authigenic carbonates found in greigite bearing intervals (G1, G2, and G3) in MZ-2, (J)Calyptogena sp. showing growth layers identified at 27 cmbsf and (K) authigenic carbonate together with Calyptogena sp identified at 51 cmbsf.
TABLE 1 | Depth-wise distribution of authigenic carbonates and shells in sediment core SSD- 045/Stn-09/GC-01.
[image: Table 1]Grain Size Distribution
Bulk sediment grain size in the core SSD-045/Stn-9/GC-01is dominated by the silt and clay sized fractions (Figure 9). Silt and clay content in this core varies from 14.56 to 52.29 vol% and 47.62–83.56 vol%, respectively. Down-core increase in sand content with distinct sediment intervals containing relatively higher sand concentrations at 83, 135, 197, 239, and 315 cmbsf are observed (Figure 9). Higher χlf were found in some of these sand layers in MZ-1 and MZ-3 suggesting the presence of coarse-grained magnetic particles (Figure 9).
[image: Figure 9]FIGURE 9 | Depth variation of grain size parameters and magnetic susceptibility data of core SSD-045/Stn-9/GC-01.
Correlation Between Magnetic Parameter and Mean Grain Size
A good correlation between χlf and SIRM is observed in all the samples, but exhibits differences in their slope suggesting the presence of ferri-and paramagnetic mineral assemblages in the samples (Figure 10A). A cross plot of SIRM/χlf vs. χlf has been successfully utilized as a proxy for characterizing the magnetic mineral assemblages in the gas hydrate bearing sediments (Larrasoaña et al., 2007; Kars and Kodama, 2015; Badesab et al., 2019). We broadly classify the samples into three sub-groups (Figure 10B). Samples exhibiting higher χlf and SIRM/χlf values suggest the presence of fine-grained magnetite. Higher values of SIRM/χlf and relatively low χlf in the majority of samples indicate the dominance of ferri-and paramagnetic iron sulfides. Samples which lies within the intermediate range of SIRM/χlf and χlf values represent the mixture of magnetic iron sulfides and magnetite (Figure 10B). A good covariation between χlf and mineralogy diagnostic S-ratio is seen (Figure 10C). Samples exhibiting low S-ratio and relatively narrow range in χlf can be attributed to the presence of either higher coercivity magnetic minerals or ferrimagnetic iron sulfides (Figure 10C) (Peters and Dekkers, 2003; Roberts et al., 2011).
[image: Figure 10]FIGURE 10 | (A–C) Scatterplots of magnetic parameters χlf, saturation isothermal remanent magnetization (SIRM), SIRM/χ, anhysteretic remanent magnetization (ARM)/SIRM), and S- for core SSD-045/Stn-9/GC-01. (D) δFC vs. δFC are derived from low-temperature measurements (Moskowitz et al., 1993) for core SSD-045/Stn-9/GC-01. Please note that gray color arrows in the scatter plots are used to highlight trends.
Mineralogy diagnostic rock magnetic parameters indicated that the bulk magnetic mineralogy is dominated by the vortex state titanomagnetite. Moskowitz et al. (1993) demonstrated that the origin of magnetic mineral assemblages in the sediment samples can be characterized by δZFC and δFC. In the analyzed samples, we noticed that δFC/δZFC values are close to 1, which suggest that the titanomagnetites are of detrital origin (Figure 10D; Housen and Moskowitz, 2006). All data falls on a 1:1 line. Samples exhibiting low values δZFC and δFC indicate the presence of diagenetically formed ferrimagnetic iron sulfides, while higher values of δZFC and δFC indicates the presence of mixed-type (magnetite, pyrite) magnetic mineral assemblages (Figure 10D; Kars and Kodama, 2015; Badesab et al., 2019).
DISCUSSION
Paleo-Methane Seepage Events Constrained by Rock Magnetism, Authigenic Carbonates and Chemosynthetic Community
Variations in magnetic mineralogies (titanomagnetite, pyrite, greigite) and concentration governed the down-core changes in the magnetic properties. Primary magnetic minerals in the uppermost MZ-1 are dominated by titanomagnetite (vortex) with minor amount of pyrite (Figures 2F, 5A, 6B, 7A,B). Gradual decrease of χlf in MZ-1 can be linked with the progressive dissolution of iron oxide and subsequent precipitation of iron sulfides. A distinct drop in χlf, ARM, and SIRM at the shallowest sediment interval (3–5 cmbsf) accompanied by the presence of pyrite and magnetite reflects the top-most dissolution front related to intense pyritization fueled by AOM-coupled sulfate reduction, and probably represent the depth of present-day SMTZ in the core SSD-045/Stn-9/GC-01 (Figures 2A–C, 6A, 7A). A systematic down-core increase in χlf and SIRM (from 7 to 17 cmbsf) manifested by the presence of magnetic particles below the proposed present-day SMTZ (3–5 cmbsf) indicate the period of weak AOM activity and minimum dissolution of the magnetic minerals (Figures 2A,C, 6B, 7A). Rapid burial and preservation of the detrital magnetic particles due to increased sedimentation specifically during this period is another possibility (Badesab et al., 2019). A marked depletion in χlf between 25–29 cmbsf and 43–52 cmbsf reflects the periods of increased magnetite dissolution and pyrite formation linked with at least two intense methane seepage events at the studied site (Figures 2A, 6C,D, 7C,E). These intervals most likely reflect paleo-SMTZ front, where upward migrating methane front interact with downward migrating sulfate front to trigger strong AOM.
The AOM increases the concentration of hydrogen sulfide in the pore-water and favor dissolution of primary magnetic mineral assemblages (Kasten et al., 1998; Jørgensen et al., 2004; Dewangan et al., 2013). Similar low χlf intervals due to paleo-methane expulsion events were reported from the K-G basin and South China Sea (Mazumdar et al., 2009; Peketi et al., 2012; Dewangan et al., 2013; Hu et al., 2019). The presence of chemosynthetic clams like Callyptogena sp. and methane derived authigenic carbonates provided further evidences of intense methane seepage events at these sediment intervals (Figures 2A, 6C,D, 7C–E, 8J,K; Table 1). Fossil chemosynthetic community and authigenic carbonates were reported from site MD161/Stn-8 and NGHP-01–10D in K-G basin (Collett et al., 2008; Mazumdar et al., 2009, Peketi et al., 2012), Haima Seep, South China Sea (Feng and Chen 2015; Liang et al., 2017), southwest Barents and Norwegian Sea (Crémière et al., 2016), Mediterranean Sea (Aloisi et al., 2000), and Gulf of Mexico (Bian et al., 2013). Downward decrease in ARM/SIRM (9–19 cmbsf in MZ-1) is followed by the consistent low χlf and ARM/SIRM values in MZ-2 (25–265 cmbsf; Figures 2A,D). As confirmed through the XRD (Figures 7C–M) and SEM-EDS (Figures 6F,H), the dominant magnetic mineral in MZ-2 is titanomagnetite (vortex) and pyrite. It is most likely that fine SD magnetite grains might have been preferentially removed by diagenetic dissolution (Figures 2A–D) owing to larger surface area (Karlin and Levi, 1983; Liu et al., 2004; Garming et al., 2005). The dominance of pyrite and titanomagnetite within 59–265 cmbsf interval of MZ-2 coupled with abundant occurrence of authigenic carbonates suggest that the strong SMTZ fronts sustained due to uniform supply of methane gas from the deep-seated reservoir (Figures 2A, 6E–H,J, 7F–M). It is interesting to note that a lower S-ratio interval (229–241 cmbsf) is observed in MZ-2. Horng, C.S. (2018) and Kars and Kodama (2015) reported that sedimentary pyrrhotite and greigite can have high coercivities which could result in low S-ratio. A dedicated rock-magnetic study conducted by Kars and Kodama (2015) on gas hydrate bearing sediments from Nankai trough reported that authigenically formed ferrimagnetic iron sulfides such as greigite and pyrrhotite can exhibit high coercivities. The lower S-ratio interval observed in MZ-2 could be attributed to the presence of such ferrimagnetic iron sulfides (greigite/pyrrhotite) which were no longer stable and got converted into pyrite as evident through low χlf within 209–231 cmbsf, (Figure 2A) and SEM-EDS data (Figures 6H,I).
Lowermost sediment magnetic zone (MZ-3) is characterized by elevated χlf, ARM, SIRM, and contains the mixture of abundant detrital titanomagnetites and minor amount of diagenetically formed pyrite (Figures 2A–C, 5E, 6K,L, 7N,O). High χlf accompanied by mixed trend of ARM/SIRM values could be attributed to the presence of both fine and coarse-grained detrital magnetic particle which probably survived diagenesis (Figures 2A,D). Fracture-filled gas hydrates deposits were recovered from MZ-3 (305–315 cmbsf, Figure 1B). Trapping of H2S within the hydrate deposits hindered the pyritization processes (Housen and Musgrave, 1996), and lead to the preservation of detrital magnetite particles in MZ-3 (Riedinger et al., 2005) (Figures 2A, 4I, 5E, 6K,L, 7N,O). Rapid burial of magnetic particles is another important factor which can explain the existence of high χlf in gas hydrate bearing sediments (Badesab et al., 2019). We believe that both these processes hindered the diagenetic reactions and favored high χlf values in the gas hydrate bearing sediments at site Stn-9.
A dedicated magnetic study on pelagic sediments from western equatorial Pacific Ocean revealed that diagenetically reduced sediments could enhance the formation of SP-size greigite particles (Tarduno, 1995). Increase in SIRM/χlf in G1, G2, G3 intervals confirms the presence of SP-sized greigite particles (Figure 2E; Tarduno, 1995). FORC distributions from the same greigite bearing samples G1, G2 and G3 also showed closed contours indicative of vortex-type magnetic behavior (Figures 4A–I; Lascu et al., 2018; Muxworthy and Dunlop, 2002; Roberts et al., 2017). These observations suggests that magnetic particles in G1, G2, G3 and MZ-3 (313 cmbsf) in core SSD-045/Stn-9/GC-01 is dominated by SP greigite and vortex-state magnetite. Hence the minor rise in SIRM/χlf (Figure 2E) manifested by the presence of pyrite (Figure 7O) in MZ-3 (301–315 cmbsf) can be explained by the fact that ferrimagnetic greigite which was formed earlier might have got transformed into more stable pyrite (Larrasoaña et al., 2007; Kars and Kodama 2015).
Occurrence of active methane seep are often associated with shallow gas hydrates and presence of seep-carbonates and has been well documented worldwide; for example offshore southwest Africa, Congo deep sea fan (Pierre and Fouquet, 2007), eastern Mediterranean Sea (Aloisi et al., 2000), northern Apennines and Tertiary Piedmont Basin of Italy (Dela Pierre et al., 2010; Argentino et al., 2019), Nyegga complex pockmark, Norwegian Sea (Mazzini et al., 2006), South China Sea (Tong et al., 2013; Han et al., 2014), Blake Ridge Diapir (Naehr et al., 2000), and Vestnesa Ridge, NW Svalbard (Schneider et al., 2018). At active seeps, methane gets consumed and this process generates dissolved bicarbonate, thereby increasing porewater alkalinity and favors precipitation of authigenic carbonate close to the seafloor (Boetius et al., 2000). Thus, the authigenically formed carbonates are considered as potential archives of past fluid flow (Aharon et al., 1997; Bayon et al., 2013; Feng and Chen, 2015). Repeated occurences of authigenic carbonates (Figures 8A–K; Table 1) from 45 to 219 cmbsf in core SSD-045/Stn-9/GC-01 indicate the episodic events of intense AOM due to enhanced methane flux. This also show the variability in past methane fluxes could be due to episodic ventilation of deep-seated methane gas or dissociation of gas hydrates or opening/closing of fault/fracture system driven by neo-tectonic activity (Dewangan et al., 2020).
Association of chemosynthetic communities with methane seepage has been reported from several cold seep locations (Sellanes and Krylova, 2005; Levin et al., 2016; Amon et al., 2017; Mazumdar et al., 2018). Evidence for the strong methane seepage events at 25–29 cmbsf and 43–52 cmbsf, and subsequently anaerobic oxidation of methane comes from the occurrence of authigenic carbonate nodules, chemosynthetic communities (Calyptogena sp.), and pyrite followed by distinct χlf drop at this intervals (Figures 2A, 8J,K). Similar observations were reported from site MD161/Stn-8 in the K-G basin (Mazumdar et al., 2009; Dewangan et al., 2013). Variations of methane fluxes at seeps determine the migration of the SMTZ in marine sediments (Borowski et al., 1996). Delineation of SMTZ and the factors controlling its migration in a seep-impacted sediments could help in tracking the evolution of past methane seepage events. Previous studies employed various proxies to recognize the SMTZ and detect the past methane seepage events including Ba front (Dickens, 2001; Snyder et al., 2007), methane-derived authigenic carbonates, mineralogy and its carbon isotope composition (Teichert and Luppold, 2013; Kocherla et al., 2015), Sulfur isotope and Mo anomaly (Peketi et al., 2012) and magnetic susceptibility (Badesab et al., 2019). Fluctuations in methane fluxes in a complex gas hydrate bearing marine sedimentary system can also be tracked successfully using χlf records, for examples in K-G basin (Badesab et al., 2019; Dewangan et al., 2013; Usapkar et al., 2014), the Argentine continental slope (Garming et al., 2005), Nankai trough, Japan (Kars and Kodama, 2015), and Cascadia margin (Housen and Musgrave, 1996; Larrasoaña et al., 2007). Rock magnetic record of core SSD-045/Stn-9/GC-01 provides evidence of rapid SMTZ migration controlled by changing methane fluxes. Mineralogical analyses on the core revealed the presence of abundant diagenetically formed pyrite and minor amount of titanomagnetite within the zone (MZ-2) of reduced χlf (Figures 7D–M). Such phenomena can be attributed to the reducing environment associated with upward methane flux which enhances diagenesis of the highly magnetic detrital minerals such as titano-magnetite into nearly non-magnetic pyrite (Housen and Musgrave, 1996). In zone of reduced susceptibility (MZ-2), multiple episodes of seepage activities controlled the diagenetic alteration of magnetic minerals and hence have a direct impact on χlf. However, tracking paleo-SMTZ fronts can be challenging at times due to the differences in the rate of diagenesis constrained by changing methane fluxes. In such a scenario, the occurrence of authigenic carbonates would be useful in delineating the paleo-methane seepage activities. The abundant occurrence of authigenic carbonates in a depth range from 45 to 219 cmbsf within MZ-2 suggests that the SMTZ was quite variable in the past (Figures 8A–I; Table 1). We demonstrate that combination of rock magnetic and mineralogical (SEM-EDS, XRD) data together with authigenic carbonates are useful to identify the present and past SMTZ fronts fueled by methane seepages.
Possible Linkage Between Greigite Precipitation, Neo-Tectonic Events and Formation of Gas Hydrates (Disseminated-Type vs. Massive) in the Krishna-Godavari Basin
Fracture-controlled fluid migration has been well-reported at cold seeps, for example in Vestnesa Ridge (Yao et al., 2019), Harstad Basin, southwest Barents Sea (Vadakkepuliyambatta et al., 2013; Crémière et al., 2018), Hydrate Ridge (Torres et al., 2002; Weinberger and Brown, 2006), Blake Ridge (Egeberg and Dickens, 1999), and Central Chile (Geersen et al., 2016). Fractures/faults facilitate efficient transport of methane-rich fluids from greater depth to shallower depth, and sometimes methane escape from sediment-water interface as flares (Berndt et al., 2014; Sahling et al., 2014). In methanic sediments, interplay between availability of reactive iron supply and relative production of hydrogen sulfide (HS−) control the pyritization process (Wilkin and Barnes, 1997). In case of excess HS− and high availability of reactive iron, the pyritization process is complete and the metastable iron sulfides are eventually converted to pyrite (Berner, 1967). Under low HS− concentration greigite may preferentially be precipitated over pyrite and will lead to the preservation of greigite. Migration of methane-rich fluids is found to be associated with the authigenic ferrimagnetic iron sulfide minerals like greigite and/or pyrrhotite (Larrasoaña et al., 2007). Greigite formation is enhanced in the vicinity of gas hydrate deposits as observed in Hydrate Ridge (Larrasoaña et al., 2007) and Blake Ridge (Wellsbury et al., 2000). For greigite formation and preservation, either limited amount of hydrogen sulfide or increased supply of reactive iron is required to constrain the pyritization process in methanic sediments (Liu et al., 2004). For example, Kao et al., 2004 demonstrated that widespread greigite preservation is likely if abundant reactive iron is available to react with sulfide during pyritization reactions. Roberts et al., 2011 suggested that the preservation of greigite depends on the balance between sulfide production and reactive iron concentration. In the studied core, three distinct greigite (G1, G2, and G3) bearing sediment intervals (81–93 cmbsf, 145–159 cmbsf, and 217–229 cmbsf) has been identified within the zone of reduced χlf. Presence of greigite has been further confirmed through rock magnetic (χlf and SIRM/χlf), SEM-EDS and XRD (Figures 2A,E, 6F–H, 7I–K). A general trend of downcore increase in magnetic grain size diagnostic proxy (ARM/SIRM) in MZ-2 is observed (Figure 2D; Maher and Thompson, 1999). ARM/IRM first decreases in MZ-1 because of preferential dissolution of fine-grained magnetite (Maher, 1988) in the upper part of the reduced zone, and rises downcore in response to the formation of fine-grained greigite in MZ-2. A rockmagnetic study conducted on a sediment core from Niger deep-sea fan by Dillon and Bleil (2006) observed that the iron redox boundary is very shallow (∼3 mbsf) and below, a pervasive magnetite dissolution has taken place. Similar to our observations, they noticed minor increase in ARM/SIRM with depth after an initial drop. They attributed the steadily increasing ARM/SIRM ratio in the anoxic sulfidic zone with the small gradually growing SD fraction of magnetic sulfides, for example authigenic formation of greigite is most likely in such environment and similarly reported in Mediterranean sapropels (Roberts et al., 1999; Passier and Dekkers, 2002) and Korean Strait (Liu et al., 2004). Increase in SIRM/χlf in G1, G2 and G3 intervals also suggest the presence of authigenically formed SP-sized greigite particles in the studied core (Figure 2E). Within the zone of reduced χlf (MZ-2), elevated methane concentration might have allowed huge production of sulfide which enabled complete pyritization and restricted the greigite preservation as seen through lower and uniform values of χlf, SIRM and abundant presence of pyrite in MZ-2 (Figures 2A,C, 7C–M). In contrast, decline in methane flux at G1, G2, and G3 intervals probably generated less sulfide, and favored the formation and preservation of greigite. Similar observation was made by Dewangan et al., 2013, where the presence of a thick authigenic carbonate layer beneath the SMTZ at site MD161/Stn-08 in K-G basin (Mazumdar et al., 2009) hindered the downward diffusion of sulfide favoring early arrest of the pyritization process and preservation of greigite. At the present site, low methane flux might have supported more distributed-type (vein-filling) hydrate deposits instead of massive deposits formed due to enhanced methane flux. We, therefore, propose that these three greigite bearing sediment intervals (G1, G2, and G3) are associated with distributed-type gas hydrate intervals at site Stn-9. However, we do not completely rule out the possibility of greigite formation due to increase in iron content in G1, G2, and G3.
A linkage between occurrence of greigite and increased clay content is evident (Figure 9). We propose a following plausible mechanism to explain the linkages between methane migration and formation of distributed-type (vein-filling gas hydrates), grain size and greigite formation and preservation. High resolution X-ray investigation conducted on the gas hydrates recovered from K-G basin revealed that hydraulic fractures created by upward migrating fluids was the dominant mechanism for the formation of veined-hydrate deposits at site NGHP-01–10 (Rees et al., 2011). At site Stn-9, it is highly possible that rapid migration of diffusive methane flux through the clay rich intervals in G1, G2, and G3 probably created multiple hydro-fractures which provided conducive environment for the formation of distributed–type (vein-filling) hydrates in these intervals. Growth of vein-filling hydrate network trapped the available sulfide within it and created a closed system by forming an impermeable layer which further restricted the supply of the downward diffusing sulfate (sea water) through the hydrate-bearing interval. A sulfide deficient zone is created which caused arrestation of pyritization and favored formation and preservation of greigite in G1, G2, and G3. Geochemical study conducted by Kao et al. (2004) on sediment cores from southwestern Taiwan reported that detrital minerals will survive in sediments if the methane fluxes are too small. At the studied site, fracture-filled gas hydrates were recovered from MZ-3 (305–315 cmbsf). Survival of detrital titanomagnetite particles in MZ-3 could be explained based on the fact that the lower methane (free) concentration in these intervals due to the presence of massive gas hydrate beneath this interval might have restricted the further diagenetic transformation of iron oxides into iron sulfides.
Grain size also provides important control on the gas hydrate formation in marine sedimentary system (Clennell et al., 1999; Torres et al., 2008). In Blake Ridge, high methane hydrate concentrations were found in sediment layers containing high silt content (Ginsburg et al., 2000; Lorenson, 2000). Overall, clay and silt dominate the bulk sediment grain size in the studied core (Figure 9). Marked peaks of decrease in silt content and concurrent rise in clay content more specifically within gas hydrate bearing intervals (G1, G2, G3 and bottom most: 305–315 cmbsf) suggest that distributed methane hydrate accumulation in veins/fracture preferentially occurs in the sediment intervals containing high clay content (Figures 2A, 9).
Regulation of gas plumbing system due to opening/closing of the fractures/faults provides important constraints on the methane flux (Dewangan et al., 2011; Sriram et al., 2013; Mazumdar et al., 2019). Widespread occurrence (45–219 cmbsf) of authigenic carbonates in the studied core suggests that the multiple AOM driven by variability in paleo-methane fluxes is controlled by the opening and closing dynamics of the fracture/fault system due to prevailing shale tectonism (Dewangan et al., 2010; Gullapalli et al., 2019; Mazumdar et al., 2019). Sahling et al. (2014) also suggested that micro and macro fractures are often found associated with cold seep systems, wherein methane from deep-seated reservoir moves upward to sediment-water interface such as Hydrate Ridge (Torres et al., 2002) and Blake Ridge (Egeberg and Dickens 1999). At site Stn-9, fracture-controlled fluid transport supported the formation of gas hydrates (distributed and massive-type) (Mazumdar et al., 2019). We believe that hydrate crystallizes within the fault/fractures zone as methane gas migrate through GHSZ (You et al., 2019). It is interesting to note that several layers of hard authigenic carbonates are found above and within the proposed distributed-type gas hydrate bearing intervals (G1, G2, G2) (Table 1). It may also be possible that formation of authigenic carbonate layers coupled with clay deposits restricted the upward migrating methane and led to the formation of distributed-type hydrate deposits. The distributed gas hydrate deposits build a closed system, which prevented the completion of pyritization process and thus, favored the formation and preservation of SP size greigite.
Evolution of Active Cold Seep System in Krishna-Godavari Basin: Constraints From Rock Magnetic, Microscopy and Mineralogical Proxies
We propose a plausible mechanism to explain the various features of an active cold seep system associated with shallow gas hydrates in the K-G basin (Figure 11). At active seep site, early diagenesis of magnetic minerals occurs very close to the sediment-water interface resulting in dissolution of primary detrital iron oxides and subsequent conversion to iron sulfides (pyrite). Distinct drop in concentration-dependent magnetic parameters manifested by the presence of diagenetically formed pyrite between 3 - 5 cmbsf represent the top-most dissolution front (recent) and can be attributed to the intense pyritization fueled by AOM-coupled sulfate reduction and probably represent the depth of present-day SMTZ in core SSD-045/Stn-9/GC-01. A couple of sediment intervals (25–29 cmbsf and 43–52 cmbsf) also show marked depletion in magnetic susceptibility and abundant presence of pyrite grains suggesting at least two events of huge H2S build up by intense methane seepage events. Presence of chemosynthetic shells (Calyptogena Sp.), authigenic carbonates at these intervals confirm the paleo-methane seepage at site Stn-9. The existence of low and uniform magnetic susceptibility in MZ-2 (except G1, G2, and G3) reflects intense reductive diagenesis fueled by the elevated methane supply, which allowed the production of large concentration of sulfide, and led to transformation of primary iron-bearing magnetic minerals into paramagnetic pyrite. Repeated occurences of authigenic carbonates from 45 to 219 cmbsf in core SSD-045/Stn-9/GC-01 support multiple episodes of AOM intensification in the past. The opening/closing of fault/fractures due to neo-tectonic activities allowed migration of methane from deep-seated gas reservoir (Dewangan et al., 2011; Sriram et al., 2013; Dewangan et al., 2020; Mazumdar et al., 2019). Upon entering the shallow depths and encountering conducive P-T conditions, gas hydrates started crystallizing within the faults and fractures where methane concentration exceeded the solubility limit (You et al., 2019). We propose that the distributed-type gas hydrate formed in veins during periods of reduced methane flux at clay rich intervals (G1, G2, G3) arrested the pyritization process and favored the preservation of the intermediate iron sulfides minerals (greigite/pyrrhotite) (Larrasoaña et al., 2007).
[image: Figure 11]FIGURE 11 | Conceptual model explaining the mechanism controlling the shallow gas hydrate formation, greigite preservation and development of active cold seep system in the K-G basin.
High magnetic susceptibility in the bottom most sediment interval containing massive gas hydrate deposit (MZ-3) can be attributed to the survival of detrital magnetic grains due to both hinderance of diagenetic reactions due to trapping of H2S within hydrate (Housen and Musgrave, 1996; Riedinger et al., 2005) and rapid burial and preservation of the detrital magnetic grains due to higher sedimentation events (Badesab et al., 2019). Such gas hydrates requires efficient methane migration from deep-seated reservoir through the fracture system as evident from the existence of seismic chimneys beneath this site (Dewangan et al., 2020). Some active faults may even transport methane to seafloor, which is observed as methane gas flares (Mazumdar et al., 2019).
CONCLUSION
Rock magnetic, sedimentological and mineralogical record of the sediment core SSD-045/Stn-9/GC-01 retrieved from a newly discovered active methane seep site in the K-G basin provided important constraints on the evolution of past methane seepage dynamics and gas hydrate formation over geologic time. Two events of intense methane seepage were identified in the studied core. Occurences of several layers of authigenic carbonates throughout the core followed by the presence of chemosynthetic shells (Calyptogena Sp.) at two distinct sediment depth intervals provided clues on the episodic intensification of AOM at the studied site. Three greigite bearing sediment intervals within the magnetically reduced sulfidic zone reflect the paleo-gas hydrate (distributed-type vein filling) intervals in the studied core. A linkage between increase clay content, formation of veined hydrate deposits, precipitation of authigenic carbonates and greigite preservation is evident. Our findings are summarized into a conceptual model (Figure 11) which explains the controls on the magnetic mineral diagenesis, methane seepage dynamics, and the evolution of shallow gas hydrate (distributed vein filling vs. massive-type) system in the K-G basin.
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The anisotropy of magnetic susceptibility (AMS) in sedimentary rocks results from depositional, diagenetic, syn- and post-sedimentary processes that affect magnetic grains. Some studies have also shown the potential role played by post-depositional fluid flow in detrital and carbonate formations. Here we present a new case study of Middle-Upper Jurassic sandstones where secondary iron oxides, precipitated from fluids that migrated through pores, give rise to the AMS. These sandstones are well exposed in the Uncompahgre Uplift region of the Central Colorado Trough, Colorado. The magnetic foliation of these undeformed, subhorizontal strata consistently strike NE-SW over a large distance with an average 45° dip to the SE. This steep AMS fabric is oblique with respect to the regional subhorizontal bedding and therefore does not reflect the primary sedimentary fabric. Also, outcrop-scale and microscopic observations show a lack of post-depositional plastic (undulose extinction) or pressure-solution (stylolites) deformation microstructures in these sandstones, hence precluding a tectonic origin. The combination of magnetic hysteresis, isothermal remanent magnetization, and thermal demagnetization of the natural remanent magnetization indicate that these rocks carry a chemical remanent magnetization born primarily by hematite and goethite. High-field magnetic hysteresis and electron microscopy indicate that detrital magnetite and authigenic hematite are the main contributors to the AMS. These results show that post-depositional iron remobilization through these porous sandstones took place due to the action of percolating fluids which may have started as early as Late Cretaceous along with the Uncompahgre Uplift. The AMS fabric of porous sandstones does not systematically represent depositional or deformation processes, and caution is urged in the interpretation of magnetic fabrics in these types of reservoir rock. Conversely, understanding these fabrics may advance our knowledge of fluid flow in porous sandstones and may have applications in hydrocarbon exploration.
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INTRODUCTION
Fluid-flow through permeable sandstones is a key process in multiple economically important geological processes such as, hydrocarbon migration (e.g., Oliver, 1986; Hunt, 1990; Ungerer et al., 1990), diagenetic alteration through fluid-rock interaction (Chan et al., 2000; Beitler et al., 2005; Potter and Chan, 2011; Potter-McIntyre et al., 2014), groundwater contamination of aquifers (e.g., Massei et al., 2002), or fluid-driven precipitation of ore minerals (e.g., Wilkinson, 2001). Common approaches to characterize regional fluid flow through rocks include fluid geochemistry (Musgrove and Banner, 1993) and hydrodynamic flow models (Wing and Ferry, 2007). For example, Musgrove and Banner (1993) used elemental and stable isotopic signatures in groundwater samples from a Cambro-Ordovician and Mississippian aquifer that were collected from different wells to evaluate the origin and mixing of meteoric and saline fluids in the United States Midcontinent. This approach relies on direct sampling of fluids for geochemical analysis and modeling whereas the hydrodynamic model approach requires multiple topographic relationships to be maintained for an accurate prediction of fluid-flow directions. These approaches, although generally successful, have limited application in ancient geologic systems particularly when fluid-flow is no longer active or when the original paleotopography has been modified either through erosion, alteration or tectonic activity.
In this study, we investigate the magnetic mineralogy, the origin and significance of the anisotropy of magnetic susceptibility (AMS), the NRM, and their implications regarding regional-scale fluid migration. The Jurassic sandstones of this study originate from two sites, located 12 km apart, along the southwest margin of the Central Colorado Trough, on the Eastern flank of the Uncompahgre Uplift: Escalante Canyon—EC and Dominguez Canyon, also known as Bridgeport—BP (Figures 1, 2). The study area in the western Colorado Plateau consists primarily of Mesozoic sedimentary rocks underlain by deeply faulted Proterozoic crystalline basement blocks (Figure 1; e.g., Marshak et al., 2000). The Cenozoic and some Late Mesozoic sedimentary formations in this region have been eroded through successive uplifts (Figures 1, 2; Pederson et al., 2002).
[image: Figure 1]FIGURE 1 | Geologe map of the study area in western Colorado (after Tweto and Schoenfeld, 1979) and a northwest to southeast trending geologic cross-section of the study sites. The depth profile across section according to USGS DEM maps of area.
[image: Figure 2]FIGURE 2 | Tectonic setting of the Paradox Basion and adjacent areas (after Kelley, 1958). Brown dashed line delineates the extent of the Paradox Basin. The Central Colorado Trough within the Paradox fold and thrust belt collected vast eolian and fluvio-lacustrine deposition during the Middle-Upper Jurassic.
AMS has been an effective tool for tracking paleofluid flow in sedimentary rocks, magma flow in igneous provinces, and hydrothermal fluids caused by mantle upwelling (e.g., Schieber and Ellwood, 1993; Ferré et al., 2002; Sizaret et al., 2006; Essalhi et al., 2009). This method is sensitive to the petrofabric and crystallographic orientations of magnetic mineral grains (Tarling and Hrouda, 1993). The AMS of sediments has been successfully used to characterize syn- and post-depositional processes in sedimentary systems since its introduction by Ising (1942). Examples have been shown for geometry of pore spaces in siliciclastic rocks (Robion et al., 2014; Parés et al., 2016), flow mechanisms and nature of sediment deposition (Dall'Olio et al., 2013), and microscopic strain and deformational structures (e.g., Aubourg et al., 2004; Aubourg et al., 2010; Robion et al., 2007; Burmeister et al., 2009).
The maroon, red, pink and in some cases, tan to grayish colors of the Middle-Late Jurassic sandstones of the Entrada Sandstone, Wanakah Formation, and Tidwell Member of the Morrison Formation in the Paradox Basin and adjacent areas are classic examples of secondary coloration acquired through fluid flow in permeable rocks (Parry et al., 2004; Beitler et al., 2005). The extent to which a primary and depositional fabric is preserved in these rocks, as opposed to a pervasive chemical overprint, constitutes the focus of this study. The magnetic mineralogy itself, along with the magnetic grain morphology, provide useful information on the syn- or post-depositional origin of the AMS. While radiometrically dating the development of the AMS is generally difficult, the paleomagnetic data acquired in our investigations could shed light on the type of AMS in these sandstones. The hypothesis we test using paleomagnetic data, combined with a well-established regional Jurassic-Cretaceous magnetostratigraphy, is that the AMS was acquired during or shortly after deposition, and therefore reflects primarily the sediment transport direction. The alternative hypothesis is that the AMS records a late stage precipitation event related to the downcutting of the Colorado and Gunnison Rivers (Hunt, 1969; Cook et al., 2009).
TECTONIC SETTING
The study area is situated on the northeastern margin along the Northeast flank of the Uncompahgre Plateau, west of the Central Colorado Trough (Figure 2). To the Southwest of the study area, the Paradox Basin formation began with crustal loading and downward lithospheric flexure during the contractional Pennsylvanian–Permian orogeny that formed the Ancestral Rocky Mountains (Figure 2; Kluth and Coney, 1981; Barbeau, 2003). Basin subsidence continued from the Triassic through Cretaceous. The Paradox Basin and other adjacent basins consist of Paleozoic through Cenozoic strata that unconformably overlie Proterozoic basement rocks that include granitic, high-grade metamorphic gneiss and schist (Tweto and Schoenfeld, 1979; Figure 2). Cretaceous rocks exposed on the Colorado Plateau have mostly been eroded away due to subsequent uplift and downcutting of major fluvial drainages (Figure 1). The Paradox Basin shows a prominent fold-and-fault belt defined by NW-SE striking faults, anticlines, and synclines (Figure 2). Some of these structures are related to salt walls and grabens caused by diapirism of the Paradox Formation (Nuccio and Condon, 1996).
The tectonic layer-parallel shortening (LPS) axis in the Paradox Basin is oriented NE-SW, parallel to the maximum principal stress (Figure 2). Kluth and Coney (1981) interpreted the orientation of this axis and the Ancestral Rocky Mountains as part of a complex intraplate response in the western United States due to the Ouachita-Marathon orogeny, a collision of the North American craton with South America and Africa during the Pennsylvanian. These authors also suggested that the suturing at the southern margin of the North American craton combined with northward directed thrusting from the Marathon region led to a progressive migration of stresses onto the continental interior. Other studies have suggested that 1) the origin of the Paradox Basin structures might be related to compressive stresses from either the Ancestral Rockies or Laramide orogenic events (Marshak et al., 2000) or 2) these structures predates these events but were reactivated along pre-existing faults in the basement (Davis, 1978; Baars and Stevenson, 1981).
The Uncompahgre Uplift was originally interpreted as a Pennsylvanian structure associated with the formation of the Ancestral Rocky Mountains (e.g., Kluth and Coney, 1981). However, recent thermochronological constraints document a far more recent uplift history beginning in the Late Cretaceous (Laramide orogeny) and continuing with deep incision up to the Miocene-Pliocene (Rønnevik et al., 2017).
ANALYTICAL METHODS
Sampling and Petrography
From oldest to youngest, we collected hand samples (with an average dimension of 15 × 12 × 8 cm) from the Entrada Sandstone, the Wanakah Formation, and the Tidwell Member of the Morrison Formation (Figure 3). Hand samples were georeferenced using hand-held Global Positioning System units (GPS). The geographic orientation of the samples was determined using a magnetic compass, after correction of the magnetic declination (11°E). Hand samples were extracted using a rock hammer to obtain fresh surfaces and to avoid supergene alteration overprints. The sandstones exhibit light brown to pale tan colors in the Tidwell Member of the Morrison Formation (Figures 4A), brown, pink or tan colors in the Wanakah Formation (Figures 4B) and relatively bright red to orange colors in the Entrada Sandstone (Figures 4C). These colors attest to the presence of iron oxides and hydroxides cement in the bulk sample. Polished petrographic thin-sections were prepared for selected, representative specimens to assess the mineralogy, morphology and grain size of the constituent mineral phases. The thin-sections were examined using a Hitachi S-3400N scanning electron microscope (SEM) in backscatter (BSE) mode at Montana State University Billings. Additional analyses with an energy dispersive spectroscopy (EDS) Ametek EDAX system provided semi-quantitative spot chemical analyses. Before imaging, thin-sections were coated with a 45 Å-thick layer of gold/palladium to prevent charging. The operation conditions of 15–20 kV accelerating voltage and a working distance of 10.0 μm yielded the best results.
[image: Figure 3]FIGURE 3 | Generalized stratigraphy of the Middle to early Late Jurassic in the study areas. Diamond symbols denote sampling horizons. Abbreviation of lithologies in the figure is Mud (CI, clayey; S, silty), Sand (VF, very fine-grained; F, fine-grained; and M, medium-grained).
[image: Figure 4]FIGURE 4 | Field photographs showing sedimentary bedding and sandstone lithologies of (A). Marker Bed A - the basal sandstone of the Tidwell Mbr. of Morrison Fm. Marker Bed A is the sandstone bed that separates the Middle and Late Jurassic rocks. (B) Wanakah Fm. and (C) Entrada Sandstone. Hammer and scale bars are for scale.
Anisotropy of Magnetic Susceptibility Measurements
We cut several serial 2 cm-thick slabs from the hand samples to produce 2 cm sample cubes. The 2 cm AMS cubes were cut, side-by-side, from these slabs to yield about 15 cubic specimen per one hand sample. These oriented cubes were measured using the AGICO KLY-4S Kappabridge susceptibility meter at Southern Illinois University Carbondale. Measurements were performed at room temperature with an applied magnetic field of 300 A/m and frequency of 875 Hz. The AMS measurements were processed using the AGICO SUFAR program while the acquired data were plotted using the AGICO Anisoft 4.2 program. Directional data obtained from the projection of the three principal magnetic susceptibility axes on equal-area lower hemisphere stereonets, including their 95% confidence ellipses, were calculated using the Jelinek statistics (Jelínek, 1978; Supplementary Material).
The AMS is defined by a symmetric, second-rank tensor consisting of six independent elements represented by an ellipsoid with three mutually perpendicular axes. The three axes represent the three principal magnetic susceptibilities namely: K1 (maximum), K2 (intermediate), and K3 (minimum). The AMS parameters used in this study include the mean magnetic susceptibility [image: image], indicative of the concentration of magnetic minerals present in the hand sample; the degree of magnetic anisotropy P’ where [image: image], [image: image], and [image: image], which describes the strength of the magnetic fabric, and in general is a proxy for the type of magnetic fabric in the rocks; and the shape factor [image: image], which represents the shape of the ellipsoid of the magnetic fabric (oblate or prolate), with T ranging from −1 to +1, prolate (with T ≤ 0) and oblate (with T ≥ 0).
Magnetic Hysteresis and Isothermal Remanent Magnetization Measurements
We performed both magnetic hysteresis experiments and Isothermal Remanent Magnetization (IRM) experiments at room temperature, on rock fragments to identify the nature of the AMS carriers. Magnetic hysteresis was measured on 11 specimens using the MicroMag 3900-04 vibrating sample magnetometer (VSM; Princeton Measurements Corporation) at Southern Illinois University Carbondale. IRM experiments were performed on two representative specimens with contrasting colors (one specimen from each locality). A field strength of up to 1.5 T was applied to saturate the specimens magnetically. For comparison, the induced magnetization in both specimens was normalized after correcting for high-field slope, in this case, 70% of the maximum applied field.
Paleomagnetic Measurements
Due to the assumed presence of hematite in the hand samples, we chose thermal demagnetization of the NRM to constrain the different magnetic phases present in each specimen. Thermal demagnetization of the NRM was performed at the CIMaN-ALP laboratory of paleomagnetism (Peveragno, Italy) using a Superconducting Rock Magnetometer 2G Enterprise 755 hosted in a shielded room. Forty-eight representative AMS cubes (16 per formation) were selected for thermal demagnetization of the NRM. The specimens were subjected to a stepwise thermal demagnetization in 15 steps from room temperature to 600°C, with additional four steps up to 700°C for specimens showing higher unblocking temperatures.
RESULTS
Petrographic Analysis
Previous work reports on the petrographic characteristics of the Entrada Sandstone, Wanakah Formation and Tidwell Member of the Morrison Formation (Ejembi et al., in review). Based on Folk (1980) sandstone classification, the Entrada Sandstone consists dominantly of sublitharenites, while the Wanakah Formation and Tidwell Member range from feldspathic litharenite to litharenite. The Entrada Sandstone in the two localities is predominantly pinkish to reddish brown, cross-bedded, and is composed of fine to very fine-grained, sub-rounded to rounded framework grains. The Wanakah Formation consists of distinct, thin beds (<0.15 m) of fine-grained sandstone with interbedded mudrocks that have a characteristic red and green color. The Tidwell Member consists of a regionally extensive, dark gray to tan, marker sandstone bed with overlying beds that are tabular, coarse-grained, and are interbedded with mudrocks. These sandstone beds vary in thicknesses (0.7–1.5 m), with a maximum measured thickness of ∼1.5 m at Escalante Canyon.
The quartz and feldspar grains in these units are strikingly free of any transgranular or intergranular deformation fractures and inherited or cognate plastic deformation microstructures such as undulose extinction. Both optical microscopy and scanning electron microscopy reveal very pristine detrital grains assembled in undeformed, fabric-less assemblages. Cross-bedding structures, when present, result from grain size variation. Figure 5, for example, shows representative SEM-BSE images of polished thin sections along with corresponding maps of major elements from the sandstone specimens using x-ray energy-dispersive systems (EDS) analysis. The maps of iron distribution in the matrix reveal no specific coating along grain margins. The EDS chemical analyses help identify quartz, alkali feldspar, calcium carbonates, and iron oxides/hydroxides. However, magnetite and titanomagnetite detrital grains were observed in some of the specimen (based on the Fe, O and Ti elemental maps, e.g., EC-2Jmt and EC-3Jw (Figure 5). This lack of ferromagnetic grains is not unusual in terrestrial sandstones where these minerals are quickly degraded and precipitated as early hematite grain coatings (e.g., Chan et al., 2007).
[image: Figure 5]FIGURE 5 | Backscattered electron microscopy images of polished thin section from three represntative samples from Escalante Canyon (A,C and E) and elemental maps from x-ray EDC analysis (B,D) of the matrix and some framework grains. White grains in the EC-2Jmt and the EC-3Jw images are magnetite and and/or titanomagnetite grains. Hematite grain coatings are found in the EC-1Jes sample along quartz grain boundaries. Jes, Entrada Sandone; Jw, Wanakah Formation; Jmt, Tidwell Member; Fe, Iron; Qz, quartz; Hem, hematite; Mag, magnetite; Kfs, potassium feldspar; cal, calcite.
Magnetic Hysteresis Properties and Isothermal Remanent Magnetization Behavior
The hysteresis behaviors show negligible contributions of diamagnetic minerals, minor contributions of paramagnetic minerals, and the dominance of ferromagnetic phases (Table 1 and Figure 6). The magnetic hysteresis parameters, saturation magnetization (Ms), saturation remanent magnetization (Mr), and magnetic coercivity (Hc) are calculated after correction of the high field slope, which arises primarily from the sum of diamagnetic (quartz and carbonates) and paramagnetic (clay and other detrital grains) and antiferromagnetic contributions. The coercivity of remanence (Hcr) was determined through back-field experiments. Two fundamental behaviors are observed: a single phase with a low to moderate remanent coercivity phase (e.g., EC-1Jmt, Hcr ≈ 49.5 mT; Figures 6A); and a two-phase mixture with high- and moderate-coercivity phases resulting in a wasp-waisted shaped hysteresis loop (e.g., EC-1Jes, Hcr ≈ 176 mT; Figures 6B). Most specimens reach magnetic saturation at fields above 0.6 T. A few specimens show a negative high-field slope (e.g., EC-1Jes) indicative of a very small diamagnetic contribution. As the contribution of the high-coercivity phase is highly variable, the Mr/Ms and Hcr/Hc ratios result from a mixture of several single-phase properties and therefore cannot be used as indicators of magnetic granulometry. The relatively low values of the high field slope (Table 2) indicate that paramagnetic phases cannot account for the observed AMS.
TABLE 1 | Magnetic hysteresis properties of Middle-Late Jurassic sandstones from the Paradox Basin, western Colorado.
[image: Table 1][image: Figure 6]FIGURE 6 | Representative magnetic hystersis curves (magnetic moment, m versus applied field, H) observed in all the sandstone samples. Both samples exhibit low paramagnetic susceptibility behaviour,with EC-1Jmt showing a single component magnetic hysteresis behavior (A) and EC-1Jes showing at least two components magnetic hystersis behaviour (B).
TABLE 2 | Average scalar and tensorial AMS data of Middle-Upper Jurassic sandstones from the Paradox Basin, western United States.
[image: Table 2]Two types of IRM acquisition behavior for specimens with contrasting lithofacies (i.e., color, texture, and porosity) are shown in Figure 7. The IRM plots show distinct approaches to magnetic saturation up to 1.5 T. These differences correlate with the color of the specimen: red sandstones are more magnetically coercitive than tan sandstones.
[image: Figure 7]FIGURE 7 | Isothermal Remanent Magnetization (IRM) acquisition plot of two samples (BP-2Jes and EC-2Jmt) from the Middle and Late Jurassic, respectively. The two samples are remarkably different lithologically. Insets are photographs of a freshly cut slab of both samples taken during the AMS sample preparation stage. The marker on the sample surface shows the in situ geographic orientation.
Anisotropy of Magnetic Susceptibility
The AMS scalar parameters (Km, T, and P’) are plotted in binary diagrams in Figure 8 and provided in Table 2. The specimens display consistent magnetic properties. P’ shows a negative correlation with Km, both at the scale of the specimen and across specimens. Km ranges from ∼8.14 to 31.0 × 10−6 SI (Figures 8A). There is no correlation between the rock color and AMS parameters. P’ ranges from 1.02 to 1.27, clearly outside the range of values attributed to paramagnetic only assemblages, but most specimens have P’ < 1.05 (Figures 8B). T varies substantially within each specimen but overall shows mainly oblate symmetry (Figures 8C). Although the degree of anisotropy in the specimens is strongly influenced by the weak magnetic susceptibility, it does not provide a reliable estimate of the strain at magnetic susceptibilities close to zero.
[image: Figure 8]FIGURE 8 | Composite plots of AMS parameters of all the samples in both localities. (A) Mean magnetic susceptibility vs. the degree of magnetic anisotropy. (B) Mean magnetic susceptibility vs. the shape factor and (C). The degree of magnetic anisotropy vs. the shape factor.
The stereonets of the three principal magnetic susceptibility axes (K1, K2, and K3) obtained from the sandstone specimens from the two study sites are shown in Figure 9. The 95% confidence ellipses around averages per specimen are derived from the Jelinek statistics (Jelínek, 1978). The AMS directional parameters are rather consistent at the hand sample scale and between specimens. The specimens display a strong and consistent—but varying degree of steepness of the—magnetic foliation (planar fabric) defined by the K1–K2 plane (Figure 9), which dips to the SE. The double arrow shows the dip angle of the magnetic foliation. The magnetic lineation (K1) is moderately well-defined and show discrete clusters. The AMS planar fabric of these rocks is clearly oblique with respect to the sub-horizontal bedding plane observed on the outcrop where each hand sample was collected from.
[image: Figure 9]FIGURE 9 | Equal-area lower hemisphere stereographic projections of the three principal magnetic susceptibility axes, including their 95% confidence ellipses around weighted averages derived using Jelinek statistics (1981). Samples in A are from Bridgeport in Dominguez Canyon and B Escalante Canyon (Figure 1). Samples are in stratigraphic order from oldest- youngest: Jes, Entrade sandstone; Jw, Wanakah Fm. and Jmt, Tidwell Mbr of the Morrison Fm. K1 in squares, K2 in traingles and K3 in circles. Dotted arc is the K1-K2 plane which defines the magnetic foliation. K1 defines the magnetic lineation. The tilt of magnetic lineation. The tilt of the magnetic fabric, i.e., the deviation of the K3 axis from 90° (the sedimentary bedding pole), is represented by the double-headed arrow on the stereonet for each sample.
Thermal Demagnetization of the NRM
Stepwise thermal demagnetization of the NRM is shown for six out of forty-eight representative specimens in Figure 10. The NRM intensities range from 3.69 × 10−5 to 9.91 × 10−3 A/m, with an average of 1.86 × 10−3 A/m. Characteristic remanent magnetizations (ChRMs) were successfully isolated in 39 (over 48) specimens, both with normal (16 specimens) and reversed polarities (23 specimens). In most cases, the experiments show a stable single-component behavior, with a relatively straight ChRM toward the origin. Few specimens show evidence of a second directional components, isolated at lower temperatures (e.g., BP-1Jmt), including some with normal and reverse components. The ChRMs are scattered, and do not pass the reversal test (McFadden and McElhinny, 1990). The weakly magnetized specimens (which were independent of the formation or lithology) that lack stable demagnetization behaviors could not be interpreted. In most specimens from the Tidwell Member and the Wanakah Formation, the main demagnetization occurs below 150°C while the remainder is generally removed below 300°C (e.g., Figures 10A–D). Most specimens from the Entrada Sandstone also display demagnetization below 150°C, but some retain part of their magnetization up to 500°C–680°C (e.g., Figures 10F). The stable demagnetization directions vary substantially in inclination (Figure 10) with an average ∼55° for the <150°C stable component, while the variations in magnetic declination are also high.
[image: Figure 10]FIGURE 10 | Stepwise thermal demagnetization of the natural remanent magnetization (NRM) behaviour and corresponding Zijderveld diagram of representative samples from the two study localities. Demagnetization steps are in °C. Full (open) symbols in the Zijderveld diagram represent orthogonal projection on to the horizontal (vertical) plane. Refer to Figure 9 caption for sample abbreviations.
DISCUSSION
Origin and Development of Anisotropy of Magnetic Susceptibility Fabrics in Sedimentary Rocks
Previous studies have shown that the origin of magnetic fabrics in sedimentary rocks is controlled by sedimentary vs. tectonic processes (e.g., Tarling and Hrouda, 1993; Li et al., 2014). The sedimentary origin of AMS lies in the depositional process by which particles settling in a slurry acquire a shape preferred orientation parallel to the depositional plane, which is close to horizontal in most cases. The compaction of sediments generally strengthens the planar component of the syn-depositional fabric because it results from the application of a vertical stress (gravity).
When bedding is horizontal, there is either no lineation of the maximum susceptibility, or a very weak lineation. Regardless of the magnetic carriers, the resulting AMS tends to be strongly planar and weakly linear, i.e., oblate fabrics (e.g., Schieber and Ellwood, 1993; Tarling and Hrouda, 1993; Saint-Bezar et al., 2002; Aubourg et al., 2004; Aubourg et al., 2010; Parés et al., 2007; Robion et al., 2007; Dall'Olio et al., 2013). Sedimentary magnetic fabrics in sedimentary rocks are characterized by a tight clustering of the K3 axis along the bedding pole, with the K1 and K2 axes dispersed within the bedding plane (Figures 11A). In rare cases, eolian sedimentary rocks may acquire a linear fabric parallel to the wind direction (e.g., Lagroix and Banerjee, 2002). For materials deposited under a strong current, a linear fabric parallel to the current may be imparted, although such fabrics are typically reported in shales and rarely in sandstones (e.g., Ellwood and Howard, 1981; Schieber and Ellwood, 1993; Tarling and Hrouda, 1993), and the amplitude of the imbrication angle of deposited sediments is very small compared to the strongly oblique magnetic fabric observed in our specimens (Figures 11B).
[image: Figure 11]FIGURE 11 | Model for the acquisition of (A). primary, depositional AMS fabrics in sedimentary rocks in this study, and (B). modified AMS fabrics, caused by the alteration of primary detrital grains and/or presipitation of new magnetic minerals, in pore spaces due to the percolation of ferruginous fluids, driven by the Late Cretaceous Uncompahgre Uplift in western United States.
Tectonic overprints of a sedimentary fabric can be detected with AMS even for anisotropies as low as 1% (1.01), e.g., Burmeister et al. (2009). In clay-bearing rocks, such overprints result in a reorientation of platy minerals perpendicular to the instantaneous shortening axis (i.e., the LPS) due to tectonic strain. In sandstones, tectonic overprints are typically identified through specific microstructures including transgranular or intra-granular fractures, recrystallization rims, lobate grain boundaries and outcrop-scale structures such as stylolites or deformation bands (e.g., Saint-Bezar et al., 2002).
In the case of the Uncompahgre Uplift rocks investigated in this study, detailed petrographic observations indicate a lack of plastic deformation, beyond rare detrital quartz grain that exhibits pre-existing undulose extinction. The tectonic uplift that occurred in this region resulted in broad-scale tilting of beds, in places up to 10°. But at our sampling localities, the bedding is close to horizontal (<3 dip). Based on lack of deformation at the scale of the outcrop, the specimen and that of the thin-section, a tectonic origin for the observed AMS fabric can be ruled out. Further, the generally steep attitude (i.e., dip) of the magnetic foliation (∼50°), if it were of tectonic origin, would require an attitude of the shortening axis inconsistent with regional tectonics.
The AMS fabrics of all the specimens are systematically strongly oblique (28–71 dip) with respect to the subhorizontal bedding. Considering this pronounced paradoxical obliquity and the remarkably consistent dip direction to the South East between hand samples from the same site and across the two sampling sites, a sedimentary origin for the AMS can be ruled out.
To better understand the origin of these magnetic fabrics we need to consider the magnetic minerals present in these rocks. At the outcrop scale, the Entrada Sandstone hand samples commonly show a red color (Figures 4C) indicative of the presence of relatively fine hematite. Most specimen also contain relatively large, multi-domain (up to 200 µm) magnetite grains that we interpret as detrital grains based on their rounded and smooth morphology as well as their location in between quartz clasts (Figure 5). The hysteresis behavior of most specimens shows a strong contribution from a high magnetic coercivity phase that cannot be magnetite because this mineral typically saturates at the field of 0.2 T or less (e.g., Dunlop and Özdemir, 1997). Hematite and goethite are, in a diagenetic environment, by far the most likely phases responsible for this behavior. The IRM acquisition curves (Figure 7) confirm the presence of at least one high coercivity phase. Finally, the thermal demagnetization behavior of these rocks shows that in most cases, goethite dominates the NRM, except in the Entrada Formation where hematite contributes more. In general, the magnetic phase carrying the NRM can be—but is not necessarily the same as—the phase carrying the AMS. In summary, most specimens contain a mixture of detrital magnetite (Fe3O4), and its typical alteration products; hematite (Fe2O3) and goethite FeO(OH). While the absolute percentage of magnetite may be relatively small, this phase contributes substantially to AMS due to its high intrinsic magnetic susceptibility.
While the respective contributions of these three minerals to the AMS of our specimens remain quantitatively unconstrained, their intrinsic magnetic anisotropy may shed light on the origin of the AMS. Magnetite primarily has a magnetostatic anisotropy (i.e., shape anisotropy) that tends to dominate magnetic fabrics because it has a high magnetic susceptibility (Dunlop and Özdemir, 1997). Hematite, in low fields, has mainly a magnetocrystalline anisotropy that mimics its planar hexagonal shape (Rochette et al., 1992). Goethite grains are elongated along their crystallographic c-axis, which is also the K3 axis and gives goethite an inverse AMS fabric (e.g., Rochette et al., 1992).
Considering the magnetic assemblage observed in our specimens, two alternative explanations can be proposed:
In these studies, hot fluids precipitate iron oxides and hydroxides in pore spaces of a porous rock and the resulting AMS effectively reflects pore space shape anisotropy.
The first hypothesis cannot explain oblique AMS fabrics because mixtures of normal and inverse AMS fabrics systematically result in perpendicular AMS fabrics (Ferré, 2002). It also seems unlikely because the thermal demagnetization behaviors and magnetic properties of the specimens indicate that the proportion of magnetite, hematite, and goethite varies between hand samples (Figure 10 and Tables 1, 2).
The second hypothesis is consistent with most observations including the variations in magnetic mineralogy across formation depending on the availability of iron in the environment and possible variations in rock permeability. The fundamental mechanism driving fluids through these formations could be the tectonic uplift of the Uncompahgre mountains which would have caused a regionally consistent hydraulic head to the West of the sampling localities (Figures 11B). Although rock fractures are visible at outcrop scale (Figure 4), we did not identify any linkage to presence of systematic fracture or pore networks at the microscopic scale (Figure 5) and assessing the potential role of fracture networks in contributing to the regional fluid flow through these formation is beyond the scope of this work. Today, the paleomagnetic data showing a reverse period of magnetization at least in the Entrada Formation (e.g., EC-1Jes) supports a Cretaceous precipitation event associated with the Uncompahgre Uplift, although this process is highly unlikely because iron is a very mobile element and subsequent erosion created by the uplift and Quaternary downcutting of the Gunnison River almost certainly created a late-stage fluid flow event to the west.
Magnetic fabrics have previously been used both to characterize fluid flow through porous rocks (e.g., Sizaret et al., 2003; Just et al., 2004; Essalhi et al., 2011) and to quantify pore anisotropy (e.g., Pfleiderer and Halls, 1990; Pfleiderer and Halls, 1993; Benson et al., 2003). Crystallographic analyses of magnetite grains and whether its preferred grain orientation align with pore spaces in the bulk rock (if it exists) are outside the scope of this work. Here in this study of the Uncompahgre Uplift, contrarily to many similar studies of sedimentary rocks using magnetic fabrics, we show that the AMS does not inform on depositional processes, compaction or paleocurrents. Instead, the AMS reflects a regionally consistent post-depositional, tectonically-driven fluid flow owing to cycling via redox reactions of a highly mobile element (Fe) over geologic history in porous and permeable media.
CONCLUSION
The magnetic mineralogy of the Jurassic rocks on the Eastern flank of the Uncompahgre Uplift rocks attests to a primary, detrital magnetite subsequently altered into hematite and goethite. Further dedicated paleomagnetic studies might provide insights into the timing of the uplift and the origin of the oblique foliation symmetry, which we infer might be unrelated to the competition between different phases of ferromagnetic minerals carrying the AMS. This study shows that the AMS fabrics of the Middle-Late Jurassic sandstones of the Uncompahgre Uplift are not primary sedimentary magnetic fabrics. Instead, these fabrics are secondary in origin and most likely developed through unidirectional percolation of Fe-rich fluids that migrated due to the hydraulic head caused by the uplift. Future AMS studies on sedimentary rocks will have to consider that regional hydraulic systems may ultimately affect results and that caution should be exerted in the interpretation of magnetic fabrics.
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Unambiguous magnetic mineral identification in sediments is a prerequisite for reconstructing paleomagnetic and paleoenvironmental information from environmental magnetic parameters. We studied a deep-sea surface sediment sample from the Clarion Fracture Zone region, central Pacific Ocean, by combining magnetic measurements and scanning and transmission electron microscopic analyses. Eight titanomagnetite and magnetite particle types are recognized based on comprehensive documentation of crystal morphology, size, spatial arrangements, and compositions, which are indicative of their corresponding origins. Type-1 particles are detrital titanomagnetites with micron- and submicron sizes and irregular and angular shapes. Type-2 and -3 particles are well-defined octahedral titanomagnetites with submicron and nanometer sizes, respectively, which are likely related to local hydrothermal and volcanic activity. Type-4 particles are nanometer-sized titanomagnetites hosted within silicates, while type-5 particles are typical dendrite-like titanomagnetites that likely resulted from exsolution within host silicates. Type-6 particles are single domain magnetite magnetofossils related to local magnetotactic bacterial activity. Type-7 particles are superparamagnetic magnetite aggregates, while Type-8 particles are defect-rich single crystals composed of many small regions. Electron microscopy and supervised magnetic unmixing reveal that type-1 to -5 titanomagnetite and magnetite particles are the dominant magnetic minerals. In contrast, the magnetic contribution of magnetite magnetofossils appears to be small. Our work demonstrates that incorporating electron microscopic data removes much of the ambiguity associated with magnetic mineralogical interpretations in traditional rock magnetic measurements.
Keywords: marine sediments, magnetic minerals, environmental magnetism, magnetic techniques, transmission electron microscopy, magnetofossils, titanomagnetite
INTRODUCTION
Sedimentary sequences provide important geological records for understanding long-term variations of Earth's magnetic field and paleoclimate (e.g., Valet and Meynadier, 1993; Guyodo and Valet, 1999; Kissel et al., 1999; Evans and Heller, 2001; Evans and Heller, 2003; Yamazaki, 2009; Hao et al., 2012; Liu et al., 2012; Roberts et al., 2013; Kissel et al., 2020; Valet et al., 2020). Magnetic mineral identification in sediments is fundamentally important for both paleomagnetic and environmental magnetic studies because the type, concentration, size and shape of magnetic minerals control their magnetic properties, including magnetic recording quality (e.g., Dunlop and Özdemir, 1997; Dekkers, 2003; Liu et al., 2012; Chang et al., 2014a; Larrasoaña et al., 2014; Roberts et al., 2019). However, quantitative identification of individual magnetic mineral components is challenging because each component can have different origins, grain size, shape, mineralogy and stoichiometry. For example, four or five distinct magnetic mineral components are identified commonly in pelagic carbonate sediments, which might otherwise be considered to be among the simplest of magnetic mineral assemblages (e.g., Roberts et al., 2013). Quantitative identification of each magnetic mineral component and its magnetic contribution can be important in environmental and paleomagnetic studies (e.g., Ouyang et al., 2014; Chen et al., 2017).
Numerous magnetic techniques have been developed to measure the bulk magnetic properties of sediments to provide information about the concentration, domain state (a measure of magnetic grain size), and mineralogy of magnetic particles in a sample (e.g., Verosub and Roberts, 1995; Evans and Heller, 2003; Lascu et al., 2010; Liu et al., 2012; Roberts et al., 2014; Zhao et al., 2017; Roberts et al., 2019). Mathematical unmixing methods have also been developed to identify these magnetic mineral components quantitatively based on their bulk magnetic properties (e.g., Heslop, 2015). They generally involve fitting of functions to derivatives of isothermal remanent magnetization (IRM) acquisition or direct current demagnetization (DCD) curves (e.g., Robertson and France, 1994; Kruiver et al., 2001; Heslop et al., 2002; Egli, 2003, Egli, 2004a; Egli, 2004c; Heslop and Dillon, 2007; Maxbauer et al., 2016), alternating field demagnetization curves of an anhysteretic remanent magnetization or IRM (Egli and Lowrie, 2002; Egli, 2004a, Egli, 2004b, Egli, 2004c), or analysis of hysteresis loops (e.g., Roberts et al., 1995; Dunlop, 2002a, Dunlop, 2002b; Tauxe et al., 2002; Heslop and Roberts, 2012a; Heslop and Roberts, 2012b), ferromagnetic resonance (FMR) spectra (e.g., Weiss et al., 2004; Kopp et al., 2006a; Kopp et al., 2006b; Gehring et al., 2011; Kind et al., 2011; Gehring et al., 2013; Chang et al., 2014b), or first-order reversal curve (FORC) diagrams (e.g., Roberts et al., 2014; Lascu et al., 2015; Channell et al., 2016; Harrison et al., 2018; Roberts et al., 2018).
Nonuniqueness is a fundamental issue for bulk magnetic property analysis because 1) mathematical unmixing can produce an infinite number of solutions, and 2) magnetic minerals have variable magnetic properties that can overlap with those of other minerals (e.g., Liu et al., 2012). The combined presence of multiple magnetic mineral components produces a complicated relationship between the magnetic properties of magnetic minerals and their domain states, concentration, sizes, shapes and stoichiometry, which often frustrates component-specific magnetic diagnosis (e.g., Yamazaki and Ioka, 1997; Heslop, 2009; Roberts et al., 2011a; Li et al., 2012; Liu et al., 2012; Li et al., 2013a; Roberts et al., 2019). To minimize ambiguity for environmental and paleomagnetic interpretations, integration of multiple magnetic parameters and non-magnetic techniques is recommended to identify and quantify magnetic minerals in sediments (e.g., Kopp and Kirschvink, 2008; Liu et al., 2012; Chang et al., 2014b; Heslop, 2015; Roberts et al., 2019).
Transmission electron microscope (TEM) observations are among the most useful microscopic approaches because they can be used to characterize simultaneously mineralogy, stoichiometry, magnetism and crystallography of magnetic minerals at the micron and nanometer scales, even to the atomic level (e.g., Harrison et al., 2002; Galindo-Gonzalez et al., 2009; Pósfai et al., 2013; Li and Pan, 2015; Li et al., 2020). TEM and scanning electron microscope (SEM) observations have been used in environmental magnetism and paleomagnetism for many years (e.g., Evans and Wayman, 1970; Kirschvink and Chang, 1984; Harrison et al., 2002; Roberts and Weaver, 2005; Kopp and Kirschvink, 2008; Harrison and Feinberg, 2009). Most recent studies emphasize the use of TEM in testing for the presence of biogenic magnetite particles produced by magnetotactic bacteria (MTB) (magnetofossils) from sediments (e.g., Petersen et al., 1986; Stolz et al., 1986; Chang and Kirschvink, 1989; Vali and Kirschvink, 1989; Akai et al., 1991; Hesse, 1994; Snowball, 1994; Tarduno et al., 1998; Yamazaki and Kawahata, 1998; Pan et al., 2005; Housen and Moskowitz, 2006; Kopp et al., 2007; Maloof et al., 2007; Kopp and Kirschvink, 2008; Schumann et al., 2008; Kopp et al., 2009; Roberts et al., 2011b; Chang et al., 2012; Larrasoaña et al., 2012; Yamazaki and Shimono, 2013; Chang et al., 2014a; Chang et al., 2014b; Liu et al., 2015; Chang et al., 2016a; Dong et al., 2016; Chang et al., 2018; Usui et al., 2019; He and Pan, 2020; Jiang et al., 2020; Qian et al., 2020; Yamazaki et al., 2020; Yuan et al., 2020). In contrast, relatively few studies have used TEM observations to study the mineralogy and chemistry of other magnetic mineral types in sediments (e.g., Gibbs-Eggar et al., 1999; Franke et al., 2007; Chang et al., 2016b; Zhang et al., 2018; Li et al., 2019). While magnetofossils are relatively easy to recognize in TEM observations due to their distinctive crystal morphologies and chain structures compared to other magnetic mineral types (e.g., Kopp and Kirschvink, 2008; Jimenez-Lopez et al., 2010; Li et al., 2013b), this can lead to bias in overestimating their magnetic contributions, and/or to ignoring contributions from, for example, weakly interacting or noninteracting single domain (SD) magnetite particles hosted by silicates (e.g., Wang et al., 2015; Chang et al., 2016b).
We combine rock magnetic measurements with SEM and TEM observations to characterize the magnetic mineralogy of a surface sediment from the central Pacific Ocean. We show that by incorporating detailed SEM and TEM characterizations, much of the ambiguity that is inherent to magnetic mineralogy interpretations when using only rock magnetic measurements is eliminated. This approach allows evaluation of the contribution of magnetic mineral components to paleomagnetic and rock magnetic signals and/or their environmental significance.
MATERIALS AND METHODS
Sample and Preparation
Surface sediment was retrieved at station XTGC1311 (158.0485,917 W, 14.44244 N; 5,260 m water depth; Figure 1) during cruise DY29–02 of R/V Haiyang Liuhao in 2013 to the Pacific Ocean (Dong et al., 2016). The station is adjacent to the Clarion Fracture Zone to the south, the Hawaiian Island Chain to the North, and Kiribati (Line Islands) to the West. The surrounding islands were formed by upper Jurassic to lower Cretaceous volcanic activity (Clouard and Bonneville, 2005). The seafloor between the Clarion Fracture Zone and the Clipperton Fracture Zone is characterized by long, north-south-trending hills, ridges, intervening valleys, and furrows (Vithana et al., 2019; Maciąg and Harff, 2020). Sediments in the area are characterized by organic carbon-starved siliceous clay (Mewes et al., 2016). Modern sedimentation at the sampled station consists of both Asian eolian dust transported by zonal westerlies and northeast trade winds and local hydrothermal and volcanic inputs (Hyeong et al., 2005; Hyeong et al., 2006; Maciąg and Harff, 2020). It is also possibly influenced by Antarctic Bottom Water (AABW), which is oxygen rich and migrates eastward and northward into this area (Deng et al., 2016; Mewes et al., 2016).
[image: Figure 1]FIGURE 1 | Location map with the position of sample station.
Sediment samples were collected using a gravity corer. Surface sediments were subsampled immediately on the ship from the upper 1 cm of the core (hereafter referred to as EPMNP-31) and were then stored at −20°C prior to analysis to minimize oxidation. Samples were vacuum dried at 30°C for 12 h and were then loaded into non-magnetic gelatin capsules for magnetic measurements.
For nanometer scale characterization, magnetic minerals were separated from the bulk sediment. Magnetic separation was carried out with the following procedure. First, about ∼10 mg of sediment was suspended into ∼50 ml of Milli-Q water in a ∼100 ml beaker and was then mixed by ultrasonication assisted by agitation with a glass stirring rod. Second, a 5 × 5 mm cylindrical neodymium magnet (surface field strength > 100 mT) was attached to the outside of the beaker ∼2 mm above the water-sediment surface. After ∼4 h of magnetic absorption, magnetic minerals that were concentrated adjacent to the magnet were transferred to a 10 ml glass tube. To extract as much of the magnetic mineral content from the sediment as possible, the first and second steps were repeated several times until no obvious magnetic aggregates adjacent to the magnet were found. Third, extracted magnetic minerals were resuspended in ∼5 ml of Milli-Q water in a 10 ml glass tube, mixed by ultrasonication, and then extracted magnetically again following a similar procedure as the second step above. To remove non-magnetic minerals from the extracts, the third step was repeated several times until non-magnetic particles were not observed at the bottom of the tube. The final three repeats were performed in 99.5% ethanol. Finally, extracted magnetic minerals were suspended in 50 µl of 99.5% ethanol and were stored at −20°C prior to TEM or SEM observations.
Magnetic Measurements
Low-temperature magnetic measurements were made with a Quantum Design Magnetic Property Measurement System (MPMS XP-5, 5.0 × 10−10 Am2 sensitivity). Zero-field-cooled (ZFC) and field-cooled (FC) curves were obtained by cooling the sample from 300 to 10 K in a zero field and in a 2.5-T field, respectively, followed by imparting a saturation IRM (SIRM) to the sample in a 2.5-T field at 10 K (hereafter SIRM10 K_2.5 T), and then by measuring SIRM10 K_2.5 T during warming back to 300 K in zero field (Moskowitz et al., 1993). For low-temperature cycling (LTC) of a room temperature SIRM obtained in a 2.5-T field at 300 K (hereafter SIRM300 K_2.5 T), remanence was measured in zero field during a cooling-warming cycle (300 → 10 → 300 K).
Room-temperature magnetic experiments were made using a Micromag Model 3,900 vibrating sample magnetometer (VSM) (Princeton Measurement Corporation; 5.0 × 10−11 Am2 sensitivity). A hysteresis loop was measured in a 1 T maximum field with 500 ms averaging time. The saturation magnetization (Ms), saturation remanence (Mrs), and coercivity (Bc), were determined after applying a high-field (0.7–1 T) slope correction. Static IRM acquisition and DCD curves were measured on an initially demagnetized and 1 T-re-magnetized sample, respectively. The coercivity of remanence (Bcr) was determined from the DCD curve. IRM acquisition and DCD curves were measured to 1 T using a logarithmic sweep mode with 1 mT initial field and 120 measurement points. To simplify comparison of remanence results and to calculate the R-value of the Wohlfarth-Cisowski test (Cisowski, 1981), the IRM acquisition curve was normalized to the SIRM, and the DCD curve was rescaled as ½ [1 + IRM(−H)/SIRM]. To quantify contributions from different coercivity families to the total IRM, the IRM curve was decomposed into cumulative log Gaussian (CLG) curves (Robertson and France, 1994) using the software of Heslop et al. (2002). The different coercivity families are defined by their half saturation IRM (SIRM) field (B1/2) and the percentage of their contribution to the total IRM.
FORCs (Pike et al., 1999; Roberts et al., 2000) were also measured with the VSM using the protocol described by Egli et al. (2010). A total of 300 FORCs were measured with a positive saturation field of 1 T, increasing field steps of 0.976 mT, and a 600 ms averaging time. A FORC diagram was calculated using the FORCinel v3.06 software (Harrison and Feinberg, 2008) and smoothed using the VARIFORC algorithm (Egli, 2013). The horizontal (Bc) and vertical (Bi) axes on a FORC diagram indicate the microcoercivity and interaction field distribution for SD particles, respectively (Pike et al., 1999; Roberts et al., 2000).
Scanning Electron Microscope and Transmission Electron Microscope Analyses
Extracted magnetic minerals were deposited onto carbon-based, double sided adhesive tape that was mounted onto the surface of an aluminum stub for SEM observations. The sample was carbon coated prior to imaging to create a conductive layer. Extracted magnetic minerals were deposited onto carbon-coated copper grids for TEM experiments. SEM and TEM experiments were carried out with a Nova NanoSEM 450 field-emission SEM (15 kV accelerating voltage) and a JEM2100 TEM (200 kV accelerating voltage), respectively, at the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS, Beijing, China). Microchemical analyses were made by Energy-dispersive X-ray spectrometry (EDXS) elemental mapping in the SEM and point analysis in the TEM.
RESULTS
Room- and Low-Temperature Magnetic Properties
A hysteresis loop for the sample is closed at values well below ∼400 mT (Figure 2A). Stepwise SIRM acquisition and demagnetization indicate that the sample is saturated and demagnetized largely below ∼300 mT, and completely at ∼600 mT (Figure 2B). Hysteresis parameters after high-field slope correction are Bc = 20.6 mT, Bcr = 44.9 mT, Bcr/Bc = 2.18, and Mrs/Ms = 0.28. Normalized IRM acquisition and DCD curves are roughly symmetric with a calculated R-value of 0.45 for the Wohlfarth-Cisowski test (Cisowski, 1981).
[image: Figure 2]FIGURE 2 | (A) Room-temperature hysteresis loop (solid and dashed lines are the original raw and high-field slope-corrected data, respectively. (B) Normalized IRM acquisition and DCD curves. (C) FC-SIRM10 K_2.5 T and ZFC-SIRM10 K_2.5 T warming curves. (D) SIRM300 K_2.5 T cooling-warming cycle curves.
Both ZFC and FC SIRM10 K_2.5 T curves decrease gradually during warming from 10 to 300 K (Figure 2C). The LTC curve is humped. The SIRM300 K_2.5 T cooling curve increases gradually from 300 to ∼176 K and then decreases gradually to 10 K. The warming curve overlaps with the cooling curve below ∼50 K, and then increases slowly to 153 K, and finally decreases gradually to 300 K. The SIRM300 K_2.5 T cooling-warming curves are roughly reversible with a ∼6% remanence loss after cycling (Figure 2D). The Verwey transition, which is characterized by an obvious remanence drop at ∼100–120 K, is not clearly present in the ZFC/FC warming and LTC curves. This indicates that magnetite particles in this sample are nonstoichiometric, either due to surface oxidation or cation substitution (e.g., Muxworthy and McClelland, 2000; Özdemir and Dunlop, 2010).
First-Order Reversal Curve Results
FORC measurements provide information about all magnetic particles in a sample in terms of their magnetization (magnitude), microcoercivity (horizontal distribution) and magnetic interaction field for SD particles (vertical distribution) (Pike et al., 1999; Roberts et al., 2000; Roberts et al., 2014). The FORC diagram in Figure 3 indicates the presence of non-interacting SD (Newell, 2005; Egli et al., 2010; Roberts et al., 2014), vortex state (Pike and Fernandez, 1999; Muxworthy and Dunlop, 2002; Roberts et al., 2017) and viscous particles near the superparamagnetic (SP)/SD threshold size (Pike et al., 2001). The non-interacting SD contribution produces a central ridge signal that can be extracted (Figure 3B) following Egli et al. (2010) and separated into three components along a horizontal profile at Bi = 0 mT (Figure 3D). The three SD components have peak coercivities of ∼20.4, ∼76.8, and 126.1 mT. The remaining FORC distribution after central ridge extraction has a tri-lobate shape (Figure 3C) associated with the vortex state (Lascu et al., 2018). The upper lobe intersects the vertical axis at higher values (Bi = ∼50 mT) than the lower lobe, which intersects the vertical axis closer to the origin. The middle lobe is narrower and extends along the horizontal axis to Bc = ∼140 mT (Figure 3C). A narrow FORC distribution along the lower vertical axis is related to viscous magnetic particles near the SP/SD threshold size (Figures 3A,C) (Pike et al., 2001; Roberts et al., 2014).
[image: Figure 3]FIGURE 3 | First-order reversal curve (FORC) results. (A) FORC diagram. (B) Central ridge component extracted from the FORC diagram. (C) Background FORC component after removal of the central ridge. (D) Horizontal profile ρ(Bc) of the FORC function (coercivity distribution at Bi = 0 mT). The black line indicates raw data, while blue, cyan and purple lines indicate three components decomposed from the raw data. The dashed red line indicates a sum of all three Gaussian components. (E) Vertical profiles ρ(Bi) of the FORC function (magnetostatic-interaction field distribution) at 20 mT: the central ridge component (black), the background component with vertical spread (dashed black line), and the total of the two components (red line) are shown.
Scanning Electron Microscope Analyses of Magnetic Minerals
SEM observations combined with EDXS elemental mapping reveal the overall microscale morphology and composition of sedimentary magnetic minerals. Minerals can be distinguished readily by combining analysis of particle morphologies and corresponding backscattered electron contrast and chemical composition (Figure 4; Supplementary Material S1). Most particles with dark contrast generally consist of Si, O and Fe (and/or Mn), which indicates that they are Fe/Mn silicates. In contrast, particles with bright contrast are often composed of Fe and O, some of which also contain Ti. They are titanomagnetite (with variable Ti contents) or magnetite, as confirmed by TEM analyses (see below). The particles are morphologically diverse with sizes ranging from tens of nm to tens of µm.
[image: Figure 4]FIGURE 4 | Backscattered SEM images of magnetic mineral extracts. Fe-Mn silicate particles (yellow arrows), angular titanomagnetite particles (green arrows), octahedral or truncated octahedral titanomagnetite particles (red arrows), silicate-hosted magnetite particles (blue arrows), silicate-hosted dendritic magnetite particles (cyan arrows), and individual nanometer-sized magnetite particles (purple arrows) are recognized from SEM morphological observations and SEM-EDXS elemental mapping (Supplementary Material S1).
SEM observations reveal well-defined and uncorroded octahedral (Figures 4G,I), truncated octahedral (Figure 4H) and irregular and angular shapes for micron- and submicron magnetite particles (Figures 4A–I). Most nanometric magnetite particles are hosted within silicates (Figures 4J–O); a few are isolated or attached onto other particles (Figures 4A–4F). Two silicate-hosted titanomagnetite inclusion types are identified: randomly oriented, dispersed particles (Figure 4J–L) and dendritic particles (Figures 4M–O). Compared to the micron-sized titanomagnetite particles, the morphology and stoichiometry of these nanometric magnetite particles are difficult to characterize with SEM imaging and SEM-EDXS elemental mapping because of the ∼1 nm spatial resolution limit.
Transmission Electron Microscope Analyses of Magnetic Minerals
Systematic TEM and high-resolution TEM (HRTEM) observations were made on different magnetic particle types to identify their mineralogy and stoichiometry. Representative particles were further studied by selected area electron diffraction (SAED) and TEM-EDXS point analyses. Eight magnetic particle types were identified based on crystal morphology, size, composition and spatial arrangement (Figures 5–9).
[image: Figure 5]FIGURE 5 | TEM analyses of (A–F) Type-1, (G–I) Type-2, and (J–K) Type-3 magnetite particles. (A) Low-magnification TEM image of many micron-sized titanomagnetite particles. (B) TEM image of an individual titanomagnetite particle. (C) SAED pattern recorded from the [111] zone axis of the particle in (B). (D) TEM image of an individual magnetite particle. (E) HRTEM image of a thin edge region of the particle in (D) (yellow dashed box). (F) SAED pattern recorded from the [112] zone axis of the particle in (D). (G) TEM image of many octahedral magnetite particles [367.8 ± 44.9 nm average size (n = 18)]. (H) TEM image of a single octahedral magnetite particle recorded from the [111] zone axis [yellow dashed box in (G)]. The inset SEM image demonstrates an octahedral morphology. (I) SAED pattern of the particle in (H) recorded from the [111] zone axis of magnetite. (J) TEM image of many nanometer titanomagnetite particles. (K) HRTEM image of a single magnetite particle [yellow dashed box in (J)] recorded from the [0[image: image]] zone axis (the inset is the corresponding pattern). (L) EDXS spectra for individual particles (indicated by colored crosses and names in (B), (D), (G), and (J)). The d-spacing values from HRTEM observations and indirectly calculated from SAED analyses, combined with corresponding TEM-EDXS point analyses, SAED and FFT patterns, match the crystal structure (Fd3m space group) of magnetite or titanomagnetite.
Type-1 and type-2 particles are micron-or submicron-sized and generally occur as loose aggregates (Figures 5A,D) or isolated particles (Figure 5B). They are too thick to image lattice fringes directly by HRTEM. We generally tilted the sample stage to allow the incident electron beam to pass through large particles along a certain zone axis, and then selected thinner edge areas for HRTEM, SAED and TEM-EDXS point analyses. As shown in Figures 5A–F, TEM observations from one zone axis combined with SAED analyses on individual Type-1 particles reveal that they consist mainly of micron or submicron angular titanomagnetite (Figures 5A,B,D), with Type-2 particles consisting of well-defined octahedral magnetite (Figures 5G,H). Type-3 aggregates tend to consist of randomly organized nanometric titanomagnetite particles. HRTEM observations combined with corresponding Fast Fourier Transform (FFT) analyses reveal that these particles are elongated octahedral magnetite with average length of 52.9 ± 10.9 nm, width of 43.9 ± 9.2 nm and aspect ratio (length/width) of 1.22 ± 0.18 (n = 30). TEM-EDXS point analyses reveal that Type-1 to Type-3 particles are titanomagnetite with variable Ti contents.
In contrast to Type-1 to Type-3 titanomagnetite, Type-4 and Type-5 magnetic particles are hosted within silicates (Figures 6 and 7). No preferred particle orientations are observed for the morphologically diverse Type-4 particles, which have sizes ranging from a few to several hundred nanometers. Some particles appear to have rounded or irregular 2D-projections in which crystal faces are difficult to define even from HRTEM lattice images (Figures 6A–D). In contrast, other particles likely have euhedral octahedral or cubo-octahedral shapes (Figures 6E–N). Type-5 particles are typical dendrite-like self-assembled magnetic nanoparticles (Figure 7). Combined HRTEM, SAED and TEM-EDXS point analyses reveal that these silicate-hosted nanometer-sized particles are titanomagnetite with variable Ti contents (Figures 6 and 7).
[image: Figure 6]FIGURE 6 | TEM analyses of Type-4 magnetite inclusions hosted within silicates. (A) TEM image of a silicate particle hosting many dispersed titanomagnetite or magnetite inclusions. (B–D) Titanomagnetite or magnetite particles likely attached to silicates: (B) low-magnification TEM image, (C) HRTEM image of part of the particle in the yellow dashed box in (B) and (D) the corresponding SAED pattern recorded from the [0[image: image]] zone axis. (E–H) Silicate particle hosting many titanomagnetite or magnetite inclusions: (E) low-magnification TEM image, (F) TEM image of a single particle indicated by the yellow dashed box in (E), (G) HRTEM image of a small region of the particle in (F) and (H) SAED pattern recorded from the [112] zone axis of the particle in (F). (I–K) TEM images of (I) a silicate particle hosting many titanomagnetite or magnetite inclusions and (J) of a small region indicated by the yellow dashed box in (I), (K) HRTEM image (inset is the corresponding FFT pattern) of a particle indicated by the yellow dashed box in (J). (L–N) TEM images of (L) several titanomagnetite or magnetite inclusions that are likely embedded in, and attached to, silicates, and (M) a small region indicated by the yellow dashed box in (L), and (N) HRTEM image (inset is the corresponding FFT pattern) of a particle indicated by the yellow dashed box in (M). (O) EDXS spectra for different particles or regions of interest (indicated by colored crosses and names in (B), (E), (F) and (J)). The d-spacing values from HRTEM observations and indirectly calculated from SAED analyses, combined with corresponding TEM-EDXS point analyses, SAED and FFT patterns, match the crystal structure (Fd3m space group) of magnetite or titanomagnetite.
[image: Figure 7]FIGURE 7 | TEM analyses of Type-5 magnetite dendrites hosted within silicates. (A) TEM image of a magnetite dendrite aggregate hosted within a silicate. (B) HRTEM image of a small region of the particle indicated by the yellow dashed box in (A). (C) SAED pattern recorded from the [0[image: image]] zone axis of the particle in (B). (D) EDXS spectra for dendrite magnetite and the host silicate [indicated by colored crosses in (A)].
Consistent with SEM results, Type-1 to Type-5 particles dominate the magnetic mineral assemblage in TEM observations. With careful and extensive searching, we also found Type-6 particles, which clearly represent magnetite magnetofossils based on their well-defined crystal morphologies, nanometer sizes and chain organization (e.g., Kopp and Kirschvink, 2008; Li et al., 2013a). Three magnetofossil crystal morphologies are found in this sediment sample (Figure 8): octahedral magnetofossils have an average length of 53.0 ± 5.7 nm, width of 50.6 ± 5.9 nm and aspect ratio of 1.05 ± 0.05 (n = 19), prismatic magnetofossils have an average length of 103.3 ± 21.2 nm, width of 81.9 ± 15.8 nm and aspect ratio of 1.26 ± 0.13 (n = 13) and bullet-shaped magnetofossils have an average length of 116.5 ± 13.7 nm, width of 41.1 ± 1.3 nm and aspect ratio of 2.83 ± 0.3 (n = 3). HRTEM observations confirm that they are single crystals without obvious twinning defects.
[image: Figure 8]FIGURE 8 | TEM analyses of Type-6 magnetite magnetofossils. (A) Three octahedral magnetite particles with chain structure. (B) Four elongated prismatic magnetite particles with chain structure. (C) Two bullet-shaped magnetite particles. (D) HRTEM image of an individual elongated prismatic particle recorded from the [001] zone axis. (E) Close-up image of the lower left-hand part of the particle in (D) (indicated by the yellow dashed box). (F) FFT pattern from the HRTEM image of the particle in (E). (G) HRTEM image of a bullet-shaped magnetite particle recorded from the [0[image: image]] zone axis (H) Close-up image of the lower right-hand part of the particle in (G) (indicated by the yellow dashed box) (I) FFT pattern from the HRTEM image of the particle in (H). (J) EDXS spectra for different individual particles (for positions of colored crosses in (A), (D) and (G)). The d-spacing values from HRTEM observations and indirectly calculated from SAED analyses, combined with corresponding TEM-EDXS point analyses, SAED and FFT patterns, match the crystal structure (Fd3m space group) of magnetite.
Type-7 and Type-8 particles have similar morphology in low-magnification TEM observations. Both appear to be tight aggregates of nanometer-sized magnetite (Figures 9A,D). However, HRTEM observations and SAED analyses demonstrate that they are different. Type-7 magnetite aggregates are composed of many randomly oriented single crystals with sizes of about 10 nm. As a result, SAED analysis of Type-7 magnetite aggregates have a typical ring-like diffraction pattern for polycrystalline samples (Figures 9B,C). In contrast, Type-8 magnetite aggregates are single crystals with significant defects. Despite obvious boundaries that divide particles into different small regions, HRTEM observations reveal clearly that the same lattice fringes run intact through the particle, resulting in a typical spot-like single crystal diffraction pattern (Figures 9E,F).
[image: Figure 9]FIGURE 9 | TEM analyses of Type-7 (A–C) and Type-8 (D–F) nanometer-sized magnetite aggregates. (A–C) Randomly oriented magnetite crystal aggregates: (A) low-magnification TEM image, (B) HRTEM image of many particles with the corresponding SAED pattern (inset), and (C) HRTEM image of several particles with Miller indices. (D–F) Uniformly oriented magnetite crystal aggregates: (D) low-magnification TEM image, (E) HRTEM image of many particles with the corresponding SAED pattern (inset) and (F) HRTEM image of several particles with Miller indices.
DISCUSSION
Magnetic Mineral Assemblage in Surface Sediment Sample EPMNP-31
The generally low magnetic mineral concentration and mixture with non-magnetic minerals in sediments makes it necessary to pre-treat samples effectively to extract and enrich magnetic minerals for SEM and TEM analyses. Any magnetic mineral extraction process has inevitable biases, i.e., strongly magnetic minerals are relatively easy to extract from sediments (e.g., Hounslow and Maher, 1996; Han et al., 2016). The extraction process used here did not involve chemical treatment (e.g., dissolution by acid-ammonium oxalate) or mechanical treatment apart from ultrasonication to disperse the sediment slurry. It is, therefore, a relatively straightforward process. Our experimental results indicate that this extraction procedure has removed most non-magnetic minerals and that it has concentrated magnetic minerals, which is necessary for SEM and TEM analyses, although the procedure might miss weakly magnetic minerals (e.g., hematite, goethite). Five dominant (Type-1 to -5) and three minor (Type-6 to-8) titanomagnetite and magnetite particle types were identified from sample EPMNP-31 by combined use of SEM, SEM-EDXS elemental mapping, TEM, HRTEM, SAED and TEM-EDXS point analyses from micron to atomic scales. These microscopic observations provide direct evidence to help understand bulk sediment magnetic properties.
IRM decomposition indicates that the remanent magnetization in this sample is carried by four main coercivity components (Figure 10). Component 1 has a 7% contribution and might represent the magnetic response from coarse vortex state grains (e.g., Type-1,-2 and some submicron Type-4 and-5 particles). Component 2 has a 56% contribution and may originate mainly from SD magnetite particles with low Ti contents (e.g., Type-4 and -5), and SD magnetite magnetofossils (i.e., Type-6). Component 3 has a 28% contribution, which may originate from SD titanomagnetite particles with relatively high Ti contents, good crystallinity and elongated Type-3 particles. Component 4 has a 9% contribution and may represent the magnetic response of weakly magnetic minerals that were missed by the magnetic extraction procedure. The Type-7 and -8 magnetite aggregates were missed by IRM decomposition possibly because they are likely to have SP properties. It should be noted that magnetic unmixing with CLG functions does not enable fitting of skewed distributions, which can result in solutions with more components (e.g., from three to five components) (Figures 11A,B). When using skewed generalized Gaussian (SGG) functions (Egli, 2003), as few as two components can also give a good match (Figures 11C,D). Therefore, we argue that precise magnetic mineral assemblage identification based on systematic electron microscopic observations is a prerequisite for supervised unmixing.
[image: Figure 10]FIGURE 10 | IRM component analysis based on supervised unmixing with information from magnetic mineral assemblages identified from SEM and TEM analyses. (A) Linear acquisition plot. (B) Gradient of acquisition plot. Four CLG components are required to fit the IRM acquisition curve: raw data (black circles), component 1 (blue), component 2 (cyan), component 3 (purple), component 4 (yellow), and the sum of the four components (red). Bc,1/2 values (the acquisition field at which 50% of the IRM is reached) for each coercivity fraction are indicated in parentheses in (A). The dispersion parameter (DP, i.e., IRM coercivity distribution width) and remanence contribution for each coercivity fraction are indicated in the pie chart in (B).
[image: Figure 11]FIGURE 11 | Alternative IRM component analysis based on unsupervized fitting of coercivity distributions with (A,B) CLG functions (e.g., Kruiver et al., 2001) and (C,D) SGG functions (Egli, 2003). Left-hand column: linear acquisition plots; right-hand column: gradient of acquisition plots.
Magnetic mineral types and their corresponding domain states were further identified by linking IRM, FORC and electron microscope analyses. Coarse-grained titanomagnetite or magnetite particles (e.g., IRM component 1) occur in the vortex state, as indicated by a tri-lobate FORC distribution after central ridge extraction (Figure 3C). A strong central ridge FORC signal can be divided into three components with distinctive peak coercivities, which correspond to the other three IRM components. The lowest coercivity SD FORC component is dominant and corresponds to IRM component 2 and likely corresponds to Type-4 and -5 fine magnetite and low-Ti titanomagnetite particles. The intermediate coercivity SD FORC component corresponds to IRM component 3 and may be carried by Type-3 high-Ti titanomagnetite particles. The highest coercivity SD FORC component corresponds to IRM component 4 and likely represents weakly magnetic minerals that were missed by the magnetic extraction procedure. The magnetic minerals responsible for IRM component 2 are non-interacting (e.g., Type-4 and -5). For IRM component 3, individual titanomagnetite particles may be separated by non-magnetic sediment matrix, and therefore behave as non-interacting SD particles (e.g., Type-3; particles aggregate relatively easily during magnetic extraction). IRM measurements cannot detect SP particles because they do not carry a remanence at room temperature. However, as shown in Figures 3 and 9, small particles (Type-7, -8 and some Type-4 particles) near the SP/SD threshold size (∼25–30 nm for equidimensional magnetite; Muxworthy and Williams (2009)) produce a clear FORC signal, which is confirmed by TEM observations.
Magnetite magnetofossils (Type-6 particles) should also contribute to the central ridge FORC signal and IRM component 2. However, the magnetofossil contribution within the studied sample appears to be small. First, both SEM and TEM analyses reveal that Type-1 to -5 titanomagnetite or magnetite particles are the dominant magnetic minerals within the magnetic extract. Magnetofossil chain structures should be observed readily by SEM if they are as abundant in the magnetic mineral assemblage as they are in silicate-hosted nanometric magnetite particles. They were found only occasionally after much searching under TEM. Second, although magnetite magnetofossils may have comparable coercivities to IRM component 2, they generally produce two typical IRM components between ∼30 and ∼80 mT with DP values <0.2 due to their narrow grain size distributions (e.g., Kruiver et al., 2001; Egli, 2004b; Heslop, 2015). IRM component 2 has DP = 0.3, which matches well with the silicate-hosted magnetite particles with diverse grain sizes ranging from a few to several hundred nanometers. Third, the chain structure of magnetite particles produced by modern MTB or preserved within sediments as magnetofossils generally produces significant shape anisotropy, which can be enhanced by elongation of prismatic and bullet-shaped magnetite particles (e.g., Moskowitz et al., 1993; Pan et al., 2005; Housen and Moskowitz, 2006; Li et al., 2010; Li et al., 2012; Li et al., 2013a; Chang et al., 2016b). Such shape anisotropy results in an apparent bifurcation of FC and ZFC warming curves below the Verwey transition temperature (i.e., ∼90–110 K) (e.g., Moskowitz et al., 1993; Li et al., 2013b). Despite detection of chain structures for octahedral and prismatic magnetofossils and elongated bullet-shaped magnetofossils in TEM observations, FC and ZFC warming curves do not bifurcate; the former is slightly higher than the latter throughout warming, possibly due to the presence of particles that undergo thermal activation and remanence gain/loss during cooling/warming. Despite magnetite magnetofossils being found in the studied sediment, both bulk magnetic measurements and electron microscope observations reveal that they are much less abundant than other SD particle types, and that their magnetic contributions are small.
Combined Use of Magnetic and Microscopic Analyses: Importance and Necessity
Precise sedimentary magnetic mineral identification is a prerequisite for many paleomagnetic and environmental magnetic studies. In practice, bulk sediment samples are generally screened using bulk magnetic measurements to provide indications of the possible presence of certain magnetic minerals, which are then confirmed by direct SEM or TEM observations. Such a strategy enables efficient identification of targeted magnetic minerals, which has been used widely to identify magnetofossils in marine and lake sediments (e.g., Kopp and Kirschvink, 2008; Roberts et al., 2012; Chang et al., 2014a). Of the available magnetic measurements, combined use of FORC diagrams and FMR analyses is powerful for detecting magnetofossil chain structures because these methods are sensitive to the SD properties and strong shape anisotropy of magnetofossil chains and less sensitive to surface magnetite oxidation, which can compromise low-temperature remanence warming tests (e.g., Kind et al., 2011; Chang et al., 2013). However, like all other magnetic magnetofossil identification methods, FORC and FMR analyses also have limitations because neither method gives unique indications of a single magnetic mineral (e.g., Liu et al., 2012) and sediments tend to contain mixed magnetic mineral assemblages. Each component may have different origins and magnetic responses that can carry useful paleomagnetic and paleoenvironmental information. This is why so much effort has been expended in recent decades to identify magnetic minerals precisely and quantitatively in sediments by developing magnetic, mathematical, microscopic and non-magnetic methods (e.g., Liu et al., 2012; Heslop, 2015; Roberts et al., 2019).
Based on systematic analysis of a marine surface sediment sample, we emphasize the importance and necessity of combined use of bulk magnetic and electron microscopic approaches to precisely and comprehensively identify sedimentary magnetic minerals. First, direct SEM and TEM observations provide important constraints on supervising IRM curve unmixing, which allows quantification of four major remanence-bearing components. FORC analysis then enables association of each magnetic component with its respective domain state. FORC diagrams also indicate the presence of particles near the SP/SD threshold size, which cannot be detected by IRM measurements. IRM and FORC analyses also indicate that the sediment contains weakly magnetic high-coercivity minerals (e.g., hematite, goethite) that were not extracted or detected by SEM and TEM observations. Second, metagenomic analyses have shown that this sample contains 16S rRNA genes affiliated with MTB (Dong et al., 2016). A strong central ridge FORC component might be interpreted to indicate the presence of magnetofossils. However, careful comparative SEM and TEM analyses, along with IRM decomposition, demonstrate that magnetite magnetofossils are not abundant in this sample and that their contribution to remanence may be small or even negligible compared to abiotic SD magnetite and titanomagnetite. Third, systematic analyses of magnetic mineral morphology, mineralogy and composition by combined SEM and TEM approaches allow identification of at least eight magnetite and titanomagnetite particle types from central Pacific Ocean surface sediment. Each magnetic particle type may have its own origin that reflects local or remote environmental processes. Irregular angular shapes for Type-1 titanomagnetite or magnetite particles indicate that they have a detrital origin related to erosion of magnetite-bearing igneous rocks from elevated submarine volcanic sources, of which there are nearby sources (Clouard and Bonneville, 2005). Submicron (Type-2) and nanometer-sized (Type-3) octahedral titanomagnetite particles may have formed from local hydrothermal and volcanic activity in the Clarion Fracture Zone region (e.g., Mewes et al., 2016; Gartman and Hein, 2019). Dendritic titanomagnetite particles (Type-5) are generally self-assembled and embedded within silicates, which indicates that they are exsolved microstructures that formed by phase separation in an originally homogenous solid solution during igneous rock cooling. In contrast, nanometer-sized titanomagnetite and magnetite particles occur as randomly oriented inclusions within silicates. They may have formed prior to the host silicate minerals and were incorporated into the silicate during its subsequent crystallization (e.g., Tarduno et al., 2006; Chang et al., 2016a). Magnetite magnetofossils (Type-6) represent local MTB activity (e.g., Dong et al., 2016). Weakly magnetic high-coercivity minerals likely result from remote westerly-transported input from the Asian interior (e.g., Hyeong et al., 2005; Hyeong et al., 2006). Despite their unknown origin, two types of SP magnetite particles were found, which indicates that reductive dissolution of fine-grained magnetite is limited in this area. Two oxygen sources, i.e., diffusive oxygen transfer from underlying seamount basaltic basement and oxygen rich AABW (e.g., Deng et al., 2016; Mewes et al., 2016), produce a fully oxic sediment column at the study site. Such an oxic environment will produce surficial titanomagnetite and magnetite oxidation, while limiting reductive diagenetic modification of fine-grained titanomagnetite and magnetite (e.g., Roberts, 2015).
CONCLUSIONS
We have studied systematically a deep-sea surface sediment from the Clarion Fracture Zone region in the central Pacific Ocean by combining bulk magnetic analyses and electron microscope observations. Eight titanomagnetite and magnetite particle types with different magnetic properties were identified, and their corresponding origins are discussed (Table 1). Type-1 particles are micron- and submicron-sized titanomagnetite with irregular and angular shapes, which are likely to be detrital particles that originated from erosion of magnetite-bearing igneous rocks in surrounding submarine volcanic highlands. Type-2 and-3 particles are well-defined octahedral titanomagnetite with submicron and nanometer sizes, respectively, which indicates that their formation may have been related to local hydrothermal and volcanic activity along the Clarion Fracture Zone region. Type-4 and-5 particles are silicate-hosted nanometer-sized titanomagnetite inclusions with diverse crystal morphologies and sizes that range from a few to a hundred nanometers. Type-4 particles are randomly assembled, while Type-5 particles are typical dendritic titanomagnetite. The inclusions would have resulted from exsolution within host silicates.
TABLE 1 | Magnetic mineral types identified in sample EPMNP-31.
[image: Table 1]The above five magnetic particle types dominate the magnetization of the studied sediment. In contrast, Type-6 to-8 magnetic particles are much less abundant. Type-6 particles are magnetite magnetofossils, which are related to local MTB activity. Type-7 comprises SP magnetite aggregates that consist of many randomly oriented single crystals. Type-8 consists of single crystals with significant defects in which obvious boundaries divide particles into many small (SP-like) regions. The well-preserved nature of the fine-grained magnetite indicates that surface sediments in this area are fully oxic.
Electron microscope results are consistent with bulk magnetic properties. They also provide a basis to constrain supervised IRM unmixing to identify quantitatively each magnetic component in the sediment. Coarse-grained titanomagnetite (e.g., Type-1, -2, and some submicron Type-4 and-5 titanomagnetite particles) are in the vortex state and contribute 7% of the remanence. Noninteracting SD titanomagnetite particles of Type-4 and -5 contribute 56% of the remanence. Noninteracting SD titanomagnetite particles of Type-3 contribute 28% of the remanence. A fourth IRM component due to weakly magnetic high-coercivity minerals was not extracted successfully by our extraction method and was not documented in TEM observations; it contributes 9% of the remanence.
Our work demonstrates that diagenetically unmodified natural surface sediments host diverse detrital magnetic mineral assemblages. Magnetic methods are used widely to identify magnetic minerals within such assemblages, although unsupervized interpretation is unlikely to accurately represent the complexity of natural magnetic mineral assemblages. Electron microscopic observations of the type presented here are time-consuming but essential for ground truthing of supervised magnetic unmixing. Nevertheless, the diversity of observed magnetic mineral types means that we aggregated different particle types to explain identified magnetic components. This demonstrates the complexity of producing consistent supervised magnetic data interpretations.
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Paleogeographic reconstructions largely rely on paleomagnetic data, mostly in the form of paleomagnetic poles. Compilations of poles are used to determine so called apparent polar wander paths (APWPs), which capture the motion through time of a particular location with respect to an absolute reference frame such as the Earth’s spin axis. Paleomagnetic datasets from sedimentary rocks are particularly relevant, because of their spatial distribution and temporal continuity. Several criteria have been proposed through the years to assess the reliability of paleomagnetic datasets. Among these, the latitudinal-dependent elongation of a given paleomagnetic directions distribution, predicted by a widely accepted paleosecular variations model, has been applied so far only to investigate inclination flattening commonly observed in sedimentary rocks. We show in this work that this concept can be generalized to detect “contamination” of paleomagnetic data derived from tectonic strain, which is not always detected by field observation only. After generating different sets of simulated geomagnetic directions at different latitudes, we monitored the variations in the shape of the distributions after applying deformation tensors that replicate the effect of increasing tectonic strain. We show that, in most cases, the “deformation” of the dataset can be detected by elongation vs. inclination ratios not conforming to the values predicted by the paleosecular variations model. Recently acquired paleomagnetic directions and anisotropy of magnetic susceptibility (AMS; a parameter very sensitive to tectonic strain) data from New Caledonia verifies the results of these simulations and highlights the importance of measuring AMS when using sedimentary paleomagnetic data for paleogeographic reconstruction. We suggest to include always AMS measurement and analysis of the distribution shape to assess sedimentary paleomagnetic data used for paleogeographic reconstructions.
Keywords: paleomagnetic directions, TK03.GAD, finite strain, paleogeographic reconstruction, anisotropy of magnetic susceptability (AMS)
INTRODUCTION
Paleomagnetism and Paleogeographic Reconstruction
Plate tectonics is a unifying theory that provides a solid background for understanding fundamental processes occurring on Earth. In this model, the outer shell of the Earth consists of moving lithospheric plates and their past movement can be traced using geological data (Torsvik et al., 2008). The relative and absolute motion of the tectonic plates is reconstructed using combinations of ocean floor magnetic anomalies, hot-spot tracks, and paleomagnetic data. The oldest hotspot track in the South Atlantic is ∼130 Ma, and the ocean floor magnetic anomalies allow estimating the relative finite rotation of plates back to ∼180 Ma (Steinberger and Torsvik, 2008; Torsvik et al., 2008; DeMets et al., 2010; Wang et al., 2019). Paleomagnetic data are thus fundamental for paleogeographic reconstructions, particularly for pre-Jurassic times.
The basic element for all paleomagnetic-based paleogeographic reconstructions is the paleomagnetic direction. Paleomagnetic directions, measured at a given locality in rocks of any age, are expressed in the form of declination and inclination (D, I). Each direction, can be converted into a virtual geomagnetic pole (VGP), which is the point on the Earth’s surface where the imaginary pole that would results in the measured D and I is located. To account for paleosecular variation of the geomagnetic field, an adequate number of VGPs should be averaged to determine a paleomagnetic pole. Subsequently, compilations of consecutive poles can be combined to establish pole paths, so-called apparent polar wander paths (APWPs). APWPs are normally plotted as a series of points “wandering” away from the geographic pole with increasing age, where paleopoles based on rocks with very young ages plot close to the geographic pole. The adjective “apparent” comes from the fact that the geographic pole does not move but APWPs rather reflect the changing orientation and distance of a plate with respect to the (fixed) geographic pole (Creer et al., 1954; Van der Voo, 1993; Besse and Courtillot, 2002; Torsvik et al., 2008). At the base of this approach lies the assumption that the geomagnetic field averaged over a few thousand years can be approximated by the one generated by a geocentric axial dipole (GAD), with the characteristic that the paleomagnetic pole, obtained by averaging the available VGPs, and the geographic poles coincide (e.g., Butler, 1992; Tauxe, 2010).
Geomagnetic Paleosecular Variation
Analyses of paleomagnetic data compilations for the last 5 Myr (McElhinny and McFadden, 1997; MM97) revealed that the recent geomagnetic field is largely dominated by the GAD component (Tauxe and Kent, 2004; Tauxe, 2005). However, a snapshot of the geomagnetic field in a particular moment at a given location on the globe would result in a VGP that is deviated from the one predicted from the GAD model up to ∼10°. This is the result of the secular variation (Fleming, 1946; Lund, 2018). Starting from the work of Constable and Parker (1988), Tauxe and Kent (2004) developed a model for the paleosecular variation (TK03.GAD) designed to fit the latitudinal-dependent scatter of the VGPs observed in the paleomagnetic poles of the MM97 dataset. The TK03.GAD model results in predicted paleomagnetic direction distributions that are markedly North-South elongated, with a maximum elongation at the equator gradually diminishing toward the poles (Tauxe and Kent, 2004; Tauxe, 2005). Following this model, a collection of paleomagnetic directions from a locality, spanning a time interval long enough to average out secular variations, is expected to possess a distribution with a certain degree of elongation developed parallel to the mean declination.
Paleomagnetic Earth Filters
Sedimentary rocks constitutes about 66% of the rocks exposed on the Earth’s surface (Blatt and Jones, 1975). Therefore, sedimentary paleomagnetic datasets are of extreme value for paleogeographic reconstructions. However, the record of the Earth’s paleomagnetic field in sedimentary rocks is often “distorted” by different natural processes including tectonic deformation, remagnetization, or compaction-induced inclination flattening. These phenomena have been defined as “Earth filters” (Tauxe, 2005). In particular, sedimentary inclination shallowing of paleomagnetic directions is a long known problem, and it is described by the tangent function introduced by King (1955):
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where Io is the observed remanence inclination, If is the inclination of the inducing field, and f is the flattening factor ranging from 0 (completely flattened directions) to 1 (absence of flattening). Directional sets affected by significant inclination shallowing typically possess an elongation developed perpendicular to the average declination (Tauxe and Kent, 1984). Eq. 1 is at the base of the E/I (Elongation/Inclination) method for correcting shallow biased paleomagnetic directions (Tauxe and Kent, 2004). A given set of flattened paleomagnetic directions is corrected by applying gradually decreasing f values to each direction. The “unflattened” average inclination is reached when the elongation of the whole distribution matches the value predicted by the TK03.GAD model. This statistical technique has been successfully applied to a wide range of sedimentary rocks (Kent and Tauxe, 2005; Krijgsman and Tauxe, 2006; Tauxe et al., 2008; Dallanave et al., 2009, Dallanave et al., 2012, Dallanave et al., 2015, Dallanave et al., 2018a; Kirscher et al., 2014). A reliable APWP of Adria (the African promontory) since the Permian was recently compiled systematically applying the E/I correction to new and published datasets (Muttoni et al., 2013; Muttoni and Kent, 2019).
Paleomagnetic inclination flattening is not the only “Earth filter”. Many sedimentary rocks are affected by tectonic strain, which is not always detectable by simple field observations, and that can deflect the characteristic remanent magnetization (ChRM) directions (Cogné and Perroud, 1985; Lowrie et al., 1986; Jackson et al., 1993; Borradaile, 1997). The finite strain state of a sedimentary rock can be qualitatively evaluated by using the anisotropy of magnetic susceptibility (AMS). By monitoring the AMS of Eocene mudstones of the Southern Pyrenean Foreland Basin, Parés et al. (1999) found that during incipient deformation, the fabric evolves through a series of stages that can be essentially synthetized in three types (Figure 1). In the absence of deformation, only compaction acts on the sediments resulting in an oblate AMS ellipsoid with a vertical minor axis (Figure 1A). As the deformation evolves to the weak cleavage state, the fabric changes toward a prolate shape with the major axis perpendicular to the shortening direction (Figure 1B). At the strong cleavage state, the fabric will assume a triaxial k1 > k2 > k3 form (where k1, k2, and k3 are respectively the major, intermediate, and minor axes of the AMS tensor) with the minimum axis parallel and the maximum perpendicular to the shortening direction (Figure 1C).
[image: Figure 1]FIGURE 1 | Theoretical evolution of magnetic fabric in sedimentary rocks during incipient deformation. (A) Absence of finite strain results in the solely effect of compaction-derived oblate fabric. (B) During a weak cleavage stage the fabric assumes a prolate shape, with the major axis perpendicular to the shortening direction. (C) In a strong cleavage state the fabric is triaxial, with the minor and major axes respectively parallel and perpendicular to the shortening direction. The effect of the fabric evolution on the paleomagnetic inclintaion is shown on top of the figure; figure drawn adapting concepts from Parés et al., 1999 and Borradaile, 1997.
In some pioneering work, ChRM directions in sedimentary rocks have been restored with an “unstrain” strategy (Cogné and Perroud, 1985, Cogné and Perround, 1987; Cogné, 1987). In this approach the paleomagnetic directions are considered as behaving like a passive line within the rock matrix, even though in some cases, due to the nature of the rock forming particles, this approach may be an oversimplification (Kligfield et al., 1983; Borradaile, 1997). The quality and reliability of the “unstrained” dataset was assessed using basic Fisher (1953) statistical criteria, whereby increasing of the precision parameter k reflects improved clustering of the directions. It is now clear that the remanence magnetization of sedimentary rocks reflects a more complex behavior of the geomagnetic field, and using just the standard Fisher (1953) statistics to evaluate the reliability of paleomagnetic datasets is an oversimplification. Monitoring the E/I of a paleomagnetic dataset in order to detect inclination flattening has become already a standard approach. Analogously, other earth filters can lead to E/I couples of values that are “unrealistic” (i.e., departing from the values expected from the TK03.GAD field model). In this paper we show that the shape of given ChRM directions set can be used to check if finite strain has undermined the reliability of the data. Using simulated paleomagnetic data, we show that strain related deflection of ChRM directions promptly modify the distribution elongation expected from the TK03.GAD model at a given latitude. We apply this concept to assess the reliability of a recently published dataset from Eocene sedimentary rocks exposed in New Caledonia (Dallanave et al., 2020).
METHODS
Data Generation
To clearly visualize the effect of inclination flattening and finite strain simulation on a theoretical distribution of directions, we first generated a purely circular distribution of 30° radius around a mean direction of D = 0° and I = 50° (Figure 2A). A circular distribution can be considered as a simplification of a Fisher (1953) distribution, which is defined as 1) uniformly distributed around the mean direction and 2) with a occurring frequency of directions decaying exponentially with the distance form the mean (see also Fisher et al., 1987).
[image: Figure 2]FIGURE 2 | Effect of strain simulation on a purely circular distribution. (A) 1 = original distribution; 2 = simulated inclination flattening; 3 = effect of a pure compressional shear, with shortening indicated by the red arrow; 4–6 = effect of combination of pre-compressional strata tilting followed by shortening; while only northward tilting is shown in equal area projections 4 and 5, projection 6 shows the effect, after correcting for the bedding tilt, of both northward (blue) and southward (red) tilting on the same distribution; 7–9 = same as 4–6 but with an initial tilting of 30° and simulated shortening directed NE–SW; F = flattening simulation; S = shortening; T10° and T30° = 10° and 30° tilting; uT = correction for strained tilt. In all insets: D = declination (°); I = inclination (°); v2 and v3 = medium and minimum axes of the distribution matrix (Scheidegger, 1965); E = elongation (v2/v3). (B) Diagram of elongation (E) vs. inclination (I) of the original circular distribution (1), after inclination flattening (2), and after all the listed strain simulations; 6 and 9 are the E/I couples for the blue data plotted in the corresponding projections of panel A, while 6* and 9* refer to the red data; the shape, size, and orientation of the ellipses reflects the variations of the directions distributions as determined by the distribution matrix, while the arrows behind the ellipses are the mean declination of the directions; SDZ and FDZ = shallowed and flawed distribution zone, respectively.
To evaluate the effect of finite strain on more “realistic” directions, which reflect the secular variations of the geomagnetic field, we generated six sets of paleomagnetic directions using the tk03.py Python script compiled by Tauxe et al. (2016). The sets consist of declination-inclination-intensity triplets drawn accordingly to the TK03.GAD geomagnetic field model at specified latitudes. The six sets were generated applying latitudes of 10, 15, 20, 30, 40, and 50°N, imposing a normal polarity field. For all sets we selected a number (N) of 120 directions (Supplementary Table S1). Tauxe et al. (2008) indicated that an adequate number of directions to evaluate reliably the distribution shape is > 100. Since it is uncommon to find published direction sets that exceed this number by far, we consider N = 120 realistic. We excluded all directions with geomagnetic intensity lower than 10μT from the generated datasets. This is based on the assumption that the highest harmonics of the field (i.e., with the lowest intensity) are often not recorded by sediments, and if they are, they result in transitional directions that are normally excluded by directional cutoff (analogously to what done by McElhinny and McFadden (1997), for the MM97 compilation). The obtained distributions possess k values ranging from 20 to 35 (Figure 3; Table 1), which is in agreement with published high-quality sedimentary datasets (see e.g., compilation of Muttoni et al., 2013).
[image: Figure 3]FIGURE 3 | Simulated sets of paleomagnetic directions predicted by the TK03.GAD paleosecular variation model. Each stereographic projection is shown with the associated latitude. The elongation/inclination (E/I) values predicted by the TK03.GAD model are shown by the dashed line, together with the E/I pair of each distribution (the color corresponds to the associated stereographic projection). The star is the E/I pair of the paleomagnetic directions set from Sommet-Khian discussed in the text.
TABLE 1 | List of the simulated paleomagnetic direction sets.
[image: Table 1]Strain Simulation and Elongation Monitoring
Paleomagnetic directions are commonly defined by D and I with unit length, so the intensity of the TK03.GAD directions was not considered further after filtering. For each generated set we calculated the elongation E, which is defined as the v2/v3 ratio, where v2 and v3 are the intermediate and minimum eigenvalues of the directions distribution matrix (Scheidegger, 1965; Table 1). The directions of each set are first converted to Cartesian coordinates xi with i = 1, 2, 3. We simulated the effect of the deformation by applying the strain matrix S, which is a symmetric matrix of elements si,j (where i, j = 1, 2, 3, and si,j = sj,i). The new coordinates di of each “strained” direction are obtained by:
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This can also be used to simulate the effect of inclination shallowing by applying a diagonal matrix S of the form s11 = s22 > s33 (flattening matrix F). Note that under this condition this operation is equivalent to apply Eq. 1 with f = s33/s11.
We monitored the effect of the strain simulation on the directions distributions following the steps described as follows.
Circular Distribution
The workflow is shown in Figure 2. We first apply an inclination flattening with f = ∼0.6 (detailed values of si,j are listed in Table 2) to the circular distribution, which can be considered a reasonable assumption for sedimentary rocks (Figures 2A, diagram 1 and 2). In nature, the flattening factor is case sensitive and can easily range from 0.4 to 0.9 (see e.g. compilation of Muttoni et al., 2013). We simulated at first the simplest scenario, by applying shortening parallel to the average declination (Table 2) as indicated by the red arrow (Figures 2A, diagram 3). This situation, however, is not entirely realistic, because it implies no tilting of the strata, and in nature compressional strain is typically associated with folding. For this reason, in the next step we followed the case illustrated by Borradailee (1997). At the very initial stage of the deformation, low amplitude buckles, which result in tilted strata but not pervasive deformation, are subsequently passively strained, and the strain is affecting both the paleomagnetic directions and the strata attitude. The initial tilting of the strata is unknown, so we applied two different example scenarios, with initial tilting of 10°N (and 10°S), followed by N-S shortening (Figure 2A, diagrams 4–6), and initial tilting of 30°N (and 30°S) with shortening oriented NE-SW (Figure 2A, diagrams 7–9). We plot the strained directions, with associated means, in tilt corrected coordinates, and the variations of E/I ratios are monitored in Figures 2B.
TABLE 2 | List of the strain simulation matrices applied to the circular distribution and to the TK03.GAD distributions in presence of bedding tilt.
[image: Table 2]TK03.GAD Distributions
Similar to what has been done for the circular distribution, we applied different straining scenarios, while monitoring the variations of E/I ratios in all cases. At first, to explore the effect on the original TK03.GAD distribution shape of pure compressional strain, we applied a series of oblate deformation tensors in the form (expressed as eigenvalues) of s1 = s2 > s3, with s1 vertical. The value of the (normalized) eigenvalue of s3 ranges from 0.9 to 0.2 (Table 3). We then varied the orientation of the eigenvector s3 with respect to the average declination of the distributions, ranging from 0° to 20°. Geometrically, this replicates different tectonic stresses oriented parallel to the strata but with a different azimuth (Figures 4, 5). After each simulated deformation we calculate the average inclination and the elongation of the distribution for comparison with the E/I value expected from the TK03.GAD model.
TABLE 3 | List of strain tensors applied to the TK03.GAD distribution in the case of shortening without tilting.
[image: Table 3][image: Figure 4]FIGURE 4 | Effect of simulated deformations, without strata tilting, on the TK03.GAD directions datasets. The latitude of the generated dataset is also indicated, and the colors of the data are as in Figure 3. Group 1 and 2 correspond respectively to a N-S and a 20°E oriented shortening, as represented by the eigenvectors of the strain matrix (S) shown in the insets. The bold numbers inside the projections indicate the S matrix applied to the set, listed in Table 3.
A more complex but more realistic scenario has been applied to the direction sets simulated for low (10°N) and mid (40°N) latitudes, with the aim of recreating the fabrics shown in Figure 1. The directions have been first flattened with f = ∼0.6 (Figures 1A). The weak cleavage and the strong cleavage fabrics are assumed to be the result of the sum of the flattening fabric and a successive strain. As the weak cleavage state is characterized by a prolate fabric with k1 > k2 = k3 (Figures 1B), while the strong cleavage by a triaxial fabric with k1 > k2 > k3 (Figures 1C), we applied to the flattened directions a deformation matrix calculated by either:
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or
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where Sw and St are the deformation matrix that simulate respectively the weak and the strong cleavage final stage, Pw (weak cleavage) and Pt (strong cleavage) are the (case sensitive) fabric that characterize the rocks, and F−1 is the inverse of the diagonal matrix F used to simulate the inclination shallowing (Table 2).
RESULTS
Circular Distribution
The effect of inclination shallowing followed by simulated shortening is shown in Figure 2. As expected, the solely flattening results in a variation of the elongation from circular to E-W elongated (Figures 2B). This condition can be easily restored by the site-level E/I correction (Tauxe and Kent, 2004), which gradually increase the directions inclination using Eq. 1 until they are Fisher (1953) distributed (i.e., circular around the mean direction). The simple scenario of N-S shortening without rotation (i.e., bedding tilt) results in an increase of both elongation and inclination (Figures 2A,B, distribution 3). It is interesting to observe the influence of pre-existing tilting on the parameter variation, especially the inclination. The equal area projection 6 of Figures 2A shows the result of a N-S shortening simulation of distribution initially tilted by 10°N (blue ellipsis) and 10°S (red ellipsis). The final inclination is respectively ∼15° shallower and ∼14° steeper than the one obtained by the pure shear shortening (Figures 2B). This is also in agreement with the behavior in natural sedimentary rocks predicted by Borradaile (1997) and schematized in Figure 1. If tilting and paleomagnetic inclination are plunging toward the shortening direction, the final inclination with respect to the bedding will be flattened, while if the bedding and directions are antipodal, the final inclination will be steepened. Changing the orientation of the S matrix, will also affect the elongation direction, as shown in diagrams 7–9 of Figure 2. The inclination is less affected than during shortening parallel to the paleomagnetic declination, but the final elongation is not perpendicular to the declination, as expected if the inclination shallowing was the only filter acting on the data (Figures 2B, ellipses 9 and 9*). This concept is important also to help identifying the possible effect of finite strain in natural sedimentary rocks, as discussed below.
TK03.GAD Distributions
Effect of Strain Without Tilting
Figure 3 shows the simulated undeformed distributions. The calculated E/I lies in proximity to the expected values from the TK03.GAD model. We first apply the simplified model of strain that involves no pre-deformation rigid body rotation, with initial shortening parallel to the paleomagnetic declination (Figure 4, Group 1). The bold number within each equal area projection of Figure 4 corresponds to the applied tensor listed in Table 3. The effect on the expected E/I couplets is shown in Figure 5. The most extreme applied simulated deformations are probably very unlikely to be found in nature, especially without the folding and tilting affecting the rocks, and possibly other remagnetization effects that would modify or even replace the original directions (i.e., piezoremanent magnetization; PRM; Till et al., 2010). As expected, when s3 is parallel with the average declination there is a progressive increase of the inclination. The minimum of the curves in Figure 5 coincides with the point where the elongation direction changes from parallel to perpendicular with respect to the declination. Before that point they are systematically below the reference TK03.GAD values. Soon after the elongation direction shifts from parallel to perpendicular with respect to the declination, the elongation increases to values higher than the reference TK03.GAD curve (Figure 5).
[image: Figure 5]FIGURE 5 | Effect on the elongation/inclination (E/I) pairs of the TK03.GAD directions sets distribution varying the angle between the average declination and the eigenvector s3 (i.e., shortening direction) of the strain (S) matrix (angles = 0°, 5°E, 10°E, 15°E, 20°E). Colors are as in Figures 3, 4, and the latitude of the set is indicated for clarity (bold).
When increasing the angular distance between the declination and the eigenvector s3, there is progressively less effect on the inclination. This occurs along with a stronger effect on the elongation (Figure 5). An angle of 20° between s3 and the distribution declination is enough to drive the E/I to unrealistic values at low levels of strain. Direction distributions at high latitude, which are predicted to be quasi-circular by the TK03.GAD model, acquire an unrealistic elongation at very low strain (Figures 5F).
Effect of Strain With Tilting
We followed a chain of events closer to reality by combining the effects on the 10°N and 40°N TK03.GAD distributions of an initial compaction flattening, followed by finite strain simulations that replicate the weak cleavage and the strong cleavage fabric observed in natural rocks. Both strains are applied to directions belonging to two limbs of a fold (Figures 6A). We first assumed a shortening parallel to the paleomagnetic declination (Figures 6B,C). After applying the compaction flattening matrix F (Table 2), both the 10°N and the 40°N distributions acquire a nearly circular shape (Figures 6C). Because the initial bedding tilt before deformation is unknown, in the case of the weak cleavage we applied an initial strata inclination of 10°, plunging both to the north (front limb) and to the south (back limb). The effect of the Sw matrix of Eq. 3 on the 10°N directions set is not significant in terms of inclination, but the distributions of both limbs acquire an elongation oriented E-W and falling below the reference TK03.GAD line (Figures 6B,C, distr. 1 and 2). The same strain simulation appears to have a more severe impact on the 40°N set, because both fold limbs are characterized by distribution shapes jumping above the TK03. GAD line (Fig. 6B,C, distr. 3 and 4). When applying the St matrix (Eq. 4), which replicates the strong cleavage scenario, we assumed an initial bedding tilt of 30° for both limbs. The combined effects of stronger strain and higher initial bedding are immediately visible on the E/I ratios of both the 10°N and the 40°N sets. The inclinations of the 10°N set do not show a dramatic variation, but in the front limb case the strained distribution (which gets sensibly smaller) is strongly E-W elongated, while the back limb is still well below the TK03.GAD line (Figures 6B,C, distr. 5 and 6). As for the weak cleavage simulation, the 40°N distribution appears to be more affected by the St matrix, with the front and the back limbs distributions showing respectively a marked shallowing and steepening of the inclination, parallel to a significant variation in elongation (Figures 6B,C, distr. 7 and 8).
[image: Figure 6]FIGURE 6 | Effect of the strain simulation with strata tilting. (A) Two reference TK03.GAD distributions generated for a 10 and 40°N latitude are first subjected to inclination shallowing as described in the text; to the right hand side the conceptual model of the theoretical weak cleavage and strong cleavage conditions is shown on both the back limb (B.L.) and front limb (F.L.) of a fold system. (B) Effect of the different strain simulation on the two distributions as described in the main text; the bold numbers correspond to the ellipses shown in panel C. (C) Elongation vs. inclination of the data shown in panel B; data are shown together with the reference curve expected by the TK03.GAD model (dashed line), on which the original 10°N latitude (red) and the 40°N latitude (pink) sets lie; the dotted line is the minimum possible value of E (1 = circle); SDZ and FDZ = shallowed and flawed distribution zone, respectively. (D) and (E) are as B and C, but with a simulated shortening direction (minimum axis of the S matrix) oriented NE-SW.
Applying a shortening oriented 45° clockwise, has in general a more severe impact on all distributions (Figures 6D,E). The effect is particularly evident on the elongations; in all cases the strong cleavage scenario causes the E/I couples to assume unrealistic values. The weak cleavage simulations generate E/I values that are closer to the expected TK03.GAD reference line, nevertheless the direction of the elongation is significantly deviated (Figures 6D,E).
DISCUSSION
Strain and Distributions Shape
In the case of the circular distributions, the effect of either inclination shallowing or finite strain (or the combination of both) is readily visible, because the distribution departs from the original circular shape (E = 1). With the assumed circle (30° of radius) all the simulations, except for the pure compaction shallowing, fall above what we name the “shallowed distribution zone” (SDZ). This is the area where we would find all E-W elongated ellipses affected only by compaction shallowing, and they could be restored through the “site mean” E/I correction (Tauxe and Kent, 2004). All other E/I values of this diagram (for a circle of initial 30° radius) indicate distributions that are flawed and affected by reorientation mechanisms like strain, which make them unreliable. We call this area of the diagram the “flawed distribution zone” (FDZ) (Figures 2B). From the analysis of the circle distribution it is also evident that the angle between the maximum axis of the elongation and the mean direction declination can be used as a reliability index. In fact, inclination flattening only produces elongations that are perpendicular with respect to the declination, and thus an angle that is not perpendicular is indicating a flawed distribution.
Similar concepts can be applied to the analyses of the TK03.GAD distributions. Applying the S matrix on the original TK03.GAD distributions, without imposing a pre-strain rotation (i.e., tilting), has an effect that depends mostly on the angle between the shortening direction (s3 eigenvector of the strain matrix) and the average direction declination. When they are parallel (Figure 4, Group 1) many of the E/I values of the deformed datasets, fall below the expected TK03.GAD function line, in the SDZ section of the diagram (Figures 5A–F). Analogously to what has been described for the circular distributions, this is the area of the diagram where normally the E/I pair of sets that are affected by sedimentary inclination flattening are found. Applying the E/I unflattening method of Tauxe and Kent (2004) to such a distribution would result in a final inclination even further steepened. As the degree of the simulated strain increases, the distributions acquire unrealistic E/I pairs, falling in the FDZ. Since high latitude simulations are originally quasi circular, they are promptly deformed to unrealistic E/I values by the simulated strain (Figures 5F). A similar effect is obtained by increasing the angle between the shortening direction and the declination (Figure 4, Group 2, Figure 5). This is the case because it affects more the distribution shape rather than the inclination. A shortening direction oriented E-W would in fact act only on the shape, which would peak straight to unrealistic values.
The effect of pre-strain tilting is affecting the final directions inclination (calculated with respect to the bedding plane) in a more complex way. With the applied boundary conditions (flattening and initial bedding tilt), especially in the strong cleavage scenario, the direction belonging to the front limb of the modeled fold tends to be flattened, while the ones belonging to the back limbs are steepened. This is in agreement with the behavior predicted by Borradaile (1997). Strain simulations with a shortening azimuth deviated from the mean declination affect more the elongation, also in terms of orientation. Any paleomagnetic set that is elongated neither parallel (as predicted by the TK03.GAD model) nor perpendicular (i.e., affected by compaction shallowing) with respect to the average declination should thus be considered potentially flawed. These analyses also show how sensitive the initial conditions like flattening and bedding tilt, which are a priori unknown, influence the final result.
This is why paleomagnetic analyses for paleogeographic reconstructions should always be carried out in combination with AMS analyses, as a proxy of the presence of finite strain. Only when the AMS fabric is sedimentary, a standard E/I correction can be safely applied.
THE NEW CALEDONIA CASE
Paleomagnetic Directions and Anisotropy of Magnetic Susceptibility
Dallanave et al. (2020) recently published paleomagnetic data from carbonate rocks exposed in the Koumac region of northern New Caledonia. New Caledonia is the emergent part of the northernmost Norfolk Ridge, which is in turn part of a large continental mass that is submerged for more than 90%, referred to as Zealandia (Mortimer et al., 2017; Sutherland et al., 2019). The sampled section (Sommet-Khian, 260 stratigraphic meters) consists of a massive basal pelagic micrite (0–83 m) overlain upsection by terrigenous–rich calciturbidites (83–260 m). For this work we exclude the dataset from the terrigenous-rich calciturbidite because of the general lower quality of the ChRM directions and a negative reversal test (see Dallanave et al., 2020 for details). The dataset from the massive micrite consists of 88 ChRM directions that allow a correlation of the section with Chrons C23n.2n to C21n (51–46 Ma, corresponding to the early-middle Eocene; Ogg, 2012). Of these 88 directions, 77 have been isolated using the interpolation proposed by Kirschvink (1980) and, to maximize the reliability, each direction was anchored (or not) to the origin of the demagnetization axes following the Bayesian criteria proposed by Heslop and Roberts (2016). Eight directions were determined by means of fisher mean on the vector end points, while three through great circles analyses (McFadden and McElhinny, 1988); (Supplementary Table S2). The dataset is statistically antipodal, with a positive bootstrap-based reversal test (Tauxe et al., 1991). Despite the high quality of the dataset, there is a mismatch between the average inclination from Sommet-Khian and the reference directions expected for this time (Veevers and Li, 1991; Torsvik et al., 2012). The average direction from New Caledonia is steeper (i.e., higher inclination) compared to the reference directions from the literature. When compared with the inclination derived from the synthetic global APWP of Torsvik et al. (2012), the resulted steepening is ∼10°. However, this reference compilation consists of a limited number of entries that has to go through multiple rotations to be plotted into Zealandia coordinates, and there is only one entry from the Australian plate (53 Ma; Torsvik et al., 2012) (Figures 7A–C; Supplementary Table S3). The steepening decreases to 5.4° if the inclination is compared with the APWP of Veevers and Li (1991), which is based on entries from Australia and India, but using old datasets with poorly defined quality criteria and age control (Figures 8A).
[image: Figure 7]FIGURE 7 | Geological and paleomagnetic-paleogeographic framework of the Sommet-Khian record from northern New Caledonia; in all panels: Aus = Australia; Eur = stable Europe; EAnt and WAnt = east and west Antarctica; NAm = north America; NWA, NEA, and SA = northwest, northeast, and south Africa; Pat = Patagonia; S.K. = Sommet-Khian. (A) Global plate configuration and circuits (blue arrows) connecting the Australian plate with the source of the paleomagnetic data for the 53–43 Ma interval included in the reference compilation of Torsvik et al. (2012); (Supplementary Table S3); white circle indicate the source plate of the data and the number of entries. (B) The average paleomagnetic pole from Sommet-Khian (black square with white 95% confidence cone) is compared with the reference paleomagnetic pole (green square) calculated averaging 14 entries (green dots) from the compilation of Torsvik et al. (2012) that fall within the 53–43 Ma window (Supplementary Table S3); the 90–10 Ma global synthetic apparent polar wander path from the same compilation, plotted in Australian coordinates, is also shown as thick black line; the red line with the shaded area shows that, even rotating the S.K. pole to toward reference 48 Ma one, they remain statistically distinguishable. (C) Paleogeographic reconstruction of the Southwest Pacific area in the middle Eocene (∼45 Ma); continental areas are filled in light brown except for northern Zealandia (light green); the light gray line is the Tasman Ocean spreading ridge, which activity ended during Chron 24n (∼53 Ma), and the dark gray lines are active spreading ridges; dotted black lines are the approximate position of the proto-Tonga-Kermadec subduction zone and the north-east dipping early Eocene east-dipping subduction zone inferred by the geology of New Caledonia (see text); the white star is the location of Sommet-Khian. While the reconstruction is based on the published reference data, the red line with the red shaded area is the paleolatitude and associated confidence boundaries obtained from the paleomagnetic directions from Sommet-Khian. 
[image: Figure 8]FIGURE 8 | Paleomagnetic directions, anisotropy of magnetic susceptibility (AMS), and distribution shape analysis of Sommet-Khian. (A) Elongation vs. inclination (E/I) of the paleomagnetic distribution for the whole (red) and the filtered (blue) dataset, compared with the value expected by the TK03.GAD model; the yellow dots represent the “unstrained” condition where the elongation direction is parallel to the average declination, shown with the inclination 95% confidence angle determined by applying standard Fisher (1953) statistics; the elongation values of the original and “unstrained” steps are shown with the 90% confidence zone determined by means of 1,000 bootstrapped pseudo-dataset expected inclination calculated from the compilations of Torsvik et al. (2012*) and Veevers and Li (1991**) are shown. (B) Upper projection: AMS from Sommet-Khian; k1 (red symbols), k2 (blue symbols), and k3 (gray symbols) are respectively the major, intermediate, and minor axes of the AMS, with average direction of the eigenvectors; lower projection: characteristic remanent magnetization (ChRM) directions from Sommet-Khian in insitu coordinates, together with the Fisher (1953) mean; in both projections the dashed circle is the bedding plane; data from Dallanave et al. (2020). (B) Effect of the “unstraining” on the whole (red) and filtered (blue) dataset from Sommet-Khian; the yellow star indicates the condition where the elongation direction (dotted line) is parallel to the declination; the number within the diagrams indicate the matrix used (Table 4) and the associated E/I couple in panel A.
AMS data of 89 samples from Sommet-Khian yield an oblate tensor with a low degree of anisotropy (Jelínek, 1981) (Pj = 1.05). The foliation plane (defined by k1 and k2 axes of the AMS) does not coincide with the bedding, indicating a tectonic-induced magnetic fabric in contrast to a sedimentary fabric typically observed in absence of finite strain (Figures 8B). The orientation of this fabric is in agreement with the general tectonic style of New Caledonia, which is the result of a convergence broadly oriented NE-SW, perpendicular to the length of the island (e.g., Lillie and Brothers, 1969; Cluzel et al., 2012). Tectonic strain largely influences the AMS fabric (e.g., Parés et al., 1999) but using the absolute value of the AMS to quantify the internal strain of the rock is difficult because of the number of variables that can influence it (Evans et al., 2003).
Analysis of the Directions Distribution From Sommet-Khian
The first step is comparing the E/I ratio of the dataset from Sommet-Khian with the one predicted by the TK03.GAD model. The original ChRM directions have an elongation that falls above the value predicted by the TK03.GAD model. Repeated calculations on 1,000 bootstrapped pseudo-distributions (Tauxe et al., 1991) estimate a (fairly large) 90% confidence boundary for the elongation that overlaps with the expected value (Figures 8A), implying that the E/I ratio itself is, at a 90% confidence, realistic. The wide extension of the 90% confidence margins is likely due to the limited number (<100) of directions. This outlines the importance of having an adequate number of paleomagnetic directions for a fully reliable analysis. We repeated the same calculation using the dataset filtered from the three directions determined by great circle analyses and also eliminating five directions which VGP is > 45° apart from the mean paleomagnetic pole, similarly to the cutoff applied to the MM97 dataset of McElhinny and McFadden (1997). The obtained inclination is very similar, with a slightly higher elongation (Figures 8A). Despite the confidence margins, the fact that both datasets have an elongation higher than expected is an indication of potential contamination of the dataset, possibly steepened by the effect of strain.
We tried to restore the original inclination by progressively “unstrain” the paleomagnetic directions until they match the elongation predicted by the TK03.GAD model. In order to do this we considered the bedding also as a physical entity affected by the total strain. We therefore apply the “unstrain” matrix in the form of s1 > s2 = s3 with progressively higher degrees of elongation, with s1 parallel to the k3 AMS axis (Figure 8). We applied the “unstrain” matrix to all the ChRM directions in situ (IS) coordinates as well as to the bedding plane using the eigenvalues listed in Table 4, and we monitor the E/I couplets after correcting the dataset for (“unstrained”) bedding tilt (Table 5). We applied the same process to both the whole and the filtered dataset, so that we can evaluate the effect of outlier directions within the (not-filtered) dataset. In both cases the progressive “unstrain” led to a minor increase of the inclination, which however always falls within the confidence bounds of the original distribution (Figures 8A). The value of E changes in different fashion in the two cases: for the whole dataset it progressively decreases, but without crossing the model line. Despite that, the bootstrap-based 90% confidence interval indicates that the elongation is statistically acceptable throughout the whole “unstrain” process, and it reaches a minimum after applying matrix 4 of Table 4 (Figures 8A). The filtered dataset on the contrary is characterized by a steep rise of the elongation, which becomes statistically unacceptable (at a 90% confidence) after a very mild unstrain (S matrix 2 of Table 4; Figures 8A).
TABLE 4 | List of the “unstraining” tensors applied to the paleomagnetic directions from Sommet-Khian.
[image: Table 4]TABLE 5 | Effect of the “unstraining” tensors on the paleomagnetic directions and bedding of Sommet-Khian.
[image: Table 5]A close inspection of the equal area projections, plotted together with the elongation direction (Figures 8C) reveals that the elongation assumes an orientation parallel to the declination after applying unstrain matrix 6 (in the case of the whole dataset) and 1 (in the case of the filtered dataset). Having the elongation parallel to the mean declination is, together with the latitude dependent specific value of E, a condition predicted by the TK03.GAD model. The inclinations obtained are 64.1 ± 3.5° and 63.5 ± 2.9° respectively for the whole and the filtered dataset (Figures 8A). In both cases the elongation is still statistically acceptable at a 90% of confidence. In synthesis, both datasets give similar corrected results, even if the limited number of directions results in wide elongation confidence bounds.
Paleogeographic Implications
The southwest Pacific area went through a complex tectonic and paleogeographic evolution during the Eocene, related to the inception of the Tonga-Kermadec subduction system (recent reviews can be found in Cluzel et al., 2012; Collot et al., 2020; Dallanave et al., 2018b, Dallanave et al., 2020; Maurizot et al., 2020a, Maurizot et al., 2020b; Sutherland et al., 2020). The Tonga-Kermadec subduction initiated in the middle Eocene immediately to the east of the Norfolk Ridge, the northernmost part of which is emerging to form the New Caledonia archipelagos (Figures 7C). The history of the eastern margin of northern Zealandia before the Tonga-Kermadec subduction is still debated, because the geology of New Caledonia suggests the presence of a pre-Tonga east-dipping subduction zone (Cluzel et al., 2012; Collot et al., 2020; Maurizot, 2011; Maurizot et al., 2020a, Maurizot et al., 2020b), which is, however, difficult to reconcile with the geologic history derived from seismic profiles acquired in the Tasman area (Sutherland et al., 2017). Zealandia is separated from continental Australia by the oceanic crust of the Tasman Ocean basin, which ended its spreading activity during magnetic anomaly 24 in the early Eocene (∼53 Ma; Gaina et al., 1998; Figures 7C). Therefore, middle Eocene paleomagnetic data from Australia should be applicable also to northern Zealandia. The most widely used APWP was compiled by Torsvik et al. (2012), but a closer look at the dataset reveals that there is only one early Eocene (53 Ma) entry from Australia for the entire Paleogene based on a study on the Barrington Volcano in New South Wales (Wellman et al., 1969, later confirmed by; Hill et al., 2002). Recent authochtonous data have been published only for the Oligocene (Hansma and Tohver, 2019). The reference Australian APWP for the Paleogene (and the entire time back to the Permian) is constructed mainly using data rotated from other plates. For this reason, the paleomagnetic record of Sommet-Khian is extremely valuable, because it is the first early-middle Eocene autochthonous directional dataset from northern Zealandia (and Australia).
The Eocene sedimentary record of the Koumac area lies on top of the Mesozoic basement, but New Caledonia as a whole is constituted by sedimentary, metamorphic, and igneous terranes that are overlain by allochthons of sedimentary, mafic, and ultramafic nappes obducted from the late Eocene with the opening of the North Loyalty Basin (Cluzel et al., 2001, Cluzel et al., 2005, Cluzel et al., 2006, Cluzel et al., 2012; Maurizot, 2011; Maurizot et al., 2020a). The paleomagnetic declination obtained by Dallanave et al. (2020) is in general agreement with the tectonic constraints, indicating a post-middle Eocene rotation of New Caledonia of about 60° CCW. The ChRM directions inclination is primary and should be usable (at a first inspection) as paleogeographic constraint.
The “unstrained” mean paleomagnetic inclination is ∼64° (Figures 8A). Using the dataset with the widest uncertainties (i.e., the unfiltered directions; 64.1 ± 3.5°) we obtained an average paleolatitude of deposition of 45.8°S (confidence boundaries: 50.5°S, 41.6°S; Figures 7C). We estimated precisely the expected paleolatitude of Sommet-Khian by using 14 paleomagnetic poles falling within the 53 and 43 Ma age window from the global selection of Torsvik et al. (2012), who also provide the parameters for rotating the poles into Australian coordinates (Figures 7–C; Supplementary Table S3). We selected this specific 10 Myr time-window because it is approximately centered on the age of the Sommet-Khian section (∼51–46 Ma). The resulting paleolatitude (33.4°S) is significantly lower than the 45.8°S calculated using the dataset from Sommet-Khian. The same applies for the paleolatitude of ∼38°S predicted by the dataset of Veevers and Li (1991). This implies that either the tectonic strain affecting the Sommet-Khian sediments pervasively affected the dataset (even if it seems acceptable within the statistically determined bounds) or the lack of autochthonous (i.e., Australian) data for the Eocene results in an erroneous paleolatitude estimation for the area. We are more inclined to consider that the problem resides in the Sommet-Khian directions, because the AMS data clearly indicate a non-sedimentary fabric. We stress the fact that without AMS analysis, the dataset could have been considered reliable, because of the presence of several reversals and a positive reversal test. A collection of autochthonous Eocene data from either continental Zealandia or Australia might add new constraints to resolve the paleogeography of the southwest Pacific area. Our approach highlights that AMS measurement should be always presented to help assessing the quality of the data.
CONCLUSION
Finite strain in sedimentary rocks induced by tectonism can deviate primary paleomagnetic directions. Using different simulated deformations on distributions drawn according to the TK03. GAD paleosecular variation model, we show how finite strain affects the shape of the directions distribution, which can be used as an indicator of the reliability of paleomagnetic directions. Only if the shape agrees with the expected one based on the TK03.GAD model, a direction distribution can be regarded as of high quality. Otherwise, a “flawed” distribution shape is indicative of post depositional changes requiring further investigation. We apply this concept to a recently published early-middle Eocene paleomagnetic and AMS dataset from New Caledonia. Despite the high quality of the directions and a positive reversal test, the paleomagnetic inclination from New Caledonia is considerably steeper than the one expected from published reference datasets, which are however limited in number and mostly rotated into Australian coordinate from other plates. Paleomagnetic directions from New Caledonia are likely affected by some amount of finite strain, as revealed by a weak prolate AMS fabric of tectonic origin. The distribution shape appears to be in agreement with the TK03.GAD model within a (large) 90%-bootstrap-determined confidence boundaries. Nevertheless, the presence of an AMS tectonic fabric is enough to undermine the reliability of the data. New Eocene data from continental Australia and/or Zealandia should solve the conflict between the autochthonous paleomagnetic dataset and the reference data, which, as is, results in a considerable paleolatitude discrepancy. More importantly, we suggest that AMS measurements should be always measured and presented together with directional datasets when performing paleogeographic reconstructions based on paleomagnetic data from sedimentary rocks.
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Fires are an integral part of many terrestrial ecosystems and have a strong impact on soil properties. While reports of topsoil magnetic enhancement after fires vary widely, recent evidence suggests that plant ashes provide the most significant source of magnetic enhancement after burning. To investigate the magnetic properties of burnt plant material, samples of individual plant species from Iceland and Germany were cleaned and combusted at various temperatures prior to rock magnetic and geochemical characterization. Mass-normalized saturation magnetization values for burnt plant residues increase with the extent of burning in nearly all samples. However, when normalized to the loss on ignition, fewer than half of ash and charcoal samples display magnetic enhancement relative to intact plant material. Thus, while magnetic mineral concentrations generally increase, changes in the total amount of magnetic material are much more variable. Elemental analyses of Icelandic samples reveal that both total plant Fe and saturation magnetization are strongly correlated with Ti and Al, indicating that most of the Fe-bearing magnetic phases originate from inorganic material such as soil and atmospheric dust. Electron microscopy confirmed that inorganic particulate matter remains on most plant surfaces after cleaning. Plants with more textured leaf surfaces retain more dust, and ash from these samples tend to exhibit higher saturation magnetization and metal concentrations. Magnetic properties of plant ash therefore result from the thermal transformation of Fe in both organic compounds and inorganic particulate matter, which become concentrated on a mass basis when organic matter is combusted. These results indicate that the soil magnetic response to burning will vary among sites and regions as a function of 1) fire intensity, 2) the local composition of dust and soil particles on leaf surfaces, and 3) vegetation type and consequent differences in leaf morphologies.
Keywords: soils, rock magnetism, vegetation, soil magnetism, fire
1 INTRODUCTION
Wildfires and anthropogenic burning affect many aspects of soils, including their magnetic properties. Wildfires have long been suggested as a possible source of topsoil magnetic enhancement (e.g., Le Borgne, 1960; Kletetschka and Banerjee, 1995) and many examples of increased magnetic susceptibility following fires have been observed (Clement et al., 2011; Jordanova et al., 2019a). Because magnetic enhancement in soils relative to unweathered parent material often correlates closely with various environmental factors (Maher et al., 2003), understanding the impact of fires on soil magnetism is important for accurate interpretation of magnetic paleoenvironmental proxies.
Fire-induced magnetic enhancement may occur through thermal transformation of weakly magnetic ferric oxide and oxyhydroxide soil minerals such as ferrihydrite, lepidocrocite, goethite, and hematite (Hanesch et al., 2006; Till et al., 2014; Jiang et al., 2018; Till and Nowaczyk, 2018) to strongly magnetic phases such as magnetite or maghemite. Such reactions likely contribute to the enhanced magnetic susceptibility observed in some burnt soils compared with unburnt soils (Gedye et al., 2000; Blake et al., 2006), particularly in forest fires and similar high-intensity burning events. By contrast, a study by Roman et al. (2013) on grassland fire temperatures concluded that fire is an unlikely source of significant magnetic enhancement in prairie soils based on the relatively low temperatures experienced by the soil compared with temperatures necessary to produce mineralogical changes during laboratory heating.
Another potential source of pyrogenic magnetic minerals is the plant ash itself. Several archeological studies have noted that ashes from wood and other plant-based fuel sources often contain high concentrations of magnetic minerals relative to soils (Peters et al., 2001; Peters and Batt, 2002; Church et al., 2007), a feature that is sometimes exploited for archaeological surveying (McClean and Kean, 1993). One of the few investigations of plant ash magnetic properties was conducted by Lu et al. (2000), who determined that the magnetic susceptibility of plant ash exceeds that of many well-developed soils. They further concluded that only about half of the soil magnetic enhancement in natural burn sites could be attributed to mineralogical changes due to heating of the soil. Petrovskỳ et al. (2018) studied magnetic susceptibility of forest soils that had been fertilized by wood ash, noting that the ash contained significant concentrations of superparamagnetic ferromagnetic particles that persisted in the soil following wood ash addition. Similarly, Jordanova et al. (2018) argued that plant ashes were the source of enhanced topsoil magnetic susceptibility following forest fires, which was typically observed in the uppermost few cm.
However, the source of magnetism in plant ash has never been investigated in detail and only limited magnetic data has been reported for ash material. This study presents a detailed analysis of changes in magnetic properties that accompany burning of plant materials. Using burnt residues from known species, we synthesize rock magnetic properties with geochemical data and microscopy observations to identify the likely origin of magnetic material in plant-derived ash and char deposits to better understand how soil and sediment magnetic properties reflect vegetation burning.
2 METHODS
2.1 Sample Collection and Preparation
Recently fallen litter and senescent plant material was collected from over 20 plant genera (see Table 1) in the Reykjavik Botanical Garden in autumn of 2017 and 2018. Depending on the plant type, materials collected included dead leaves or needles, shoots, cones, stems and woody litter, flowers, and seeds. Green leaves were also collected from selected plant types to investigate potential seasonal effects on the composition of plant ash. Lupinus nootkatensis plants (leaves, flowers, seeds, stems) were sampled in summer and autumn of 2017 from the Borgarfjordir region in western Iceland. Additional cleaned and milled plant samples were prepared and provided by the Leibniz Centre for Agricultural Landscape Research (ZALF), Germany. Specimen details and sampling locations are given in Table 1.
TABLE 1 | List of plant species and sampling details.
[image: Table 1]Most Icelandic plant samples were cleaned shortly after collection by agitating vigorously in a solution of 0.1 (v/v) Triton X-100 biological detergent followed by thoroughly rinsing in water. Cleaned samples were then oven-dried at 70°C for 24–48 h and gently crushed. Subsets from several selected samples were dried directly after collection without cleaning to determine the effect of washing on magnetic properties. 2–4 g of dried plant material were combusted in ceramic crucibles in a muffle furnace at 200 and 300°C for 6 h to produce char and at 550°C for 4 h to produce ash. Sample and crucible masses were measured immediately before and after heating to determine loss-on-ignition values. Multiple batches of ash were produced for most plant samples, which were pooled. For these samples, the LOI represents an average across ash specimens. The percent of mass remaining after combustion is given for each sample in Supplementary Table S1.
Small amounts (30–100 mg) of ash, char, or intact plant material were ground to powder and firmly packed into gelatin capsules with quartz wool for hysteresis and low-temperature magnetic measurements.
2.2 Magnetic Measurements and Sample Characterization
Thermomagnetic measurements were made on selected ash and char samples to identify characteristic Curie temperatures (TC) of the main magnetic phases. Susceptibility was measured from room temperature up to either 650 or 700°C and again on cooling to 50°C on a low-field AC susceptometer (Kappabridge KLY-3) in flowing Ar gas. A small number of thermomagnetic curves were run in air, and these generally exhibited more irreversible behavior than measurements in Ar, indicating that the burnt samples contain phases sensitive to oxygen. Curie temperatures were determined by plotting the derivative of each susceptibility curve on heating, where the temperature at the minimum in the derivative curve was taken as TC, as discussed in Petrovskỳ and Kapička (2006); Fabian et al. (2013).
Low temperature magnetization and AC susceptibility (χ) were obtained with a superconducting quantum interference device (SQUID) magnetometer (Quantum Design, San Diego, CA, United states – MPMS). Low-temperature remanence properties can reveal diagnostic phase transitions in certain magnetic minerals as well as providing information about magnetic domain states, and hence, grain size. Magnetization measurements follow the FC-ZFC-LTSIRM-RTSIRM LTD measurement protocol from Bilardello and Jackson (2013). Low-temperature saturation isothermal remanent magnetization (LTSIRM) was acquired as a field-cooled (FC) and zero-field-cooled (ZFC) magnetization by cooling to 10 K in either a 2.5 T field or in zero-field. At 10 K, a 2.5 T field was applied and then reduced to zero (<1 µT) and magnetization was measured during warming to 300 K in 5 K steps. Following the FC-ZFC measurements, a 2.5 T field was applied and then reduced to zero at 300 K imparting a remanent magnetization (RTSIRM). The RTSIRM curve was measured during cooling to 10 K and subsequent warming back to 300 K at 5 K increments. In-phase (χ′) and quadrature (χ″) magnetic susceptibility was measured in an AC field with a peak amplitude of 0.3 mT at 1, 10, and 100 Hz on warming from 10 to 300 K. To estimate the presence of ultrafine-grained superparamagnetic particles, frequency dependence was calculated from the room-temperature susceptibility values as: Xfd = 100(Xlf–Xhf)/Xlf, where Xlf and Xhf are the susceptibilities at low and high frequencies (1 and 100 Hz), respectively.
Hysteresis loops at room temperature were measured up to a maximum field of 1 T on a Princeton Corporation Measurements vibrating sample magnetometer at the Institute of Rock Magnetism at the University of Minnesota (United States) to constrain the domain state and grain size distributions of magnetic remanence carriers in the specimens. Averaging times ranged from 100 ms for ash to 500 ms for unburnt plant samples. Backfield remanence (DC demagnetization) curves were also measured for most samples up to −500 mT after saturation in a 1 T field. Saturation magnetization (MS), saturation remanent magnetization (MR), coercivity (Hc), and high-field susceptibility (XHF) values were determined from hysteresis loops after subtracting the high-field slope over the interval of 0.7–1.0 T using the nonlinear approach-to-saturation fitting method of Jackson and Solheid (2010). All hysteresis parameters in figures and tables represent slope-corrected data. The MS values in Supplementary Table S1 are normalized by the specimen mass, which is a good indicator of ferromagnetic mineral concentrations in the sample. However, it is also useful to view MS values when normalized by the initial plant mass before burning because the mass of the system is not constant during combustion. This allows us to see how the total amount of ferromagnetic material in the system changes during burning.
Selected plant samples were mounted on carbon adhesive discs and carbon-coated for scanning electron microscopy characterization using a Hitachi tabletop SEM with a LaB6 filament equipped with an energy dispersive X-ray detector. Magnetic extracts from representative Icelandic ash samples were also prepared and imaged in the same way.
Total element compositions of Icelandic plant ash samples were analyzed via ICP-OES after extraction with HNO3-HF-HClO4-H3BO3, following the procedure outlined in Xiong et al. (2019). In brief, samples were ashed at 550°C and then dissolved in HNO3-HF-HClO4. After evaporation to dryness, H3BO3 was added to the samples and evaporated to dryness to ensure re-dissolution of aluminum salts. Finally, samples were re-dissolved in warm 6N HCl. No residue remained after this procedure. We used an international sediment standard (PACS-2) to test the procedure to ensure full extraction of mineral phases. Replicate extractions of this standard gave recoveries of >95% for all elements of interest, with RSDs of <2%.
3 RESULTS
3.1 Thermomagnetic Behavior
Thermomagnetic curves for plant char and ash from Icelandic samples nearly all exhibit a drop in bulk susceptibility between 560 and 580°C, consistent with the Curie temperature (TC) of magnetite (Figure 1A). Several Icelandic samples also indicate the presence of a phase with a TC around 300°C. In general, the shape of the χ vs. T curves are different for char and ash produced from the same plant sample, suggesting that heating to the higher temperatures used for ashing produces magnetic phases with somewhat different compositions than those resulting from lower temperature treatments. By contrast, ash from the German plant samples display continuous decreases in susceptibility with heating and do not exhibit distinct disordering temperatures, except for Zea mays, which has a pronounced Curie temperature around 580°C (Figure 1B). No clear evidence of hematite or maghemite was observed in either high- or low-temperature magnetic data.
[image: Figure 1]FIGURE 1 | Example thermomagnetic curves of susceptibility measured on warming (red) and cooling (blue) for selected ash and char from (A) Icelandic plant litter and (B) German plant samples.
3.2 Low-Temperature Magnetic Properties
Low temperature magnetization curves (FC, ZFC, and RTSIRM) were measured for several sets of unburned, char and ash samples. In general, the FC and ZFC curves for Icelandic and German samples showed a steady decay of remanence on warming from 15 to 300 K, indicative of progressive unblocking of superparamagnetic nanoparticles. There were weak indications of the Verwey transition (T ∼ 100–120 K) for magnetite (Figure 2A) for the unburnt forms but no indication after combustion at 550°C. The exception was Zea mays (Germany) after charring at 300°C which had a noticeable expression of the Verwey transition on warming (Figure 3A). For two other samples from Iceland (Betula pubsescens and Lupinus nootkatensis), the unburned samples also indicated a magnetic transition near 40–50 K, but this disappeared once the samples were reduced to ash. However, the presence of magnetite in all samples (unburned, char, and ash) was confirmed from RTSIRM measurements on cooling from 300 K, which showed the characteristic magnetic signature for the Verwey transition (Figure 2B). In addition, hump-shaped remanence curves observed on cooling suggested that some of the magnetite was likely partially oxidized (Özdemir and Dunlop, 2010). For all samples measured there was no indication of the Morin transition (T ∼ 260 K) associated with hematite in any the FC, ZFC, or RTSIRM curves. Several of the measurements made on cooling after imparting a RTSIRM exhibit sharp drops around 150 K. These are considered to be artifacts that occurred due to shifting of the capsule in the sample holder. Data in Figure 2 have been adjusted to correct for this artifact, while the raw measurements are included in the Supplementary Table S3.
[image: Figure 2]FIGURE 2 | Low-temperature remanence measurements after field-cooling (FC) and zero-field cooling (ZFC) along with cooling and warming curves of room-temperature remanence (right-hand scales) for (A) unheated Icelandic plant litter and (B) ashed Icelandic litter samples.
[image: Figure 3]FIGURE 3 | Low-temperature measurements of (A) FC-ZFC and RTSIRM remanence and (B) frequency-dependent susceptibility for German char and ash samples.
The temperature and frequency dependence of AC susceptibility (χ′, χ″) for selected samples show a combination of paramagnetic and ferrimagnetic behavior (Figures 3 and 4). Unburnt samples displayed paramagnetic behavior (χ′ [image: image] 1/T) at the lowest measurement temperatures with a rapid decrease in χ′ with increasing temperature until around 150–200 K, when susceptibility begins to level off or increase slightly due to the ferrimagnetic contribution from magnetite. In this temperature range, some frequency dependence of susceptibility was observed, but the out-of-phase susceptibility was near zero with no temperature-dependent behavior. There was no clear indication in the χ-T curves of magnetite.
[image: Figure 4]FIGURE 4 | Low-temperature frequency-dependent susceptibility measurements for (A) Icelandic litter and (B) Icelandic ash samples. Out-of-phase susceptibility measurements are shown in inset plots.
After combustion and transformation to char or ash, significant changes in susceptibility behavior occurred, with the exception being the ash from Carex nigra which displayed pure paramagnetic behavior. The most noticeable changes occurred for ash from Lupinus nootkatensis and Betula pubsescens, where paramagnetic behavior is replaced by frequency dependent susceptibility and thermal relaxation peaks at T 4̃0–50 K in both χ′ and χ′′, characteristic of superparamagnetism in nanoparticles. In contrast to relaxation peaks, ash samples from Pinus contorta and Athyrium felix-femina displayed an increase in susceptibility from 15 to 50 K followed by gradual increase in χ′(T) to 300 K. For both Pinus contorta and Athyrium felix-femina, χ″ was near zero and showed no temperature-dependent behavior.
The char and ash samples of Zea mays show similar χ-T behavior with a small paramagnetic tail below 20 K followed by steady increase in susceptibility to 300 K. The Verwey transition is seen in the sample charred at 300°C but is absent in the ash sample, similar to the FC-ZFC results. There is also both frequency dependence and a monotonically increasing temperature dependent χ″(T) over the entire temperature range. Unlike Zea mays, χ-T curves for char and ash samples of Cirsium arvense displayed stronger paramagnetic behavior. Frequency-dependent behavior and temperature-dependent χ″ was seen only for the ash sample.
Low-field room-temperature susceptibility values obtained from the MPMS measurements indicate that bulk susceptibilities for fresh litter and 200°C char are in the range 7.0 × 10−8–1.3 × 10−7 m3/kg, while the 300°C char in the range 2.3 × 10−8–2.3 × 10−6 m3/kg, and values for ash are in the range 7.9 × 10−8–2.8 × 10−6 m3/kg. Frequency dependence of susceptibility is generally higher than than in char or unburnt litter samples, reaching 7.1% in ash from Icelandic plants and as much as nearly 12% in the German sample Cirsium arvense. The bulk susceptibilities for our ash samples are very similar to the range values reported for wood ash and cigarette ashes by Jordanova et al. (2006). They also reported Xfd values ranging from 5.0 to 8.5%, which is consistent with the range of values observed in this study. The highest susceptibilities in our Icelandic samples are lower than the average value of 5.3 × 10−6 m3/kg reported for ash from C4 plants from China by Lu et al. (2000). It is also worth noting that the average susceptibility of ash from C3 plants studied by Lu et al. (2000) was significantly lower at 1.2 × 10−6 m3/kg.
3.3 Hysteresis Properties
Hysteresis loops of unburned plant samples from both Iceland and Germany are dominantly characterized by diamagnetic high-field slopes with a superimposed ferromagnetic signal of variable strength (Figures 5A,D). Green leaves have notably smaller ferromagnetic components compared with dead leaves and plant litter samples. The diamagnetic background becomes reduced after burning at 300 and 550°C, with most ash samples having a dominantly ferromagnetic character and a small paramagnetic high-field slope. Several samples charred at 200°C had no discernible ferromagnetic component or the signal-to-noize ratios were not sufficient to confidently resolve hysteresis parameters, even in plants for which unburnt litter samples exhibited measurable hysteresis.
[image: Figure 5]FIGURE 5 | Example hysteresis loops for (A) unburnt Icelandic plant samples, (B,C) ashed Icelandic plants, and (D) unburnt and ashed German plant samples.
Ash from litter samples that were not cleaned before burning have consistently higher Ms compared to ash from cleaned litter (Figure 5C), however, the hysteresis loop shapes are nearly identical. Hysteresis parameters of ash and char from cleaned samples cannot be distinguished from uncleaned plant samples in plots of squareness (MR/Ms) vs. HC (Figure 6A). However, char and ash from green Icelandic plants and German plant samples have overall lower coercivities and MR/Ms ratios. The majority of measured plant samples fall in between the compositional trends proposed by Wang and Van der Voo (2004) for Ti-free magnetite (TM0) and TM60 titanomagnetite (Figure 6A), although several samples plot close to the magnetite trend. Icelandic samples charred at 300°C exhibit somewhat lower coercivities than unburnt samples or ash and char from other temperatures (Supplementary Table S1), but otherwise MR/Ms and HC do not exhibit a clear dependence on burning temperature suggestive of a systematic change in domain state.
[image: Figure 6]FIGURE 6 | (A) Hysteresis squareness (MR/Ms vs. Hc plots for ash and char from different subsets of plant samples along with compositional trends proposed by Wang and Van der Voo (2004). (B) Variations in saturation magnetization vs. coercivity by plant type for ash and char from cleaned Icelandic litter samples.
Saturation magnetization values of ash and char vary significantly among plant types for all burning temperatures. A comparison of mass-normalized Ms (based on the mass of the burnt samples) as a function of combustion temperature is shown in Figure 7 for both Icelandic and German samples relative to the unburnt plants. After charring at 200°C, Ms either decreases or remains relatively unchanged for most samples, while the majority of samples burnt at 300 and 550°C exhibit elevated Ms (Figure 7A). Ash from Icelandic litter samples exhibit Ms values that are higher than those of the unburnt litter by a factor ranging from approximately 2–35. By contrast, ash from green Icelandic samples are enhanced by as much as a factor of 160, while ash from German samples display more moderate enhancements, up to a factor of 16 (Figure 7D). The pattern of changes in Ms with burning temperature for uncleaned Iceland litter samples are generally very similar to those of the cleaned litter samples (Figure 7C).
[image: Figure 7]FIGURE 7 | Changes in saturation magnetization values in ash and char with burning relative to unburnt material for (A) green leaves from Icelandic plants, (B) uncleaned Icelandic plant litter, (C) cleaned Icelandic plant litter, and (D) German plant samples. Lefthand plots in C and D show Ms normalized by ash/char sample mass after burning while the righthand plots, as well as those in A and B, indicate relative Ms normalized by the initial plant mass prior to burning.
Average loss-on-ignition values after burning at 200°, 300°, and 550°C were 26%, 78%, and 93%, respectively, for Icelandic litter and German samples. Green leaf samples from Iceland had LOI values of 39%, 68% and 91%, respectively (Supplementary Table S1). To examine the relationship between LOI and magnetic properties of ash and char, hysteresis parameters are plotted as a function of mass remaining after burning in Figure 8. To account for the effect of mass loss during burning on the mass-normalized Ms values, we also calculated saturation magnetization values using the initial mass of plant material prior to burning based on the measured LOI values for each sample. When these values are plotted relative to that of the unburnt plant material, the changes in Ms as a function of burning temperature are much more variable. Approximately half of the samples exhibit decreases in Ms after ashing at 550°C while Ms increases by up to a factor of 2.3 in the remaining samples. However, ash from certain green Icelandic plant samples exhibit sharply enhanced Ms even after accounting for the LOI (Figure 7B). Ms is similarly lower in char and ash for most German plant samples when normalized by the initial plant mass.
[image: Figure 8]FIGURE 8 | Hysteresis parameters as a function of % mass remaining after burning. (A) Saturation magnetization, (B) coercivity, and (C) (MR/Ms) of ash and char from different subsets of plant samples. Note that the vertical axis in A is plotted on a logarithmic scale.
3.4 Composition and Surface Features of Plant Material
Total concentrations of Fe, Ti and Al determined from complete digestion of ash from cleaned Icelandic plant litter samples are shown in Figure 9A and listed in Supplementary Table S2, along with other selected metal concentrations. Among the plant species sampled, Fe and Ti contents vary by approximately 20-fold, with Fe concentrations in ash ranging from 3.9 to 71.5 mg/g. Total Fe is strongly correlated with both Ti and Al but is poorly correlated with micronutrients such as Mg, Mn, Cu, and Zn (see Supplemental Data). Saturation magnetization values in ash samples (burnt at 550°C) also exhibit a slightly weaker but clear positive correlation with Ti content (Figure 9B). Ti (and to a lesser extent Al) in plant tissues is commonly considered an indicator of soil and dust inclusion in plants, as Ti is not present at appreciable levels in most biological materials but is abundant in soils and atmospheric dust, as well as in particulate matter from pollution sources (Cherney and Robinson, 1983; Cary et al., 1986; Cook et al., 2009). The close correlations between Fe and both Ti and Al in the Icelandic ash samples suggest that a significant proportion of the Fe is from inorganic sources.
[image: Figure 9]FIGURE 9 | (A) Concentrations of Fe plotted against Al and Ti in Icelandic plant ash samples determined by wet digestion. (B) Comparison of Ti content with saturation magnetization based on the ashed mass of Icelandic plants. Error bars are based on relative standard deviation among analytical replicates. Data shown are for samples combusted at 550°C for 4 h. Red symbols in A represent mean elemental concentrations in various forms of biomass reported by Vassilev et al. (2010).
Jóhannesson et al. (2007) reported Fe concentrations in a range of 57–1,379 ppm in grasses and other forage plants from nearly 50 Icelandic farms. Similarly, Eiríksson et al. (2010) found an even wider variation of Fe contents in Iceland forage, from 100 to 5,000 ppm. These previous analyses are consistent with our determined elemental compositions in ash, which correspond to Fe contents in dry plant matter in the range 221–4,531 ppm. In an overview of chemical compositions of biomass, Vassilev et al. (2010) gives mean values of Fe, Ti, and Al contents in various forms of plant material that fall in the middle of the values observed for our Icelandic ash samples (Figure 9A), and with very similar elemental ratios to those reported here. Vassilev et al. (2010) further notes that strong correlations exist among Fe, Ti, Si, Na, and Al among various forms of biomass, and that significant Al concentrations are usually regarded as an indicator of soil inclusion.
Examination of cleaned plant samples with SEM imaging prior to burning revealed variable quantities of particulate matter on plant surfaces (Figure 10A). These particles appear as bright phases in backscattered electron imaging mode, and are interpreted to be fine inorganic dust and soil material that remain entrained in the leaf surfaces after cleaning. Based on these images, we inferred a qualitative relationship between leaf texture and particulate matter content. For example, large amounts of particulate matter are embedded in the thick, waxy cuticle on needles of conifer species such as Sitka spruce (Picea sitchensis, Figure 10A). Similarly, the fine leaf hairs of downy birch (Betula pubescens) are also effective in trapping particles on the leaf surface. By contrast, black sedge (Carex nigra) has a relatively smooth leaf surface with little inorganic material. Particulate matter was also observed on the surface of German plant samples, especially Zea mays. Energy dispersive spectroscopy (EDS) maps of Fe and Ti in magnetic extracts from selected Icelandic ash samples are shown in Figure 10B. The majority of Fe-rich grains in these samples are associated with Ti, and these are assumed to be derived from lithogenic titanomagnetite in the basaltic soil and dust parent materials.
[image: Figure 10]FIGURE 10 | SEM and EDS maps of plant and ash samples. (A) Backscattered electron images of Icelandic (top row) and German (bottom row) plant sample surfaces before burning. Small bright features are particulate matter. (B) EDS maps of Fe-bearing particles in Icelandic plant ash showing associations with Ti.
4 DISCUSSION
4.1 Possible Domain States of Magnetic Carriers in Ash
Most previous studies investigating magnetic properties of pyrogenic magnetic phases have found evidence for predominantly fine-grained magnetite of SD or SP-size. Kent et al. (2017) interpreted a unit enriched in isolated SD magnetite particles in continental shelf deposits as representing increased wildfire occurrence on land. In a simulated archeological burn, Carrancho and Villalaín (2011) observed the formation of SD magnetite across the heated surface of an experimental hearth. Similarly, Oldfield and Crowther (2007) found that pyrogenic ferrimagnetic phases are characteristically finer grained than typical pedogenic ferrimagnetic mineral assemblages. While we observed relatively large, MD-sized particles in SEM analysis of magnetic extracts from the ash, the elevated coercivities and moderately strong frequency dependence of susceptibility in many of the ash samples also suggests that there is likely a significant component of fine-grained SD and SP-sized magnetite as well.
In our low-temperature remanence measurements, the FC and ZFC curves for ash samples do not exactly correspond to the behavior expected for SD magnetite. For SD magnetite, FC and ZFC curves are typically bifurcated only below the Verwey transition (Tv), while merging together above Tv. In the data shown in Figures 2 and 3, the separation between FC and ZFC curves extends almost over the entire temperature range of measurement (20 –300 K) and, therefore, is not a clear indicator of pure SD magnetite. This type of behavior is observed in non-SD sized titanomagnetites and possibly maghemite (e.g., Smirnov and Tarduno, 2000; Carter-Stiglitz et al., 2006; Church et al., 2011), which are both likely present in the Icelandic samples. While RTSIRM curves indicate the presence of magnetite (based on Tv), the curves also display behavior typical of oxidized (maghemitized) magnetite (based on the humped shaped cooling curve) or titanomagnetite. The amount of remanence recovered after a cooling-warming cycle ranging from 85 to 95% is not a typical true MD magnetite response. Both the FC/ZFC and RTSIRM curves more likely represent combinations of partially oxidized particles (magnetite and titanomagnetite) in the SD- to small PSD size range.
4.2 Origin of Magnetic Phases in Plant Ash
4.2.1 Inorganic Sources of Fe in Plant Ash
Plants surfaces accumulate dust through atmospheric deposition and redistribution of soil particles by wind and water, some of which may be taken up into the leaf tissue (De Nicola et al., 2008). Although cleaning treatments such as washing with water, biological detergents, weak acids, and ultrasonication are useful in reducing metal concentrations from soil and dust on the surface of plant materials (Ugolini et al., 2013), no cleaning procedure has been found to successfully remove all surface contamination (Jones and Wallace, 1992; Cook et al., 2009). This is especially true for plants with a thick waxy cuticle, in which dust and soil particles may become embedded. Residual dust and soil can produce significant overestimates of the metal content in plant tissues, especially for Fe (Jones and Wallace, 1992; Cary et al., 1994). However, the extent of soil inclusion may be estimated by determining elemental concentrations of Ti and Al, which are not present at appreciable levels in most biological materials but are abundant in soils and atmospheric dust, as well as in particulate matter from pollution sources (Cherney and Robinson, 1983; Cook et al., 2009).
An increasing number of recent studies have demonstrated that magnetic measurements of leaves, especially tree leaves in urban environments, provides a good estimate of atmospheric particulate matter (Mitchell and Maher, 2009; Hofman et al., 2014). Previous analysis of Icelandic dust by X-ray diffraction and SEM found that it is largely composed of volcanic glass, with approximately 0.7 wt% magnetite and ulvospinel (Dagsson-Waldhauserova et al., 2014). The dust and soil in Iceland are derived from basaltic parent materials and are higher in Fe, Al, and Ti than dust and soils in typical continental settings. The strong correlation between total Fe content and MS with Ti and Al in plant ash is likely more pronounced in Iceland than it would be in other regions. The low TC values observed for some Icelandic samples are probably associated with titanomagnetite. Differences in soil and dust parent material composition probably account for the greater apparent enhancement in MS after burning (without accounting for LOI) for the Icelandic plant ash compared with German plant ash.
The remaining changes in MS with burning temperature after correcting for the loss of plant mass is attributed to thermal alteration of inorganic particulate matter. The nature of this alteration seems to vary among plant types, with significant increases in LOI-normalized MS indicating net production of strongly magnetic minerals. This phase is presumed to be magnetite, some of which is superparamagnetic and nanosized, which is the dominant phase observed in thermomagnetic curves for ash samples (Figure 1). However, it is not possible to distinguish possible pyrogenic magnetite from relict lithogenic magnetite based on the available data. Decreases in saturation magnetization after burning may reflect oxidation of lithogenic Fe-oxides, as the samples were heated in air inside a muffle furnace with a large volume. However, conditions appear to have been insufficiently oxidizing during ashing to produce hematite, which was not detected in any low-temperature or thermomagnetic (in air or argon) measurements.
4.2.2 Fe in Plant Tissues
In this study we observe a clear association between saturation magnetization and Ti content (Figure 9B), indicating that much of the magnetic material and Fe associated with the plant material is inorganic in origin. Plant tissues contain trace amounts of Fe as a micronutrient, with typical leaf concentrations for plants grown in growth chambers in the range 10–200 ppm (Himelblau and Amasino, 2001; Garnett and Graham, 2005). In contrast, the Fe concentrations measured in our ash samples correspond to leaf concentrations ranging from 220 to over 4,000 ppm. Among various organic Fe compounds, the protein phytoferritin stores iron as a ferric hydroxide similar to ferrihydrite (Briat et al., 2015), which some studies have hypothesized may contribute to pedogenic Fe mineral assemblages in soils (Gajdardziska-Josifovska et al., 2001; McClean et al., 2001). Fe stored in ferritin and other organic compounds could potentially also transform to ferromagnetic phases during burning of live plant material. Such transformations may be partially responsible for the larger increases in MS observed in green leaves compared to leaf litter from the same species (Figure 7A). However, phytoferritin and other plant proteins typically become degraded and mobilized during senescence, so ferritin is unlikely to remain intact in plant litter, which forms the bulk of the O horizon of soils. While Fe in plant tissues probably does contribute to the formation of Fe-oxide phases in plant ash, in most settings the organic component will be far outweighed by the contribution of inorganic particulate matter given the low concentrations of Fe in biological tissues compared to those in dust or soil.
4.3 Factors Influencing Magnetic Signatures of Plant Ash
Our experimental burning results indicate that the concentration of strongly magnetic phases in plant ash depends strongly on combustion temperature. The observed differences between saturation magnetization values normalized by the burnt sample mass vs. the initial plant mass demonstrate that while the concentration of magnetic material typically increases after burning at temperatures above 300°C, this increase may not necessarily reflect the formation of new magnetic phases. In many samples, most or all of the apparent increase in mass-normalized MS can be accounted for by the loss of mass during burning.
It follows that other mass-specific magnetic properties, such as susceptibility, that appear to increase in soils following wildfire events may also dominantly reflect a reduction in organic matter mass instead of pyrogenic mineral formation or transformation. Magnetic enhancement in fire-affected soils may therefore be a reasonable proxy for organic matter loss due to burning, which supports the suggestion of Jordanova et al. (2019a) that fire intensity is directly correlated with the resulting degree of magnetic enhancement. Our results further indicate that elevated mass-specific magnetic parameters following high-intensity burning, such as forest fires, primarily occur because mass loss associated with organic matter combustion serves to increase the concentrations of inorganic magnetic particles incorporated into plant material and secondarily occur due to thermal transformation of weakly magnetic inorganic phases to strongly magnetic phases (see Section 4.3 below).
While MS values are consistently elevated in char and ash produced at 300 and 550°C, the extent of this increase varies substantially among plant types. This variation is likely influenced by the amount of soil and dust inclusion in plant samples surfaces, as indicated by the strong correlation of MS with Ti content. In turn, our SEM observations indicate that Ti and particulate matter content qualitatively depend on plant type through differences in leaf texture and morphology. A study by Kardel et al. (2011) also found a species effect on leaf SIRM and the amount of retained particulate matter on urban tree leaves, where hairy or rough-textured leaves tend to accumulate more dust, while smoother, more hydrophobic leaves are more likely to shed dust. Kardel et al. (2011) additionally observed a strong seasonal affect, with particulate matter concentrations increasing throughout the growing season. Our findings also suggest that seasonality may play a role in the magnetic properties of plant ash, based on the contrasting burning-induced enhancement in green leaves compared to plant litter.
4.4 Implications for Magnetic Enhancement of Soils by Fire
Our results help to resolve seemingly conflicting results from earlier studies documenting changes in magnetic susceptibility in soils affected by fire, with some finding evidence for strong enhancement after burning (Blake et al., 2006; Clement et al., 2011, e.g.), while others find weak or no magnetic signatures of burning (Roman et al., 2013). We demonstrate that low-temperature burning even for several hours tends to decrease the magnetization of plant material, while higher burning temperatures produce significant increases in magnetization. Our finding that MS is reduced or relatively unchanged by burning at 200°C is consistent with the observations of Roman et al. (2013), who saw no significant changes in soil magnetic properties following short-duration, moderate-intensity grass fires.
Ferric (hydr)oxides such as goethite, lepidocrocite, and ferrihydrite are common phases in dust and soil. If present on plant surfaces, these phases will easily alter on heating and can transform rapidly to magnetite and maghemite, especially in the reducing environment created by combusting organic matter (Till et al., 2017; Till and Nowaczyk, 2018). For weakly magnetic ferric phases such as goethite and hematite in soils affected by low-intensity fires, the modest rise in temperature, which is restricted to the uppermost few cm, is likely insufficient to produce thermal alteration of these minerals (Roman et al., 2013; Jordanova et al., 2019a). However, high-intensity fires can heat soil down to depths of at least 10 cm to temperatures high enough to trigger reductive alteration of goethite and hematite to magnetite or maghemite Clement et al. (2011); Nørnberg et al. (2009); Ketterings et al. (2000). Soil in Iceland, like in other volcanic regions, typically contain high concentrations of poorly crystalline phases such as ferrihydrite and allophane (up to 15 and 30%, respectively, according to Arnalds (2004)). Ferrihydrite easily alters to magnetite when heated in the presence of organic matter (Hanesch et al., 2006; Till and Nowaczyk, 2018) and is a likely source of the ferromagnetic phase detected in Icelandic plant ash samples. Pyrogenic magnetite derived from ferric (oxy)hydroxides are typically fined-grained mixtures of superparamagnetic and single-domain particles (Gendler et al., 2005; Jeleńska et al., 2010; Till et al., 2015).
Another pathway for the formation of pyrogenic magnetite is through alteration of Fe-bearing clay minerals during heating, particularly smectites. Although structural Fe in smectites is stable up to temperature of 700°C (Moskowitz and Hargraves, 1982), Hirt et al. (1993) documented the formation of magnetite from weakly adsorbed Fe on smectite surfaces after heating to more moderate temperatures above 250°C. Certain clay minerals also have the potential to partially reduce hematite to magnetite on heating above 600°C, especially in less crystalline Al-hematites (Jiang et al., 2015). The magnetic properties of fire-affected topsoils will reflect mineralogical changes created by the combustion of organic matter and incorporated surface dust, including the possible formation of pyrogenic Fe-oxides, as well as heating-induced conversion of soil minerals if soil temperatures are sufficiently high.
Ash from wildfires is often both highly mobile (Whicker et al., 2002; Pereira et al., 2015) and reactive. While magnetic enhancement of fire events may be preserved over longer timescales in sedimentary archives such as lakes and continental shelf deposits Oldfield and Crowther (2007); Kent et al. (2017), it is unclear how long fire-related magnetic enhancement may persist in soils. For example, Jordanova et al. (2019b) found that the initial enhanced magnetic signal in soils containing wildfire ash decreased over a period of 3 years, presumably due to oxidation of magnetite by weathering and biogenic processes.
Finally, in comparing our experimentally produced char and ashes with burnt plant residues created by wildfires, it is important to note that natural burning conditions are far less controlled and constant than laboratory conditions Bodí et al. (2014) and that factors such as oxygen and fuel supply as well as temperature and heat transfer Pingree and Kobziar (2019) may be highly heterogeneous in field settings. Nevertheless, laboratory burning of individual plant species is a valuable approach for distinguishing the chemistry and magnetic properties of burnt plant material from that of soils.
5 CONCLUSION
We conducted a detailed rock magnetic characterization of burnt plant residues from individual species collected in Iceland and Germany. A close correlation between total Fe and Ti in the Icelandic plant samples indicates that a significant amount of the iron in plant ash is derived from inorganic particulate matter embedded in plant surfaces, which dominates the magnetic properties of the ash. Strong increases in saturation magnetization were observed after burning at temperatures of 300°C and above, indicating increasing concentrations of ferromagnetic particles. Most of this increase is attributed to the reduction in plant mass during burning, while thermal alteration of entrained dust and soil on plant surfaces plays a lesser role in determining the magnetic properties of plant char and ash. Ash from cleaned plant material exhibited hysteresis parameters very similar to that from uncleaned plant samples but with lower saturation magnetization values, suggesting that cleaning effectively reduced the concentration of surface dust, but the main magnetic phases are the same for cleaned and uncleaned plant material. Based on our study results, we do not expect plant ash to generate a unique magnetic plant-based fingerprint of burning events. Instead, magnetic properties of vegetation ash in soil and sediments will vary with the extent of burning, time of year, the local composition of dust and soil, and plant type due to differences in leaf morphology, which strongly influences the amount of retained inorganic material.
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Quantum diamond microscope (QDM) magnetic field imaging is a recently developed technique capable of mapping magnetic field sources in geologic samples at 1 micrometer resolution. Applying QDM imaging to speleothems can provide high‐resolution time series of detrital input into the cave environment, which, in turn, can yield useful paleoenvironmental information. Here we map the magnetic field over a speleothem from midwest Brazil over a 174 year timespan with annual to sub-annual resolution and perform backfield remanence acquisition experiments to quantify changes in the magnetic grain population through time. We find that magnetic particles occur in highly enriched layers of 10–100 µm thickness that sample the same detrital source population. Combined with petrographic observations and electron microprobe mapping of Mg and Ca, we conclude that detrital enrichment in our sample is caused by drier conditions leading to slow or halted speleothem growth. This interpretation is compatible with oxygen isotopic data and implies that speleothem magnetism can be used to infer the past occurrence of drought and potentially quantify their duration. Future high-resolution magnetic imaging of speleothems may provide additional insight into the mechanism of detrital enrichment and establish their role as a proxy for local moisture and infiltration.
Keywords: speleothem, environmental magnetism, paleoclimate, rock magnetism, drought
INTRODUCTION
Environmental magnetism studies seek to extract information about past Earth surface conditions using rock magnetic techniques, which can quantify properties of Fe-bearing mineral populations in sediments. Compared to geochemical and isotopic techniques, rock magnetism can characterize mineral populations at extremely low concentrations and is uniquely sensitive to some parameters such as grain size and Fe oxidation state. As such, environmental magnetism studies provide unique insight into past climates and environments. Although full applications of environmental magnetism are reviewed elsewhere (Verosub and Roberts, 1995; Liu et al., 2012), prominent examples include quantifying climatic and chemical conditions during deposition [e.g. (Maher et al., 1994; Liu et al., 2007; Slotznick et al., 2018)], identifying the provenance of detrital particles [e.g. (Blundell et al., 2009; Maher et al., 2009)], and understanding the mechanisms of pedogenesis and diagenesis (Bloemendal et al., 1992; Roberts, 2015).
Most environmental magnetism studies are based on measurements of magnetic properties in millimeter to centimeter scale specimens, hereafter referred to as bulk specimens. In the case of sedimentary samples deposited over time, analyses of bulk specimens at a range of stratigraphic heights can be compiled to construct a time series of magnetic properties, which can in turn be interpreted to record paleoenvironmental change. The temporal resolution of such studies is limited by the minimum volume of sample that retains sufficient magnetic content to be detectable using available instrumentation.
By recovering maps of magnetic fields with sub-millimeter resolution, magnetic imaging is a complementary approach that can circumvent spatial resolution limitations inherent to bulk specimens analyses. In addition to providing high temporal resolution, spatially resolved maps of magnetic field sources can pinpoint the mineralogical source of magnetic field signal. Combined with microscopy over the same regions of interest, this information permits the definitive attribution of a given magnetic signal to specific grain populations.
Magnetic field imaging techniques are therefore well-suited for analyzing environmental magnetism records that display heterogeneity at fine spatial scales. Cave deposits, or speleothems, hold unique potential for generating high-resolution time series due to the availability of high-precision U-Th age dating. Intensive study over the past decades has demonstrated their potential to retain paleoenvironmental information through a range of chemical and isotopic systems [e.g., McDermott (2004)]. With respect to magnetic studies, bulk samples extracted from speleothems have been used to show that the concentration of ferromagnetic minerals covary with other paleoenvironmental proxies. In mid-latitudes, magnetization intensity has been found to correlate with oxygen isotopic variations (Bourne et al., 2015) as well as with organic proxies for moisture (Zhu et al., 2017). These correlations, observed at the centennial to millennial timescale, may be due to greater production and transport of detrital magnetite into cave environments during times of heavier rainfall, which drive shifts in other moisture proxies.
Other mid-latitude speleothem studies have shown no clear relationship between stable isotopic and magnetic variations, finding instead a correlation between magnetism and other proxies for local detrital input such as speleothem coloration (Font et al., 2014). Finally, one multi-proxy study of a tropical speleothem from midwest Brazil has suggested that, at a multidecadal scale, drier periods with sparse vegetation dominated by plants with C4 photosynthesis lead to soil erosion and, therefore, enhanced flux of magnetic particles into the cave environment (Jaqueto et al., 2016).
All studies of speleothem magnetism described above used bulk specimens in their analyses, thus limiting temporal resolution to multi-decadal to millennial timescales. Although these records are suitable for understanding long-term climatic variations driven by insolation changes at these timescales, analysis with higher resolution time series, such as provided by magnetic field imaging, can potentially provide complementary insights. First, time series with annual or even finer resolution may reveal rapid paleoenvironmental changes occurring on these timescales such as effects of the El Niño Southern Oscillation or extreme climate events such as major floods. Second, high resolution records can help identify underlying forces that drive changes in the magnetic content of speleothems. For example, a seasonally resolved record would test the hypothesis that enhanced summer precipitation is responsible for enrichment of magnetic content in North American speleothems (Bourne et al., 2015). Finally, records with annual resolution over historical times would also allow comparison to instrumental or written records of environmental forcings such as precipitation, runoff, and soil pH. Relationships established through these direct comparisons may lead to more robust interpretations of speleothem magnetism records in deeper time.
Magnetic field imaging techniques used in speleothem analyses have thus far been limited to superconducting quantum interference device (SQUID) microscopy, which is capable of ∼150 µm resolution. In an analysis of ferromagnetic particle distribution in a North American speleothem deposited over a 500 years interval, Feinberg et al. (2020) found that magnetized layers correspond to major floods, showing that, at least in some settings, detrital enrichment in speleothems is a tracer of extreme precipitation events. However, the resolution of the SQUID microscope was unable to clearly separate individual flooding events during intervals where multiple events occurred within the same decade. Furthermore, because major floods typically occur after elevated precipitation over multiple timescales spanning days to years (Seiler et al., 2002), depositional layers from major floods may be accompanied by minor events that cannot be resolved by the SQUID microscope in the studied speleothem.
Although Feinberg et al. (2020) established a flood origin for magnetic particle enrichment in their sample, the mechanism responsible for incorporating magnetic particles in other speleothems remains poorly understood. High-resolution magnetic imaging of speleothems from distinct climate settings may be useful for identifying the mechanism of magnetic particle enrichment and thereby establishing their paleoenvironmental interpretation. Acquiring such a process-based understanding of magnetic particle enrichment is critical for the broader application of speleothem magnetism as a paleoclimate proxy.
High‐resolution mapping of different speleothems using the recently developed quantum diamond microscope (QDM), which has 30–100 times higher spatial resolution than the SQUID microscope, can potentially locate individual magnetic enrichment peaks with higher precision and provide fine details on the distribution of magnetic particles. Combined with other proxy data and petrography, such a high-resolution record can help identify the origin of detrital enrichment and reveal evidence for environmental change immediately before and after discrete depositional events.
In this study we use the QDM to map magnetic field sources in a Brazilian speleothem with annual resolution over a 174 year interval. Leveraging the annual to sub-annual temporal resolution of the analysis, we find that Fe-bearing detritus in the speleothem are highly concentrated in 10–100 µm scale bands that show no resolvable change in rock magnetic properties over the analyzed time interval. Combined with the fine-scale morphology, mineralogy, and composition of the magnetized layers, we conclude that the magnetized layers were deposited during slowdowns or hiatuses in speleothem deposition, possibly coupled with enhanced soil erosion during drier time intervals.
MATERIALS AND METHODS
We performed QDM imaging on the same speleothem sample from Mato Grosso State, Brazil analyzed for stable isotopes by Novello et al. (2016) and bulk specimens magnetic properties by Jaqueto et al. (2016) (Figure 1). The full candle-type stalagmite, known has ALHO6, was deposited in the Pau D’Alho cave (15°12′20″S, 56°48′41″W) over approximately 1,370 years between 490 CE and 1860 CE with an average deposition rate of 0.17 mm y−1 in the central column. Applying the QDM, which has a minimum pixel size of 1.2 µm and maximum field of view width of 2.25 mm, to the central column of the speleothem would therefore result in approximately 13 years per field of view with a nominal resolution of <1 week, which is too fine to compare to other proxy records. We therefore first binned pixels by a factor of 4 to achieve a spatial resolution of 4.7 µm per pixel, which is more closely matches the length scale of the magnetic signal and increases the signal to noise ratio. We also chose to image an approximately 5 × 10 mm sample with 0.5 mm thickness polished with 1 µm alumina grit extracted from the flank of the speleothem with finer laminae (Figure 2), thereby minimizing the measurement time required for a given timespan.
[image: Figure 1]FIGURE 1 | (A) Map of the Pau D’Alho cave and (B) optical image of the ALHO6 stalagmite sample. Green region in panel (B) indicates the age range studied in this work. Hashed patches in panel (A) denote collapsed rock piles.
[image: Figure 2]FIGURE 2 | Photographs of the measured sections of the ALHO6 speleothem with age dates, magnetic field time series, and δ18O and δ13C data. Age tie point of 1068 CE is based on U-Th dating of laminae while other tie points are interpolated from other U-Th ages based on distances in the speleothem central column. In right panel, first overlay shows the magnetic field map corresponding to a 1.5 T IRM oriented into the mapping plane. BIRM curve is a time series of mean magnetic field intensity computed from the map above. Red and green IRM curves are the bulk samples of Jaqueto et al. (2016) and QDM magnetic field values binned to the same time intervals. Coercivity Index curve is computed for each magnetized band and approximates the fraction of total magnetization with coercivity between 17 and 70 mT. Vertical error bars are 2σ. Oxygen and carbon isotopic data are from Novello et al. (2016). In the left panel, green arrows highlight example of a lamina that shows much stronger coloration in the speleothem flank, although most laminae show greater continuity.
Isotopic studies have shown that kinetic fractionation effects may bias the signal in speleothem flank compared to the central column while paleomagnetic studies have found evidence of grain rotations on inclined speleothem surfaces (Dorale and Liu, 2009; Ponte et al., 2017). However, compiling the anhysteretic remanent magnetization (ARM) susceptibility of 47 speleothem samples with lamina inclination between 34° and 90° showed no correlation between this angle and magnetization intensity (Ponte et al., 2017). Further, all but one prominent dark, magnetized lamina measured in our QDM section can be traced continuously between the speleothem flank and center (Figure 2; see green arrows). The disappearance of this lamina near the central column may be due to a drip water washing effect. Analysis of a speleothem with coarser, flood-deposited detrital particles has shown even stronger effects of drip water washing with pervasive depletion of detrital layers near the central column (Feinberg et al., 2020). Together, these observations imply that the central column of speleothems may not retain the most complete record of detritus deposition and that speleothem flanks should be preferred for measurements of particulate enrichment. We therefore argue that our choice to analyze the speleothem flank does not imply a lower fidelity record of detrital enrichment events compared to analysis of the central column and that changes in the deposition surface angle within our speleothem sample is unlikely to affect the relative intensities of measured peaks.
The compressed spatial scale of the speleothem flank section permitted our measurements, consisting of three tiled fields of view, to cover a 174 year interval between 957 CE and 1131 CE with temporal resolution ranging between 0.08 and 0.93 years per pixel. This period covers the Medieval Climate Anomaly (MCA) that occurred between 950 CE and 1250 CE. In tropical South America, this event was characterized a relatively dry climate caused by a weakened South American Summer Monsoon [SASM; (Vuille et al., 2012; Campos et al., 2019)]. This effect likely had widespread consequences for climate patterns across the South American continent as the SASM is responsible for ∼70% of the rainfall over South America and is considered a key driver for climate variability over the continent.
Each QDM magnetic field map was acquired in an instantaneous bias magnetic field of 0.9 mT, which was reversed repeatedly during the course of measurement to provide a near-zero net bias field [Figure 3; (Glenn et al., 2017)]. As a result, each QDM experimental run produces two magnetic field maps simultaneously. The first map shows the fields resulting from remanent magnetization carried by ferromagnetic grains with coercivity greater than the 0.9 mT instantaneous bias field while the second map shows the induced magnetic field corresponding to the instantaneous bias field. For the measurements analyzed here, field reversals during measurement resulted in a residual bias field of ≤0.7 µT. The resulting pair of maps therefore show the remanent magnetization in a ≤0.7 µT bias field and the induced magnetization in a 0.9 mT bias field.
[image: Figure 3]FIGURE 3 | Flowchart summary of experimental procedure. After we obtain a raw map of the magnetic field in the <111> crystallographic direction (B111), we apply background subtraction where necessary, convert to Bz using a Fourier domain transform, and stitch adjacent fields of view using the optical image associated with each magnetic field map. A time series of magnetic field strength, which is a proxy for magnetization, can be obtained with an age model. Repeated imaging of the same field(s) of view combined with a demagnetization or remanence acquisition sequence can be used to construct demagnetization or acquisition curves for small sub-regions.
We ran the QDM in projective magnetic microscopy (PMM) mode to maximize the signal-to-noize ratio (Glenn et al., 2017). The resulting raw maps therefore show the magnetic field strength in the <111> crystallographic direction, which is oriented toward 12 o’clock and 35.26° out of the mapping plane. For further analysis, we recomputed the maps to show the magnetic field component perpendicular to the surface (Bz) using a Fourier algorithm (Fu et al., 2020).
To recover rock magnetic information from speleothem samples, we first subjected the sample to a 1.5 T isothermal remanent magnetization (IRM) directed into the mapping plane. Previous rock magnetic characterization suggests that this treatment should result in a near-saturation magnetization carried by all but a small population of goethite or fine-grained hematite (Jaqueto et al., 2016). We then measured a backfield IRM acquisition sequence for a single field of view in steps of 2–10 mT up to 60 mT, at which point the magnetization in the QDM maps appeared to have fully reversed except for isolated regions (Figure 4). We further conducted a highly condensed backfield IRM acquisition experiment for all three ALHO6 fields of view by mapping the magnetic field after exposure to a downward 1.5 T IRM followed by upward 17 and 70 mT IRMs. Although speleothems typically have low concentrations of magnetic particles (Lascu and Feinberg, 2011), the applied IRMs resulted in generally strong magnetic field signals. We therefore used integration times of 30–60 min for our QDM magnetic field maps.
[image: Figure 4]FIGURE 4 | Backfield IRM acquisition experiment from one field of field. (A) Reflected light, crossed polarizer images of the mapped region. (B) Vertical component of the magnetic field after the application of a 1.5 pulse IRM into the mapping plane and an IRM of the indicated strength out of the plane. Mapped region corresponds to white dashed box in panel (A). (C) Backfield IRM acquisition curves of the five rectangular regions indicated in panel (B).
Due to artifacts arising from internal strain in the field-sensitive layer of the QDM diamond, we obtained blank magnetic field maps of an empty, polished quartz plate and subtracted it from the maps of speleothem magnetic fields (Figure 5). To construct time series extending beyond the coverage of a single QDM field of view, we imaged the magnetic fields in three tiled fields of view near the edge of the polished ALHO6 sample surface, using pixels located over empty space past the edge of the sample to calibrate the zero magnetic field value. We then stitched together the magnetic field maps by matching features in an optical image taken over the overlapping region. These optical images, which are taken using the QDM camera and optics, permit registration between the magnetic field maps and optical or electron microscope images with <5 µm accuracy.
[image: Figure 5]FIGURE 5 | Examples of high-resolution remanent and induced magnetization maps and demonstration of background subtraction. (A) Map of magnetic fields over the oldest of three mapped sections of the ALHO6 speleothem corresponding to approximately the 957–987 CE interval with time progressing toward the right. Sample has been imparted with a 1.5 T IRM in the into-the-plane (negative) direction. Positive and negative values denote the intensity of the magnetic field component out of and into to the mapping plane, respectively. (B) Field values in the remanent and induced field maps averaged across lines of equal deposition time.
Quantifying variations in the concentration of ferromagnetic minerals ultimately requires finding the per unit volume magnetization intensity. Although the magnetization intensity of unidirectionally magnetized sources such as the speleothem subjected to a saturation IRM can be determined uniquely (Feinberg et al., 2020), this technique cannot be used for backfield experiments that contain both positively and negatively oriented magnetizations. We therefore use the magnetic field strength observed at a fixed height above the sample as a proxy for the magnetization. This procedure requires repeatable positioning of the sample to the sensing diamond surface such that differences in sensor-to-sample distance do not bias the inferred intensity of magnetization. Using visible interference fringes between the polished sample surface and the diamond, we achieved reproducibility of 2 µm in the sensor-to-sample distance. Given the 10 µm thickness of the nitrogen-vacancy layer over which the magnetic field signal is averaged and the ∼0.5 µm thickness of the speleothem sections, these variations result in negligible magnetic field changes due to sample positioning.
From the calibrated and stitched maps, we averaged the magnetic field value from pixels along lines parallel to visible laminae to produce a curve for the mean magnetic field intensity as a function of time (Figure 3). We assigned calendar year ages to each data point in the time series of magnetic field strength using linear interpolations between U-Th ages obtained from the same speleothem (Novello et al., 2016). The QDM-mapped time interval included a single U-Th age tie point at 1,068 ± 51 CE and is bracketed by two additional tie points at 885 ± 73 CE and 1,305 ± 27 CE. We note that these age uncertainties are not relevant to comparisons between our QDM-derived magnetic field time series and other datasets from ALHO6 such as bulk specimens magnetization and isotopic data as these time series are cross-referenced based on visible features on the speleothem itself.
To complement these magnetic field imaging data, we quantified the coloration of the speleothem section analyzed using the QDM by converting a diffusely illuminated optical image to grayscale and averaging the brightness value along each lamina. We then rescaled the brightness data such that the maximum value is one and pure black is 0. To further support interpretation of the speleothem mineral assemblage, we obtained reflected light photomicrographs under crossed polar illumination on a Leica DM750 petrographic microscope and elemental maps of Si, Ca, and Mg using energy dispersive spectroscopy (EDS) on a JEOL 7900F electron microprobe at the Harvard Center for Nanoscale systems.
Finally, we performed spectral analysis to identify periodicities in the magnetic field time series using REDFIT (Schulz and Mudelsee, 2002) and wavelet analyses (Torrence and Compo, 1998) implemented in the software PAST (Hammer et al., 2001). All QDM remanence magnetic field maps and integrated magnetic field time series are available on the Harvard Dataverse (Fu, 2020).
RESULTS
Our time series of remanence-associated magnetic field over the ALHO6 speleothem extends over 174 years and shows strong concentrations of signal over narrow zones of high magnetic particle content (Figure 5). Compared to magnetization measured from bulk specimens (Jaqueto et al., 2016), the QDM-derived time series when binned at the same resolution appears to show a similar decrease in ferromagnetic content during the full analyzed interval between 957 CE and 1131 CE (Figure 2). The zones of high magnetization correlate clearly (Pearson correlation coefficient of r2 = 0.37; P value of P = 3.0 × 10−9) with the speleothem color with darker laminae consistently showing stronger magnetic signal (Figure 6).
[image: Figure 6]FIGURE 6 | Comparison between magnetic field intensity and grayscale brightness over the full QDM mapped profile with time progressing toward the right. The brightness levels have been normalized such that the maximum value is one and black is 0. Note that more negative values of magnetic field correspond to stronger magnetization due to the negative direction of the applied IRM. Both datasets have been binned in 48 µm intervals. Values on x-axis denote distance from the youngest end of the mapped profile.
The laminae-scale resolution of the QDM time series can inform the interpretation of magnetization variations observed in the bulk specimens analysis. Specifically, the concentration of magnetic signal in a small subset of laminae suggests that the majority of magnetic particles are deposited during discrete events. Further, each strongly magnetic band is typically divided into between 2 and 6 identifiable and laterally continuous fine laminae with enhanced magnetic signal (Figure 5), revealing that the detrital events responsible for the magnetic particle enrichment interval were clustered in time. Although the major magnetized bands are generally associated with visually dark laminae, the fine-scale magnetized laminations are not identifiable in optical imagery and would not have been identifiable using lower resolution SQUID microscopy (Figure 7). Most prominently, the highly magnetic laminae corresponding to 965 CE may be responsible for the elevated ferromagnetic signal observed in the corresponding bulk specimens (Figure 2). As such, bulk specimen analyses of the ALHO6 and similar speleothems are effectively documenting the intensity and frequency of discrete events that lead to enhanced deposition of magnetic particles.
[image: Figure 7]FIGURE 7 | Optical and electron microprobe analyses of a speleothem region covering the magnetically enriched 965 CE lamination. (A) Reflected light photomicrograph with crossed polarizers. Green box denotes the QDM field of view shown in Figure 5. Thin white outlines indicate the strongly magnetized regions. (B) EDS elemental composition maps of the orange boxed region in panel (A). Yellow arrows indicate position of zone with enriched Mg in all three maps.
Comparing the full backfield acquisition curves over a mapped area can identify the spatial context of different grain populations. While a 70 mT backfield IRM is apparently sufficient to re-saturate most ferromagnetic grains, two sub-regions of the ∼980 CE band show weaker magnetic signal after application of a 70 mT backfield IRM compared to after the original 1.5 T IRM (Figure 4, sub-regions 3 and 5). This behavior implies that these sub-regions contain a distinct, high-coercivity ferromagnetic mineral, which likely corresponds to the goethite or hematite phase detected in bulk sample analyses (Jaqueto et al., 2016). The coexistence of these mineral populations within the same laminae shows that both low-coercivity minerals, likely pedogenic magnetite (Jaqueto et al., 2016), and high-coercivity minerals, possibly weathered from overlying bedrock, are enriched simultaneously in the speleothem during the same depositional episode. Similarly, the spatially resolved backfield curves also indicate variations in the coercivity of remanence (HCR), which corresponds to the x-axis cross value of the curve, within the same lamina (Figure 4, sub-regions 4 and 5). These observations suggest that the low and high-coercivity grain types sample the same source population of detrital material.
These contrasts among the coercivity spectra of specific locations within the same detritus-rich laminae demonstrate that localized regions within laminae may not be representative of the layer as a whole. We therefore quantified both the mean and dispersion of coercivity for each magnetized band to construct our coercivity time series. We first conducted a highly condensed backfield IRM experiment, which consists of negative near-saturation IRM, a single intermediate IRM near the approximate HCR value (17 mT), and a positive near-saturation IRM (Figure 2). We then defined a parameter called the coercivity index that can be computed for each lamina in all three fields of view. This coercivity index is equal to the difference in magnetic field intensity between the final and the intermediate IRMs normalized by the difference between the positive and negative near-saturation IRMs. As such, this parameter effectively quantifies the fraction of remanence with coercivity above 17 mT.
We computed the mean coercivity index in four, equally sized sub-sections of each magnetized lamina. The scatter in the coercivity index among the four sub-sections is then used to compute a standard deviation around the combined mean value. Accounting for this scatter within individual laminae, we find no significant change in the coercivity index of successive magnetized laminae (Figure 2).
Another potential source of rock magnetic information about the speleothem laminae is the comparison between maps of remanent and induced magnetic fields, which can be obtained simultaneously on each field of view. This analysis for the ALHO6 fields of view found close similarity between the magnetic field pattern generated by a saturation remanence and by the induced magnetization (Figure 5). From this observation we infer that the bulk of remanent magnetization and low-field induced magnetization are carried by the same grain population, which likely consists of fine-grained magnetite (Jaqueto et al., 2016). In agreement with the coercivity index analysis above, differences in the ratio of induced to remanent magnetization are not clearly resolved between successive laminae.
DISCUSSION
Our QDM-based analysis of the ALHO6 section has provided an annually resolved time series quantifying variations in both the concentration and coercivity of ferromagnetic detrital particles. We now use these observations to investigate the mechanisms driving variations in magnetization and their paleoenvironmental implications. The concentration of most magnetic field signal in discrete, strongly magnetized laminae is similar to the magnetization pattern observed in a North American speleothem taken from Spring Valley Caverns, Minnesota and analyzed using the SQUID microscope (Feinberg et al., 2020). Well-defined magnetized horizons in that speleothem correspond to major flooding events, some of which were known from the historical record.
By analogy, episodic flooding events are a candidate source of detrital grains in the ALHO6 sample. However, no independent record of flooding exists for the Pau D’Alho cave in the investigated time interval to provide a direct test of this hypothesis. As a potentially relevant proxy record, δ18O values, which are most likely governed by the amount effect resulting in more negative values during times of stronger precipitation (Novello et al., 2016), do not show any consistent positive or negative excursions corresponding to the most magnetic laminae in our sample (Figure 2). This lack of strong correlation between δ18O and speleothem magnetism has been noted in previous observations (Font et al., 2014), although Jaqueto et al. (2016) found evidence for limited correspondence between high δ18O values and high magnetization intensity at multi-decadal timescales in the ALHO6 sample. However, δ18O is partially controlled by regional and global factors uncorrelated with local precipitation, while major flooding events are associated with high precipitation on multiple timescales and may not be well-predicted by short-term precipitation alone (Seiler et al., 2002; Lachniet, 2009). Therefore, the δ18O record is unlikely to provide a high-fidelity record of past flooding in the Pau D’Alho cave, and its lack of correlation with the magnetic signal does not provide evidence in favor of or against a flood origin for the detritus-rich layers.
Our QDM magnetic field imaging of the ALHO6 speleothem may aid in testing a flood mechanism for the concentration of magnetic particles. Previous researchers have used the occurrence of dissolution features (Railsback et al., 2013; Frisia, 2015) and the presence of coarse detrital clay particles as evidence for a flood origin (Dasgupta et al., 2010). At the ≤100 µm scale, our maps show that the magnetized horizons are sub-divided into thin, continuous laminae with enhanced magnetic signal (Figure 5). Optical observations of dark laminae that correspond to the stronger magnetized horizons also show no evidence for dissolution such as microcavities (Figures 1, 7). Although the strongly magnetized bands indeed show enrichment in coarse detrital silicates as expected for flood deposits (Figure 7B), they occur in much lower concentrations than in known flood deposits (Dasgupta et al., 2010).
In addition, because more severe flood events are able to loft and transport coarser grain sediments, the most prominent flood-related detrital layers are expected to contain coarser grains than minor layers (González-Lemos et al., 2015). The presence of a coarser grain population, which is more likely to exhibit multidomain behavior, in the most prominent flood layers would likely result in a shift toward softer coercivities (Dunlop and Ozdemir, 1997). Further, a shift in the grain size distribution is likely to change the relative abundance of magnetite and higher coercivity goethite and hematite particles, which are unlikely to have the same grain size distribution. Such a compositional shift would result in additional change in coercivity. Our QDM mapping, however, reveals no resolvable correlation between coercivity and the intensity of magnetization in magnetized laminae (Figure 2). Instead, the coercivity index time series suggests that the same population of ferromagnetic particles was incorporated throughout the analyzed time interval.
Finally, although the ALHO6 speleothem was sampled at a relative narrow corridor in Pau d’Alho cave close to a river stream that is subjected to episodic floods (Figure 1), the water from this river was observed to be predominantly limpid during a 13-months cave monitoring study (Novello et al., 2016). Therefore, it is unlikely for floods from this river to deposit allochthonous mineral grains on nearby stalagmites. Combining these observations, we find that flood events are an unlikely explanation for the formation of magnetized bands in the ALHO6 speleothem.
Aside from flood events, a hiatus or slowdown in speleothem deposition may also lead to concentration of detrital particles, leading to layers with high Fe content that are difficult to distinguish from flood-deposited horizons (Wassenburg et al., 2012; Denniston and Leutscher, 2017). As an additional factor, vegetation retreat during dry intervals may enhance soil erosion, further enhancing detrital particle delivery to the speleothem during periods of slow growth. Focusing first on the morphology of magnetized layers imaged in the QDM, most magnetized horizons are thin (<50 µm), continuous, and occur in groups that include one or more strongly magnetized layers. This morphology is most similar to L-type layer bounding surfaces deposited during intervals of reduced or halted speleothem growth. Such aridity-induced features are associated with fine-grained detritus and typically include groups of laminae that show smaller progressively separation [Figure 5; (Railsback et al., 2013)].
The observation of constant coercivity through time, which is inconsistent with a flood origin as discussed above, may be more consistent with a hiatus or slow deposition origin for the detritally enriched horizons. In this scenario, brief decreases or hiatuses in the speleothem growth rate would have led to the concentration of detrital particles, forming the thin, <20 µm detritus-enriched layers observed in the QDM maps (Figures 1, 4). Meanwhile, prolonged slowdowns in growth would have caused the major magnetized bands. Given the location of the ALHO6 speleothem far from the cave entrance, the ultimate source of the accumulating particles was likely epikarstic soil washed down into the cave and carried by drip water instead of airborne dust (Herman et al., 2012). In either case, the source population of detrital grains is controlled by the composition of surrounding soils and not expected to covary with speleothem growth rate. This formation mechanism is therefore compatible with the observation of indistinguishable coercivities in major and minor magnetized bands.
Our analyses of crystal habit and elemental composition in the ALH6 speleothem may provide additional tests for the hypothesis that magnetized zones are associated with hiatuses or slow deposition. Reflected light imaging through crossed polarizers shows that strongly magnetic horizons are associated with fine grained (≤10 µm), unoriented calcite crystals intermixed with 10 µm scale silicate grains (Figure 7). These horizons immediately precede columnar calcite with 100–400 µm length grains. Although by itself not a conclusive indicator of past moisture environment, fine-grained calcite layers with fine detrital enrichment followed in time by coarse, pure columnar calcite growth have been associated with hiatuses in other studied speleothems (Frisia, 2015; González-Lemos et al., 2015; Vanghi et al., 2019). Further, one textural study at sub-annual resolution has suggested that cycles of fine-grained calcite followed by columnar habits correspond to higher and lower calcite saturation in the drip water, respectively (Mattey et al., 2008). If the textural changes in the ALHO6 sample are caused by a similar mechanism, it would provide support for an association between fine-grained, highly magnetic zones with low moisture.
Similarly, variations in calcite Mg/Ca ratios can indicate shifts in local hydroclimate. Specifically, higher Mg/Ca is frequently attributed to prior calcite precipitation (PCP), which refers to the exsolution of calcite out of percolating water prior to deposition on the speleothem. Because increased PCP implies higher calcite saturation in the drip water, higher Mg/Ca is indicative of dryer conditions or low pCO2 in the cave environment (Hellstrom and McCulloch, 2000; Huang and Fairchild, 2001; Cruz et al., 2007; Fairchild and Treble, 2009; Oster et al., 2012). Our electron microprobe imaging of the ∼965 CE magnetized horizon revealed higher Mg counts in the interval corresponding to strong magnetizations while Ca counts remained constant throughout. Some Mg enrichment, especially as strong isolated sources, are correlated with Si enrichment. These Mg sources can be attributed to detrital particle enrichment and are unrelated to PCP-induced shifts in the Mg/Ca ratio. However, the Mg map also shows diffuse enrichment not clearly associated with Si signal (Figure 7B), which suggests a distinct, non-detrital enrichment mechanism. In addition, regions of diffuse Si enrichment do not correlate with high Mg, implying that fine silicate particles are not detectable in the Mg map and cannot explain the regions of diffuse Mg enrichment. These observations strongly suggest that the higher Mg/Ca ratios in ratios of diffusely enriched Mg are due to higher Mg/Ca in the host carbonate. If this shift is due to increased PCP, it most likely suggests the occurrence of drier conditions during the deposition of magnetic intervals because cave pCO2, which is an alternative driver of Mg/Ca change, typically varies on much shorter, sub-annual timescales (Baldini et al., 2008; Oster et al., 2012).
As a further test for the dry interval hypothesis of magnetic enrichment, we examine the δ18O record, which may document variations in ancient precipitation. Our high temporal resolution time series does not show a significant correlation between magnetization and δ18O (r2 = −0.003), in contrast with the work of Jaqueto et al. (2016) on the same speleothem at coarser resolution (Figure 2). As discussed in the Materials and Methods section, the fact that our samples derive from the flank of the speleothem while the δ18O record was taken from the central column is unlikely to explain the lack of correlation.
The specific time interval chosen for the analysis, which corresponds to the MCA (Vuille et al., 2012), may contribute to the lack of correlations between magnetic and δ18O records, as the strongest correlation between bulk specimens magnetization and δ18O was observed prior to 900 CE and after 1450 CE. Further, the mechanisms controlling variations in magnetization and δ18O may not respond to climate forcings on the same timescales, resulting in decoupling at the highest resolution. For example, local δ18O may be influenced by the composition of upstream rainwater within a single watershed, leading to a spatial and temporal averaging effect while magnetization, according to our hypothesis, reflects the balance between local moisture and dust mobilization. Therefore, the lack of correlation between magnetization and δ18O at annual to sub-annual timescales does not support or rule out a connection between speleothem magnetization and local precipitation intensity.
In contrast to our annual resolution study, Jaqueto et al. (2016) observed that strong bulk specimens magnetizations correlate with positive δ18O excursions on multi-decadal to century timescales. Assuming the amount effect as the dominant driver of δ18O variation on annual to decadal timescales, this observation implies that stronger magnetizations occurred during times of reduced precipitation. To explain this correspondence, the previous authors argued that sparser vegetation during drier intervals enhanced erosion in the overlying soil. Similar correspondence between less depleted δ13C compositions and strong bulk specimens magnetizations provided further direct support for an ecosystem shift toward aridity-tolerant grassland plants during times of higher magnetic particle flux.
Although our high-resolution magnetization time series does not show direct correlation with either δ18O or δ13C variations (Figure 2), our aridity-driven hypothesis for the formation of magnetized laminae is compatible with the apparent correspondence between magnetization and these stable isotope proxies at longer timescales. Comparison of our binned data with bulk specimens results as presented above suggests that other periods of strong magnetization in the Jaqueto et al. (2016) analysis likely correspond to more frequent occurrence of magnetized bands. Less depleted δ18O and δ13C signals during these intervals point to a drier environment, which is fully consistent with our interpretation that decrease or hiatus in the rate of speleothem deposition leads to magnetic particle enrichment.
Finally, speleothem coloration, which in our sample is correlated with magnetic particle content (Figure 6), has been suggested as an indicator of past hydroclimate in other speleothems. Several studies have found darker coloration to be associated with enrichment in organics and wetter conditions (van Beynen et al., 2001; Martínez-Pillado et al., 2020), which, if applicable to the ALHO6 sample, would contradict our interpretation of aridity-driven magnetic particle enrichment. However, the presence of fine detrital particles, associated with flooding or hiatus, may also lead to darker coloration (Dasgupta et al., 2010; González-Lemos et al., 2015). This coloration mechanism is consistent with optical and electron microprobe observations of ALHO6 that reveal enrichment of silicate minerals and visible opaque phases corresponding to magnetized zones (Figure 7).
However, not all magnetic horizons can be associated with detrital horizons visible in optical or electron microscopy. This lack of corresponding visible grains may be because the remanence-carrying ferromagnetic grains are smaller than the resolution of these microscopy techniques, which is consistent with the pseudo-single domain behavior of the bulk rock magnetic samples (Jaqueto et al., 2016). At the same time, magnetic field measurements are sensitive to ferromagnetic particles buried beneath the polished surface and is indicative of the detrital particle concentration throughout a larger volume than optical or electron microscopy. We therefore argue that magnetization in the ALHO6 sample is a more sensitive indicator of detrital particle enrichment than coloration alone.
Our observation that the magnetic signal is concentrated in distinct 10–100 µm intervals demonstrates that enhancements in speleothem magnetization occurred in multiple discrete events. This behavior suggests that magnetic particle concentration was driven by individual hiatuses instead of solely by generally enhanced soil erosion during dry intervals, which is caused by vegetation changes and likely to be elevated during the full duration of aridity (Jaqueto et al., 2016). Fine-scale magnetic imaging of the ALHO6 speleothem, therefore, shifts the emphasis from soil erosion to the speleothem growth rate as the primary driver of detrital enrichment (Jaqueto et al., 2016). We note, however, that slow speleothem growth and enhanced soil erosion are likely to occur simultaneously during arid intervals and may both contribute to the enhancement of detrital content in ALHO6.
Although no significant correlation exists between our magnetic field data and previously published δ18O and δ13C time series [see above; (Novello et al., 2016)], the two datasets may contain overlapping peaks in the frequency domain. To test this, we performed spectral analysis on the full magnetic field time series using the REDFIT routine, which revealed periodicities between 18 and 45 years with ≥99% significance level (Figure 8A). Our complementary wavelet analysis confirmed the existence of significant periodicity in this frequency range throughout the entire time interval of our data (Figure 8B). In comparison, the ALHO6 oxygen isotopic record from an approximately 1,600 year interval found a dominant periodicity of 208 years along with other significant periodicities of 83, 31, 18–16, 11, 9 and 7–3 years. Most of these periodicities were interpreted to be associated with solar cycles influencing the SASM. Comparison to the magnetic field data shows that both datasets contain significant power with ∼30 and ∼18 years periodicity, although the latter is only significant during the early part of the magnetically analyzed interval. The dominant periodicity in the δ18O data could not be recovered from the magnetic field time series due the short, 174 years duration of the latter. This correspondence between the spectral content of the two time series despite a lack of time domain correlation may be due to an offset in their age calibrations over part of the time interval. Regardless, the similar spectral characteristics of the magnetic field and δ18O data suggests that the two quantities may respond to similar drivers, including environmental moisture.
[image: Figure 8]FIGURE 8 | Spectral analysis of the magnetic field time series. (A) Spectral analysis (REDFIT) performed on the magnetic time series (in units of μT and with equally spaced 0.25 years intervals) using the software PAST2 (Hammer et al., 2001). The parameters used were: window: rectangle; oversample: 2; segment: 5. The red line represents the 99% χ2 confidence level. The number above the picks indicates the periodicity values in years. (B) Wavelet analysis performed on the magnetic field time series using the software PAST and the Morlet mother wavelet (Torrence and Compton, 1998). Black lines indicate the 95% significance level and the cone of influence, inside of which the record is of sufficient length to interpret results.
The occurrence of thin magnetically enriched horizons both before and after major magnetized bands suggests that, if detrital particle enrichment was due to dryness as argued above, these sets of magnetized layers during multi-year dry intervals during which speleothem growth rate gradually slowed to minimum, possibly null, rate and recovered over a similar interval. The preservation of an apparent transitional period prior to the main magnetized laminae indicates the lack of dissolution during the interval of peak aridity, which is supported by the lack of erosion and replacement features such as microcavities (Railsback et al., 2013). Future high-resolution U-Th dating of the speleothem combined with QDM analysis of magnetic particle concentration may allow quantification of the aridity onset timescale. Comparison between the present dataset, which reflects drier, weak monsoon conditions during the MCA, and the magnetization record outside of the MCA may help to determine to what degree the severity and the frequency of drought each contributed to the enhanced aridity during this anomalous period.
SUMMARY AND OUTLOOK
Our QDM magnetic field imaging of the ALHO6 speleothem has produced the first time series of multiple rock magnetic parameters with annual to sub-annual resolution. We find that the distribution of ferromagnetic content within the speleothem is highly non-uniform, with virtually all resolvable signal occurring in 10–100 µm scale horizons of high magnetic field intensity (Figure 5). The coercivity of magnetic particles as determined by backfield IRM acquisition experiments vary within individual laminae, indicating that magnetic hard and soft grain populations were deposited simultaneously and therefore likely sample the same detrital particle source.
The averaged coercivity of discrete magnetized regions does not show resolvable variation over the 174 years interval of measurements. This lack of covariance between the amplitude and detrital grain size of magnetized layers, coupled with the clustered nature of magnetized horizons and the lack of coarse detrital material, suggests that magnetized layers formed due to detritus accumulation during times of slow or halted speleothem growth instead of during flood events.
This aridity-driven origin of magnetization is also compatible with apparent correlations at longer timescales between the speleothem magnetization and positive δ18O excursions assuming that the amount effect is the primary driver of δ18O variability (Jaqueto et al., 2016). Finally the change in calcite crystal habit and higher Mg/Ca ratios in highly magnetized zone provide further support for dryness, which is likely accompanied by vegetation retreat and enhanced soil erosion, as the driver of magnetic particle enrichment. If the association between magnetization and aridity is correct, the presence of multiple thin (∼20 µm) magnetized horizons pre- and post-dating the main magnetized laminae suggests that the arid intervals occurred with gradual onset and resolution.
Future QDM imaging of speleothems from Pau D’Alho and surrounding caves during other time intervals can test the consistency of the detrital particle enrichment mechanism. In particular, because our analyzed time period occurred during a generally drier interval in central Brazil corresponding to the MCA (Vuille et al., 2012), data from wetter intervals may show different controls on the occurrence and intensity of magnetic enhancement.
Other future QDM-based studies can be used to characterize the micrometer-scale morphology and rock magnetism of speleothem samples from other cave systems and climate regions. In particular, extra-tropical speleothems from North America and China have been described with positive correlations between speleothem magnetism and inferred paleoprecipitation (Bourne et al., 2015; Zhu et al., 2017), which is the opposite of the relationship found in the ALHO6 sample. QDM magnetic field imaging of these samples may provide insight into the mechanism of detrital enrichment. For example, inference of anomalously coarse mineral grains in major detrital horizons through coercivity analysis would provide support for paleofloods as the main delivery mechanism (González-Lemos et al., 2015). Meanwhile, magnetization due to dispersed magnetic grains sampling a single source population would suggest that bulk speleothem magnetization is modulated by the flux of fine particles carried into the cave via drip water. Such studies would provide a foundation toward understanding the diverse processes influencing the concentration of detrital material in speleothems and inform the paleoclimate interpretations of observed variations.
High‐resolution time series provided by QDM analyses would also permit novel comparisons between magnetization and other measurements or proxies taken at annual to sub-annual resolutions. Importantly, QDM-produced time series can match or exceed the temporal resolution of δ18O records, enabling testing of the mechanisms that drive stable isotope fractionation at short timescales. At the same time, direct comparison between QDM-generated time series and historical records such as rain gauge data may produce conclusive tests regarding the mechanism of magnetic particle enrichment, at least in specific cave settings. If such studies can establish a consistent relationship between past precipitation conditions and speleothem magnetization, QDM imaging may be able to provide annually resolved records of local moisture over thousand-year timespans.
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Ground magnetic survey profiles across a soil-covered and weathered mafic dike in sedimentary host rock not only permit to delineate the strike, width and burial depth of the intrusive basalt sheet, but also reflect the subsurface deformation of its clayey weathering products. We illustrate this finding and its practical geomorphological applicability by an example from the mid-German Heldburg Dike Swarm, where blue- and olive-gray basalt-derived clays inherited not just the dike space previously occupied by the basalt, but also large parts of its magnetic iron minerals and their strong induced and remanent magnetization. Such ductile basaltic “marker soils” deform and move with the surrounding low-magnetic host soils, but remain distinguishable by their contrasting colors and high magnetic susceptibility. Ground magnetic surveys can therefore delineate soil creep distance at meter- and basalt weathering depth at decimeter-precision. Magnetic mapping of a weathered dike’s cross-section from an exploration trench by in-situ susceptometry permits to analyze past soil deformation in great detail. Weathering and solifluction transforms the simple “vertical sheet” anomalies of dikes into complex, but still interpretable composite patterns, providing a new and promising exploratory approach for field studies concerned with soil creep and pedoturbation.
Keywords: soil creep marker, weathered basalt dikes, magnetic anomaly, ground magnetic survey, in-situ susceptometry, Heldburg Dike Swarm
INTRODUCTION
Soil creep and pedoturbation are fundamental issues of geomorphology and pedology (Pawlik and Šamonil, 2018). Patient observations, often over several years, are needed to assess and quantify the slow motion and deformation of soils properly. Biological creep markers such as tree tilting have been occasionally used (e.g., Alestalo, 1971; Gärtner and Heinrich, 2013), but their vertical, lateral and temporal resolution is fairly limited. Geological soil creep markers such as soil-embedded “stone lines” originating from weathering-resistant quartz veins in the underlying bed rock (Johnson, 2002) can potentially delineate the entire creep trajectory of a soil complex from pedogenesis to erosion. However, finding such durable marker rocks in a soil complex and following their spatial dispersal requires fortunate geological settings and massive, meticulous soil excavations. Here, we propose a more rapid and less invasive concept to deduce past soil creep from irregular magnetic anomalies of weathered basalt dikes using established ground magnetic survey and in-situ susceptometry methods.
GEOLOGICAL SETTINGS
Volcanic dike swarms in sedimentary host rock are typical features of extensional continental basins with underlying small-volume intraplate volcanic fields. We chose the “Heldburg Dike Swarm” (HDS) for our ground magnetic studies, a 70 × 20 km large mid-German intraplate volcanic field with numerous typically 0.1–10 km long, ∼1 m wide, near-vertical basalt dikes, that are parallel with the “Rhenish” NNE-SSW strike of the European Cenozoic Rift System (Wilson and Downes, 2006). The silica-undersaturated basalts of the HDS intruded into the Upper Triassic “Keuper” formations of the Hassberge cuesta range in Northern Bavaria during early Oligocene and in mid-Miocene (Abratis et al., 2015; Pfänder et al., 2018). Typical local host rocks of HDS dikes are partly dolomitized quartz and arkose sandstones, siltstones and claystones (Geyer and Schmidt-Kaler, 2006).
Owing to intense weathering and solifluction, in particular under past periglacial conditions, these dikes are now concealed under meter-thick soil cover and hard to detect with geological field methods. Their representation in official geological maps is largely incomplete and often oversimplified as Figure 1A exemplifies. Finding and tracking hidden mafic dikes is a classical task for ground magnetic surveying. During yearly applied magnetics field courses from 2013 to 2020, Bremen geoscience students have magnetically explored several Bavarian HDS dikes in full length and high resolution. As the basalt’s strong magnetization highly contrasts with the low magnetizations of the sedimentary host rocks and soils, the magnetic anomalies of clay-weathered HDS dikes emerge prominently from the very quiet magnetic background of the Keuper formations. We present as our case study a so far largely unknown buried dike near the Franconian villages of Manau and Walchenfeld, whose course through hilly forest- and farmland is clearly delineated by its magnetic anomaly (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Inset: The Heldburg Dike Swarm (HDS) region is located in the mid-German Upper Triassic “Keuper” formations. Previously charted sector (orange line) and newly explored complete course (magnetic anomaly map in blue/yellow) of a weathered mid-Miocene basalt dike near the villages of Manau and Walchenfeld (Hassberge, Northern Bavaria). The shown geological map is redrawn from Schröder (1976) and georeferenced to UTM coordinates (WGS 84 sector 32N). (B) Northern dike section delineated by 13 precision ground magnetic W-E profiles. Note the varying amplitudes and shoulders of the anomaly. Blue triangles and numbers mark dike center positions and Sokolov depth estimates. The red square symbolizes the position of the exploration trench. Topographic contour lines are based on own GPS elevation data; gray arrows mark slope gradients.
METHODS
Ground Magnetic Surveying and Data Processing
During two four-days campaigns in 2015 and 2018, we surveyed the total magnetic field B (x, y) and its vertical gradient dB/dz (x, y) over a parallelogram-shaped area enclosing the Manau-Walchenfeld dike using three portable GEM GSM-19GW Overhauser gradiometers as “rovers” and a fourth GEM GSM-19 as “base.” The lower of the rover’s two Overhauser sensors (whose data are shown here) was attached to a vertical aluminum pole such that it was always held or carried 0.7 m above ground. The upper (gradiometer) sensor was mounted in 1.7 m and the GPS antenna in 2.5 m height. Starting from a short previously known dike section (orange line in Figure 1A), the dike’s course and full length (∼1.5 km) was first determined by zigzagging GPS-guided exploratory search profiles. The entire dike was then surveyed in great detail along some 130 parallel ground magnetic W-E lines of 200 m (2015) or 100 m (2018) length, mutually offset by 20 m in the southern sector (lower part of Figure 1A) and by 8 m in the northern sector (Figure 1B).
Every fifth survey line was measured in the more precise “point mode,” where the magnetometer was manually placed on an oriented surveyor’s ribbon in 50 cm steps (exploration trench profile: 25 cm) and readings were averaged over 3 s sampling time. This more time-consuming method enabled us to obtain ±1 nT data repeatability and an estimated relative positioning error of Δx ≤ 10 cm required for dependable numerical anomaly modeling. The other four out of five intermediary survey lines were surveyed in the faster “walking mode,” where the operator carried the two sensors on a non-magnetic backpack along staked-out ranging rod lines. Walking at a speed of ∼1 m/s, the chosen sampling time of 0.5 s is equivalent to ∼0.5 m data spacing. On open farmland, walking mode data have a dynamic GPS positioning error of about ±1 m, which is acceptable for mapping purposes. In densely forested areas, an intolerable GPS error of up to ±5 m forced us to partly return to traditional, more laborious surveying methods based on ranging rods, surveyor’s ribbon and compass for profile setup.
Data processing and numerical 2D forward modeling were conducted with Geosoft Oasis montaj software. All ground magnetic data were corrected for diurnal field variation using own base station recordings and levelled to remove heading error. Anthropogenic structures like roads, wire fences or signposts were charted and their assumed anomalies eliminated from profiles. An averaged regional geomagnetic background field was subtracted from all survey profiles; an additional linear regional trend correction was applied to the modeled profile.
Exploration Trench and In-Situ Susceptometry
In order to reveal the geometry and weathering state and to determine the paleo- and rock magnetic properties of the buried dike structure, an approximately 2.50 m long, 0.80 m wide and 1.80 m deep exploration trench was dug across the anomaly center in a hillslope location (marked in Figure 1B) and extended sideways by auger drill soil probing. The near-vertical northern trench wall was subdivided into 5 × 7 sectors of 50 × 25 cm size with pegs and strings, that were individually photographed (photo mosaic in Figure 2A), visually described (with finger probe), and magnetically mapped using a battery-powered Bartington MS2F susceptometer with point sensor, whose sampling time was set to 10 or 1 s depending on the required sensitivity range. A stencil with 50 holes on a 5 × 5 cm grid was attached to each trench wall sector to facilitate a quick and accurate sequential placement of the point sensor to all 50 × 37 = 1850 susceptibility grid positions on the trench wall (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) Photo mosaic of exploration trench wall with strings marking 25 × 50 cm sectors. The dolomitized sandstone in the lower left was later removed and measured, but not photographed. (B) Schematic host soil sections with overlain magnetic susceptibility contour plot based on in-situ susceptometry data collected on a 5 × 5 cm grid. Low-magnetic host rock soils (0–1 × 10–3 SI, gray) show pedoturbated fringes with the ochre and olive-gray medium-magnetic (1–4 × 10–3 SI, dark to light blue) and blue-gray high-magnetic (4–16 × 10–3 SI, green to yellow) basaltic weathering products. In 60 to 110 cm depth, basalt-derived clays are laterally protracted. The petromagnetic classification and color scheme at right associates basalt weathering stage with in-situ magnetic susceptibility.
Paleo- and Rock Magnetic Sampling and Laboratory Measurements
To obtain calibrated volume susceptibility (κ) and Natural Remanent Magnetization (NRM) values for all observed materials, required for subsequent numerical anomaly modeling, 106 paleomagnetic sample cubes of 6.2 cm³ volume were pressed into the trench wall along three vertical transects to collect host soils and different basalt weathering stages. Some soil-embedded basalt relicts of the local dike and from pristine nearby basalt outcrops were likewise fixated in sample cubes. Volume susceptibility measurements of all collected cube samples were taken with a Kappabridge KLY-2 precision susceptometer. NRM intensity and orientation were determined with the automated 2G 755R cryogenic DC SQUID magnetometer of our paleomagnetic laboratory (Mullender et al., 2016). The remanent (Mrem) and induced (Mind) magnetizations of all samples s and their (dimensionless) Koenigsberger Q ratios (Koenigsberger, 1938) were determined based on the standard formula
[image: image]
RESULTS
Magnetic Anomaly Patterns and Burial Depth Estimates
At first glance, most ground magnetic W-E profiles (Figure 1B) remind on textbook-style anomalies of thin vertical dikes with soil or sediment overburden (Telford et al., 1990; Hinze et al., 2013). Each of these profiles features a single central anomaly maximum of 60–160 nT amplitude dropping off to the local background without obvious side minima. These anomalies are perfectly aligned and trace the course of one single, straight, narrow, near-vertical volcanic dike with a length of ∼1.5 km and a “Rhenish” strike of N8°E, intersected by two sinistral and one dextral en échelon offsets (Figure 1A).
However, at closer inspection, most of the observed anomalies display a greater range of shapes than theoretical “vertical sheet” anomaly formulas (Telford et al., 1990) can assume. Most peaks have single- or double-sided shoulders and/or tails of varying extent, some are crested with smaller spikes (<5 nT). These irregular and diverse anomaly features within and beyond the dike section of Figure 1B imply, that additional magnetically enhanced material must exist at one or both sides of the dike. As these “abnormal” anomaly features are recorded with lower amplitudes at the upper magnetometer sensor and show a considerable short-range variability, they must relate to shallow (sub) soil structures.
Graphical depth estimation methods exploit the easily demonstrable circumstance, that overburden increases the half-width and straight slope length of a dike’s magnetic anomaly (e.g., Skilbrei 1993; Hinze et al., 2013). Testing various established methods, the most consistent and conclusive burial depths were obtained from the so-called “Sokolov Length” (Sokolov 1956). Under the assumption of a ∼1 m wide buried dike, our Sokolov depth estimates (Figure 1B) declined from 2.5–1.7 m just below a hilltop situation in the southern part down to 0.9–0.5 m along a steepening valley slope in the northern part, which may reflect local equilibria of soil formation and soil erosion.
Soil Profile and Magnetic Susceptibility Map of Exploration Trench Section
The exploration trench was deliberately dug at a position where the dike is oblique to the hillslope and seemed to be only moderately buried (Figure 1B). A brown, well-mixed (“ploughed”) Ap topsoil reached down to a depth of ∼30 cm (Figure 2A), which was still largely frozen during our early March campaign time, but could be easily identified by its crumbly texture and high content of shredded crop fibers. Below followed a ductile, clay-rich (“vertic”) Bv subsoil layer of 30–40 cm thickness (Figure 2A). This reddish loam was thought to be a colluvial soil from a previously overlying reddish Keuper mudstone. The beige sandy loam encountered below at 60–70 cm depth forms the C horizon and appears to originate from the underlying Burgsandstein bedrock, a dolomitic arkose. Below ∼110 cm depth, this material became too hard to be penetrated by spade, and a gasoline-powered breaker hammer had to be used to reach the final trench depth of 180 cm.
In the center of the trench and coinciding with the magnetic anomaly peak, relicts of a vertical dike appeared in ochre, olive-, and blue-gray hues underneath the overlying colluvial soil (Figure 2A). The original basalt was fully replaced by cohesive, easily penetrable clays. Enclosed, mm-sized basaltic fragments scattered in the blue-gray clay witnessed the parent rock. The basalt-derived soil showed signs of decimeter-scale pedoturbation and/or pseudo-gley dynamics. In 60–110 cm depth, i.e. below the ductile reddish loam and above the hard, dolomitized beige sandy loam, this confined clay body was laterally protracted in downhill direction (Figure 2). Its lateral extent, determined by auger probing, reached ∼2.5 m away from the dike, equivalent to a creep distance of ∼4 m in downslope direction.
Whereas these complex deformation structures were partly camouflaged by pedoturbation (Figure 2A), the susceptibility map resolved the exposed basaltic soils and their boundaries in impressive detail (Figure 2B). Topsoil and subsoil originating from the Upper Triassic Burgsandstein host rock were as low-magnetic (∼0.5 × 10–3 SI) as to be expected, while the susceptibilities of the basalt-derived olive- (∼1–4 × 10–3 SI) and blue-gray clays (4–12 × 10–3 SI) evidenced far higher magnetic mineral contents. Local susceptibility maxima of up to 18 × 10–3 SI marked patches of highly weathered basalt fragments. Consistent associations of soil color and magnetic susceptibility enabled us to establish a tentative, strictly local petromagnetic classification scheme (Figure 2B) dividing the observed dike materials in four progressive weathering stages: 1) pristine massive basalt, 2) partly weathered basalt with residual rock clasts, 3) fully weathered blue-gray basaltic clay with small rock fragments, and 4) oxidized olive-gray basaltic soil or loam. For simplicity, the arkose host rock and overlying host soils with their negligibly low background magnetizations were jointly classified as “Burgsandstein.”
Analytical 2D Anomaly Model of Weathered and Deformed Dike
When comparing the observed burial depth of the weathered dike (0.6 m, Figure 2B) with our Sokolov depth estimate (1.7 m, Figure 1B), a large discrepancy not just of both values, but also of both methods becomes apparent. While the observed burial depth marks the contact between the colluvial host soil and the clay-weathered dike head, the Sokolov method primarily “sees” the deeper, better preserved and more strongly magnetized dike segments. To separate the specific expressions of soil overburden and basalt weathering for a dike’s magnetic anomaly, we combined the structural information gained from the exploration trench with zonally averaged rock magnetic property values (Figure 3B), creating a case-specific 2D model dike (Figure 3A), whose magnetic anomaly can be numerically calculated (Figure 3C). To keep this numerical 2D model manageable required certain simplifications, but the dimensions, geometry and lateral zonation of the excavated dike section are rather well represented.
[image: Figure 3]FIGURE 3 | (A) 2D model of weathered HDS dike based on the simplified and extrapolated exploration trench section of Figure 2. Shown at left (red axes) is a 2.5x enlarged view of the dike top; the smaller model at right (black axes) is scaled proportionally with Figure 3C. (B) Distinguished model materials, their color patterns and magnetic properties. (C) Total 2D dike model anomaly (orange line) and corrected ground magnetic survey anomaly data (squares) with model residuals (note vertical offset and expanded scaling of residual axis). (D) 2D model-based partial magnetic anomalies of pristine basalt (black), all weathering materials (olive green), and specific anomaly contributions by each material classified in Figure 3B. All anomaly axes are equivalently scaled in nT.
Our initial 2D model dike (not shown) produced a higher and broader anomaly than shown by our field data, which, as we assumed, was probably caused by over-estimating the pristine basalt volume at depth. As we had observed lateral weathering of a similar basalt dike down to 10–20 m depth at a river bank outcrop NE of Manau, we provided our model dike also with increasingly weathered outer flanks above 30 m depth (Figure 3A). Another modelling problem was linked to the inherent assumption of anomaly models that all bodies are homogeneously magnetized. Any deformation and dislocation of soil volumes and rock clasts should, however, result in a certain directional scatter and partial internal cancellation of their NRM vectors. We considered this cancellation effect suggested by our observed NRM inclinations and declinations by reducing measured NRM values by 30–50%, while keeping the induced magnetization unchanged (Mind always follows the ambient geomagnetic field!). This lowers the Koenigsberger Q ratios of remanent vs. induced magnetization (Figure 3B), but Q values still agree well with value ranges reported in literature (Koenigsberger, 1938; Clark and Emerson, 1991). Our final model has a Q of 3.2 for pristine basalt, which decreases to 2.1, 1.6, and 0.6 for the progressive weathering stages, reflecting a gradual loss of inherited thermoremanent and/or acquired chemical magnetization. A positive net magnetic anomaly at Q ratios >1 implies, that the basalt dike should have intruded and chilled during a period of a normally oriented geomagnetic field. Directional NRM data of the cube samples support this interpretation (see data in Supplementary Material).
With these justifiable geometry and parameter adjustments of the starting model, an excellent overall fit of modeled and observed magnetic anomalies was reached (note small model residuals in Figure 3C). The final model delivered not only a well-matching anomaly shape and amplitude, but also the formerly unknown contributions (i.e., “partial magnetic anomalies”) of all involved rocks and soils (Figure 3D). The pristine, semi-infinite basalt dike at depth creates a broad “vertical sheet” anomaly of ∼8 m half-width. With its lesser depth and finite vertical extent, the weathered dike top generates a narrow “thick bed” anomaly (Eppelbaum, 2015) of ∼3 m half-width with small, slightly asymmetric double-sided minima (Figure 3D). At this specific profile, the pristine basalt at depth contributes nearly 50% (86 nT) of the calculated peak anomaly (173 nT), while all basaltic weathering products together yield the remaining 50% (87 nT). The W-E anomaly of this weathered dike model with N8°E strike and 88.9° dip features a slender central maximum with low, broad, slightly asymmetric, non-negative anomaly shoulders (Figure 3C) — a “composite” shape, that is typical for most HDS profiles (Figure 1B).
DISCUSSION AND CONCLUSION
Practical and Fundamental Insights From Our HDS Surveys
Ground magnetic surveying proved to be a reliable and efficient method to find and track weathered HDS dikes under meter-thick soil cover. Typical magnetic anomaly profiles across a buried HDS dike usually have a peak amplitude between 30 and 200 nT, but may occasionally reach 1,000 nT and more, when low-weathered basalt outcrops. We recognized that depth estimates from “Sokolov Length” and similar graphical methods provide just a relative guideline for the burial depth of clay-weathered dikes. Better depth estimates may be expected from specialized “weathered dike” models, whose control parameters include burial depth, weathering depth and dike top deformation. Creeping, slumping and blending of basaltic soil units within a host soil complex can adds tails, side peaks and troughs to the main dike anomaly (Figure 1B). Such complex and irregular anomaly patterns probably overstrain the adaptability of any parametrized inverse modelling approach and will always require forward anomaly modelling based on representative soil probing and a realistic starting model.
While pedogenesis converts a basalt’s magmatic silicate minerals to clays, primary (titano-)magnetite is initially just oxidized to the likewise ferrimagnetic Fe mineral (titano-) maghemite (Cui et al., 1994; Garcia de Oliveira et al., 2002; Chen et al., 2005; Zhang et al., 2020). Basalt-derived clays thereby inherit large parts of their parent rock’s magnetic minerals along with their strong induced and remanent magnetization. This circumstance explains the surprisingly high magnetization and excellent magnetic detectability of weathered dikes. As basalt weathering continues, this (Ti-) maghemite plus the iron released from weathered silicate minerals transform into secondary hematite and goethite (Lu et al., 2008). These antiferromagnetic minerals have far lower magnetizations, but lend their characteristic red and yellow colors to the ochre/olive-gray limonitic loam. In-situ susceptometry of weathered dikes is therefore an efficient method to visualize and map basalt weathering stages and soil creep in great detail. The contrasting colors and susceptibilities of basalt-derived marker soils are easy to follow along their deformation trajectory. Along-track mixing of basaltic and ambient soils should be quantifiable by linear magnetic unmixing based on endmember material properties (Heslop, 2015; Leng et al., 2019). As digging trenches in greater numbers and dimensions may get impractical, low-invasive, small-bore soil susceptometers as described by Petrovsky et al. (2004) could simplify in-situ susceptometry of larger soil sections and avoid unnecessary land damage.
Benefit of Basalt-Derived Marker Soils for Geomorphological Investigations
The diversity of magnetic anomaly shapes observed in this and other similar HDS surveys suggests, that old creep and slump structures underneath a usually well-mixed topsoil are very common (Figure 1B). The chosen exploration trench site represents a clear, but still modest case of soil deformation and creep. We found the most deviant magnetic anomalies predominantly at locations, where slope gradients were steeper and at larger angles with dikes, particularly in soil failure or confluence zones (Figure 1B). Counter-intuitively, basalt exhumed in our exploration trenches was typically more deeply weathered than the adjacent sandstone host rock. Where anomalies were locally large and narrow, this was always indicative of surficial low-weathered basalt related to topographically enhanced denudation or past human impact such as historical landscape terracing. Anomaly-based depth estimates necessarily overestimate the overburden of the weathered dike top and underestimate the depth of the pristine basalt. The spatial distribution of these numbers is nevertheless very useful to determine systematic and frequently observable relative changes in soil cover, e.g., between hillcrest, hillslope and valley-floor, or between unworked (forests), pastured (meadows) and cultivated soils (cornfields).
Noticeably, our student surveys in the HDS region pursued geophysical and not geomorphological aims and provide just a pilot study for the proposed method. A dedicated soil creep study would e.g., include geotechnical soil properties and soil mechanics. Our findings can nevertheless illustrate the feasibility and validity of the depicted combined ground and rock magnetic dike mapping approach, that permits to find, map and diagnose the deformation of clay-weathered dike tops in continuity through changing terrain. Dike swarms like the HDS are globally abundant and transect different landscapes types parallel to crustal fracture systems. Their structural uniformity and good magnetic detectability make weathered dikes attractive as cross-temporary witnesses of soil deformation and delocalization under the joint influence of topography, bed-rock geology, pedogenesis, climate, vegetation and land use.
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Microbialites–layered, organosedimentary deposits–exist in the geologic record and extend back in deep time, including all estimated times of inner core nucleation. Microbialites may preserve magnetic field variations at high-resolution based on their estimated growth rates. Previous studies have shown that microbialites can have a stable magnetization. However, the timing and origin of microbialite magnetization were not well determined, and no study has attempted to evaluate whether actively growing microbialites record the geomagnetic field. Here, we present centimeter-scale magnetization and magnetic property variations within the structure of modern microbialites from Great Salt Lake (GSL), United States, and Laguna Bacalar, Mexico, Pleistocene microbialites from GSL, and a Cambrian microbialite from Mongolia. All samples record field directions close to the expected value. The dominant magnetic carrier has a coercivity of 35–50 mT and unblocking temperatures are consistent with magnetite. A small proportion of additional high coercivity minerals such as hematite are also present, but do not appear to appreciably contribute to the natural remanent magnetization (NRM). Magnetization is broadly consistent along microbialite layers, and directional variations correlate with the internal slope of the layers. These observations suggest that the documented NRM may be primarily detrital in origin and that the timing of magnetization acquisition can be close to that of sediment deposition.
Keywords: microbialites, stromatolites, paleomagnetism, rock magnetism, paleosecular variation
INTRODUCTION
Recent work demonstrates the potential of speleothems as paleomagnetic recorders. These laminated cave deposits form by precipitation of carbonate and include detrital or authigenic magnetic particles that appear to document paleosecular variation (PSV) at high temporal resolution (e.g., Lascu and Feinberg, 2011; Bourne et al., 2015; Chou et al., 2018; Trindade et al., 2018). Stromatolites are also finely laminated carbonate materials, thought to have often formed by a microbially-mediated balance between sedimentation and intermittent lithification (Reid et al., 2000). Compared to speleothems, stromatolites are well represented in the geologic record, and the oldest examples go back at least 3.5 billion years (e.g., Awramik, 1992; Riding, 2010; Baumgartner et al., 2019). This spans all estimated times of inner core nucleation, which range from the late Archean to early Proterozoic (2.4–2.5 Ga) (e.g., Tarduno et al., 2006; Valet et al., 2014), to Mesoproterozoic times (∼1.2 Ga) (e.g., Biggin et al., 2015; Smirnov et al., 2016), to the Ediacaran period (∼570 Ma) (e.g., Bono et al., 2019). These materials may, therefore, hold promise as paleomagnetic recorders with high temporal resolution, and this type of record in deep time could have potential for capturing geomagnetic field behavior when the core may have been in different states.
Modern stromatolites have widely varying estimated growth rates ranging from 0.05 mm/yr to about 50 mm/yr (Paull et al., 1992; Brady et al., 2009; Berelson et al., 2011; Petryshyn et al., 2012). Laminations (when present), represent hiatal periods in sediment accretion, are thought to form approximately every 4–10 years in some studied stromatolites (Paull et al., 1992; Petryshyn et al., 2012), with one study finding yearly laminations (Rasmussen et al., 1993). In modern stromatolites (Reid et al., 2000), microbial filaments trap and bind sand and carbonate grains during periods of rapid accretion. During hiatal periods, a continuous exopolymer surface film develops, and bacterial activity promotes formation of a thin micritic crust which may be further modified into a thicker, fused carbonate crust. These laminated crusts therefore represent a sequence of lithified and preserved microbial mat surfaces. Laminations in ancient (>1 billion year old) stromatolites have been interpreted to represent day-night growth cycles (e.g., Vanyo and Awramik, 1982), although these interpretations have been increasingly called into question in light of the work on modern stromatolites mentioned above.
In this work, we look more broadly at microbialites, an umbrella term that includes at least some stromatolites. Burne and Moore (1987) define microbialites as organosedimentary deposits accreted by a benthic microbial community via trapping and binding detrital sediment and/or precipitation of calcite (abiotic or biologically induced). Microbialites have a relatively wide environmental distribution, found at the sediment-water interface in marine, alkaline freshwater, hypersaline lakes, evaporitic, and hydrothermal environments. They can be classified by different internal structures as stromatolite (laminated structure), thrombolite (clotted structure lacking lamination), dendrolite (dendritic structure), leolite (structureless), or some intergradational combination (Riding, 2000; Riding, 2011). Stromatolite diversity abundance increased from the late Archean (∼2.4 Ga), peaking around ∼1.25 Ga (Awramik and Sprinkle, 1999). Diversity declined up to the Eradican (∼550 Ma) (Walter and Heys, 1985; Awramik and Sprinkle, 1999), but resurged in the early Phanerozoic and late Cambrian when thrombolites and dendrolites became the predominant type of microbialite (Riding, 2000; Kiessling, 2002). Grazing and metazoan competition have been suggested as a major factor contributing to the decline of stromatolite diversity, but other factors such as seawater chemistry and atmospheric composition could also affect their diversity (Riding, 2006). There are some arguments that not all Archean stromatolites are biogenic in origin (Lowe, 1994; Brasier et al., 2004; McLoughlin et al., 2008) but this interpretation remains controversial (Awramik and Graey, 2005; Allwood et al., 2006; Awramik, 2006; Schopf et al., 2007).
A primary magnetization in microbialites may arise from a detrital remanent magnetization (DRM) or a biogenic magnetization, or some combination of the two. Microbialites may trap detrital ferromagnetic (sensu lactu) particles from nearby sources within the microbialite matrix and carry a DRM. Lund et al. (2010) examined coral reef cores and observed detrital titanomagnetite bound within microbialites that had filled the primary cavities of the coral framework. These grains were determined to carry the natural remanent magnetization (NRM) and appeared to accurately record geomagnetic field variability. A DRM may also be biomediated in that the sticky microbial mat may play a role in particle retention and immobilization. Petryshyn et al. (2016) used bulk magnetic susceptibility to differentiate between stromatolites that are biogenic or abiogenic in origin and demonstrated that a cyanobacterial mat traps and binds grains more readily than abiogenic carbonate precipitates.
The other potential source of magnetic particles is biogenic magnetite which can be produced by biologically controlled mineralization (BCM) and biologically induced mineralization (BIM). Magnetotactic bacteria can create single-domain magnetic particles in chains by a matrix mediated BCM process. The presence of biogenic magnetite has been inferred in ancient (Chang et al., 1989) and modern (Stolz et al., 1989) microbialite environments by using rock magnetic techniques and transmission electron microscopy (TEM) to identify single domain magnetite with the unique crystal structures typically associated with magnetotactic bacteria. However, it has since been demonstrated that similar crystal morphologies can also be produced abiotically through reductive alteration of nanogoethite (Till et al., 2017) or via thermal decomposition of siderite (Golden et al., 2004). Maher and Taylor (1988) also observed similar fine-grained magnetite in soils and suggested that it may have formed via oxidation of Fe2+ solutions (Taylor et al., 1987). Biogenic magnetite might also be produced extracellularly by iron-reducing bacteria through BIM processes (Lovley, 1991; Konhauser et al., 2011; Konhauser and Riding 2012). Maloof et al. (2007) used TEM and ferromagnetic resonance to infer the presence of superparamagnetic magnetite formed via extracellular processes. Although superparamagnetic material will not contribute to remanence, extracellular magnetite typically has a wide grain size distribution including grains that are large enough to have stable single domain behavior (e.g., Egli, 2004).
Relatively little paleomagnetic work has intentionally focused on microbialites. Vanyo and Awramik (1982) extracted a paleomagnetic direction via alternating field demagnetization from a single specimen of late Proterozoic stromatolite. Thermal demagnetization of Jurassic stromatolites from Poland have shown them to carry a stable magnetization, including a polarity reversal (Muraszko, 2014) also observed in middle-late Jurassic limestones, stromatolites, and radiolarites in Poland (Kądziałko-Hofmokl and Kruczyk, 1987). As noted above, microbialites found in a post Last-Glacial-Maximum and late Pleistocene coral reef framework appear to accurately record the field direction (Lund et al., 2010). Several studies have sampled in or near ancient carbonate beds containing microbialites. The Love’s Creek Member of the Bitter Springs Formation contains stromatolite and microbialite facies and was interpreted to be remagnetized through magnetite authigenesis along with the remainder of the section (Swanson-Hysell et al., 2012). However, the lower Ordovician Oneota dolomite which is locally stromatolitic carries a direction interpreted to be potentially primary (Jackson and Van der Voo, 1985), and Neoproterozoic dolomites containing microbialite laminites are interpreted to carry primary DRM (Trindade et al., 2003; Font et al., 2005). Maloof et al. (2007) sampled modern platform carbonate muds in the Bahamas and proposed that early cemented, laminated microbially-bound carbonates may preserve syn-depositional paleomagnetic directions. Few of these studies focus on the timing of magnetization with respect to microbialite formation, and no studies have attempted to evaluate whether actively growing microbialites accurately record the known field.
This study is designed to further assess the feasibility of microbialites as paleomagnetic recorders. We examined two actively growing or recently lithified microbialites, as well as one Cambrian microbialite. Variations in magnetization and magnetic mineralogy were evaluated at the centimeter scale. We also consider the timing of the magnetization with respect to deposition or microbialite growth.
METHODS
Sampling and Settings
This study focuses on microbialites from three localities/environments: 1) Great Salt Lake (GSL), Utah, United States (hypersaline lake environment); 2) Laguna Bacalar (LB), Quintana Roo, Mexico (freshwater alkaline environment); 3) the Cambrian Bayan Gol (BG) formation, southwestern Mongolia (marine environment) (Figure 1). Detailed information about locations, sample types, and descriptions are provided in Table 1.
[image: Figure 1]FIGURE 1 | (A) Global map of the locations of three microbialite samples: Great Salt Lake (GSL), Utah; Laguna Bacalar (LB), Quintana Roo, MX; Bayan Gol formation (BG), Southwestern Mongolia. The figure was made with GeoMapApp (www.geomapapp.org) (Ryan et al., 2009). (B) Satellite image of the sampling locations of microbialites at GSL (C) Close-up of GSL18 study localities at the Antelope Island and (D) GSL 19 sampling sites at Lakeside. (E) Satellite image of sampling locations of microbialites at LB. (F) Close-up of LB19 study localities and three sampling sites. (G) Satellite image of sampling locations at BG. Imagery from July 2019 for GSL, april 2018 for LB, and april 2019 for BG, ©2019 Google, Image Landsat/Copernicus.
TABLE 1 | Microbialite sample locations and descriptions.
[image: Table 1]At the Great Salt Lake, living and recently lithified modern microbialites were sampled from shallow water on the shores of Antelope Island in the southwestern part of the lake (GSL18). Samples were taken from living, low-profile ring-shaped structures and elongated, narrow ridge structures (Chidsey et al., 2015; Berg, 2019), but we were unable to maintain orientation, and the soft samples easily fell apart. These samples were preserved in lake water during transportation back to the laboratory. One oriented hand sample was collected from the steep side of a lithified, dome-style thrombolite structure that has been exposed by a lake level drop over the past few decades. Pleistocene microbialites are exposed along the western shoreline of the lake at Lakeside (Newell et al., 2017), and oriented hand samples were collected from two locations (GSL19).
Living deposits and lithified giant Holocene microbialites (Gischler et al., 2008; Castro-Contreras et al., 2014) were collected from shallow water at three sites at Laguna Bacalar. Microbialites from Site 1 are unlithified layered domal structure deposits with a stromatolitic structure at the bottom but transitioning to a more thrombolitic fabric toward the top (Figure 2C). The approximate thickness of the actively growing greenish microbial mat was ∼2 cm from the surface. Site 2 microbialites were lithified but porous. The Site 3 giant microbialites had soft surfaces including living cyanobacteria layers (∼2 cm) and lithified microbialites underneath. Living microbial mats on the surface at Site 1 (LB19_0101) and 3 (LB19_0304) were easily penetrated and collected by pushing standard 2 cm3 plastic cubes) into the mats. One hand sample from Site 1 (LB19_0102) was subsampled with 2 cm3 plastic cubes. Site 1 microbialites were additionally sampled with 5 cm diameter by 14 cm long (LB19_0103) and 7 cm diameter by 30 cm long (LB19_0104) plastic cores by push coring. Lithified samples were collected at Sites 2 and 3 using an electric drill with a 1 inch diamond coring bit. Soft samples collected by push core and directly in cubes were frozen after sampling.
[image: Figure 2]FIGURE 2 | NRM intensity and magnetic susceptibility maps of microbialites with cubic interpolation to produce contours. (A) NRM intensity map and (B) magnetic susceptibility map of GSL19_0201A with approximate 1.5 cm spatial resolution. (C) Photo of split large push core (LB19_0104) from unlithified living microbialite with stromatolitic structures laminations up to 18 cm and thrombolitic structures from 18 cm to the top. (D) NRM intensity map and (E) magnetic susceptibility map of LB19_0104 with approximate 3.5 cm spatial resolution. (F) Photograph of BG14_0101 sample slice prior to sub-sampling, and (G) its NRM intensity map and (H) magnetic susceptibility map with approximate 1 cm spatial resolution. Color contours are on a linear scale but labeled gray contour lines show order of magnitude variations. Black or white dots are sample positions and the color bars represent NRM intensity (Am2/kg) and magnetic susceptibility (m3/kg) values in the color range. Gray squares illustrate approximate specimen sizes on sample maps. Solid (up) red arrow indicates up in the field and is similar to the sample growth direction. White dashed lines roughly represent locations of distinct laminations. The red arrow represents the up direction in the field, which is close to the growth direction.
A lower Cambrian stromatolite limestone head was taken from the middle of Unit 18 (Khomentovsky and Gibsher, 1996) of the Bayan Gol section within the Bayan Gol Formation. The sample was only oriented with respect to stratigraphic up, and with relatively high uncertainty as the sample was not originally collected for paleomagnetic study. The sample has parallel, but not horizontal, internal laminations (Figure 2F), consistent with convex-upward growth over a domal structure.
In the laboratory, lithified hand samples were sliced perpendicular to laminations or growth directions. Each slice was further subdivided along a grid forming samples of 1–1.5 cm3. These specimens, as well as the unoriented living GSL specimens, were immobilized in 2 cm3 plastic cubes using nonmagnetic paddings. Push cores from LB were split longitudinally while frozen and were then allowed to soften so they could be subsampled vertically every 3.5 cm using 2 cm3 cubes. Four specimens from each vertical horizon were collected. Electric drilled samples were cut into 2 cm long specimens. Types of samples and the number of sub-sampled specimens are listed in Table 2.
TABLE 2 | Sample types and magnetic properties.
[image: Table 2]Magnetic Methods
NRM and magnetic susceptibility ([image: image]) were measured on all specimens with the exception of [image: image] on LB drill core specimens. Most specimens were stepwise alternating field (AF) demagnetized to the point where a specimen lost 85–95% of the initial magnetization intensity. LB push core specimens from samples LB_0103, 0104 were not demagnetized because they dried and orientation was lost following NRM measurement. Frozen living LB samples LB_0101 and 0102 were demagnetized, but specimens thawed during measurement, leading to movement inside the cubes and noisy data that could not be interpreted. Specimen orientation during demagnetization was alternated between + X/+Y/+Z and -X/-Y/-Z directions to reduce the effects of possible unwanted bias field inside the AF demagnetizing device. Additional specimens (GSL19_0103 and BG14_0101) were subjected to stepwise thermal demagnetization to 700°C for comparison. A best-fit characteristic remanent magnetization (ChRM) was calculated using principal component analysis (Kirschvink, 1980) from the higher coercivity or temperature fraction. To calculate sample-average ChRM statistics (Fisher, 1953), we accepted AF-demagnetized specimens with anchored maximum angular deviation (MAD) < 10°. Data interpretation and sample-level Fisher mean calculations were performed using the PmagPy software (Tauxe et al., 2016).
Following AF demagnetization, a single-step anhysteretic remanent magnetization (ARM) was acquired in a 150 mT AF with 0.05 mT bias field. An isothermal remanent magnetization (IRM) was acquired in steps between 0 mT and 1,000 mT on fully demagnetized specimens. Some specimens had already been exposed to high fields, and in this case a stepwise IRM was acquired starting from a backfield of -1,000 mT IRM. These two methods are symbolized as IRM0mT for the first case and IRM-1000mT for the second case. To calculate the S-ratio, fully AF-demagnetized (to 200 mT) specimens were given an IRM at 300 mT after an exposure to a saturation field at a 1,000 mT in the opposite direction. The S-ratio was calculated based on the formula of Thompson and Oldfieid, 1986 as S-ratio = −IRM300mT/IRM1000mT.
The first derivatives of IRM acquisition curves were unmixed mathmatically to provide information on coercivity distributions and magnetic mineral populations (e.g., Robertson and France, 1994). This was carried out using MaxUnmix (Maxbauer et al., 2016) online software which fits a set of skew normal distributions to the data. For each distribution, the mean coercivity (MC), dispersion parameter (DP), relative proportion, skewness, and standard deviations were obtained.
Finally, to better constrain magnetic mineralogy, selected specimens were subjected to thermal demagnetization of a 3-axis IRM (Lowrie, 1990). IRMs of 1,000, 300, and 100 mT were applied in three orthogonal directions to separate the hard, medium, and soft coercivity fractions, and specimens were then thermally demagnetized to 700°C.
Remanence measurements were made using a 2G Enterprises 755SRMS Superconducting Rock Magnetometer inside a magnetically shielded room. Magnetic susceptibilities were acquired using an AGICO MFK1-FA Multifunction Kappabridge susceptibility bridge. AF demagnetization and ARM acquisition were undertaken with an ASC D-2000 AF demagnetizer. Stepwise thermal demagnetization was undertaken by an ASC Thermal Demagnetizer, and IRM was imparted with an ASC Impulse Magnetizer. These measurements were all conducted at the Paleomagnetism Laboratory at the University of Wisconsin- Milwaukee. Additionally, magnetization vs. applied field (up to 1 T) measurements were conducted on a Princeton Measurements vibrating sample magnetometer at the Institute for Rock Magnetism, University of Minnesota. The samples were all weakly magnetic and had a high diamagnetic:ferrimagnetic or paramagnetic:ferrimagnetic ratio, and hysteresis parameters could not be accurately calculated. We instead report the high-field behavior of the samples.
RESULTS
Magnetization Intensity and Susceptibility Variations
With the exception of LB samples, all samples possess an average NRM intensity 1.00E-07 Am2/kg. Table 2 displays average magnetic susceptibility, NRM, ARM and IRM1000mT with standard deviations of each sample. The NRM intensity measurements for all samples (>1.00E-11 Am2) were not limited by the sensitivity of the cryogenic SQUID magnetometer (∼1.00E-12 Am2 moment sensitivity limit). However, specimens with NRM intensity less than 1.00E-10 Am2 approach the magnetization of sample container (1.00E-13 to 1.00E-11 Am2). [image: image] measurements are limited by the sensitivity of the MFK1 Kappabridge susceptibility bridge (∼2.00E-08 SI or ∼2.00E-13 m3).
To assess internal spatial variations in magnetization and distribution of magnetic minerals, mass-normalized magnetic susceptibility and NRM intensity of four GSL hand samples, two LB push core samples, and one BG hand sample were contoured by cubic interpolation (Figure 2). Spatial variations in magnetization within these microbialite structures were compared to their internal laminations with the aim of understanding magnetization processes and assessing NRM reliability.
Samples GSL19_0103, GSL19_0201, and GSL19_0202 have a spatial correlation between NRM intensity and magnetic susceptibility. GSL19 microbialite NRM and susceptibility vary along the growth directions and are consistent along internal laminations (Figures 2A,B, Supplementary Figure S1). With the exception of a high NRM intensity spot at the bottom right, LB19_0104 has roughly consistent NRM intensity distribution along internal structures (Figure 2D). The magnetic susceptibility mapping shows high values around 18 cm depth, the transition level where stromatolitic laminations changed to a thrombolytic structure (Figure 2E). BG14_0101 has roughly constant NRM intensity (Figure 2G) and magnetic susceptibilities (Figure 2H) along laminations, with a low value in middle layers compared to outer and bottom layers. Magnetic susceptibility and NRM of GSL18_0301 and LB19_0103 (not shown), which have a width less than 10 cm, have similar magnetic susceptibility and NRM intensity trends. However, no obvious correlations with laminations are observed within these small samples.
Magnetic Mineralogy
Results from all samples are consistent with magnetite as a dominant magnetic carrier. This component has a mean coercivity of ∼29–57 mT (Supplementary Table S1), consistent with single domain (SD) to ‘pseudo-single-domain' (PSD) minerals that have non-uniform spin behavior. Modern samples (e.g., GSL, LB) are dominated by this component and have large negative high-field diamagnetic slopes. The Cambrian BG sample, however, has a mixture of low- and high-coercivity minerals with positive high-field paramagnetic slopes (Supplementary Figure S2).
GSL18: The S-ratio range of 19 lithified GSL18_0301 specimens is 0.92–1.06, with an average of 0.96, indicating that low coercivity ferrimagnetic minerals such as magnetite are dominant. Based on IRM unmixing results, the dominant magnetic components of the GSL18 living and GSL18_0301 lithified specimens have a mean coercivity of ∼56 mT for four IRM0mT unmixing results and ∼38 mT for four IRM-1000mT unmixing results, with similar DPs of 2.7 mT. Coercivity spectra derived from IRM acquisition data for all specimens are shown in Figure 3. There is little variability between living and lithified specimens from the same site. The three-component IRM demagnetization experiment shows a gradual decrease of the soft (71–78%) and medium (17–23%) coercivity fractions to 575°C and flattening after 620°C (Figure 4A). This gradual unblocking is consistent unblocking of domain walls, but may also represent some compositional variability. A high-coercivity fraction contributes <7% to the total IRM, and measurement noise made it difficult to evaluate a maximum unblocking temperature.
[image: Figure 3]FIGURE 3 | IRM acquisition results. (A) IRM acquisition starting from the AF-demagnetized state. For comparison, IRM acquisition curves for two remagnetized carbonates are shown (Jackson and Swanson-Hysell, 2012). (B) Derivative of IRM acquisition, normalized to peak value to better compare spectra. Data from (A) shown in thin black lines. For comparison, data from Jackson and Swanson-Hysell (2012) in thick gray line. Surface carbonate platform muds in thick yellow lines (Maloof et al., 2007). Biogenic hard (BH), biogenic soft (BS), and detrital + extracellular (D/EX) shown in shaded brown from Egli (2004). Maloof et al. (2007) and Egli (2004) distributions derived from AF demagnetization of a 300–350 mT IRM and are therefore not strictly analagous to data from this study. (C) Backfield IRM acquisition and (D) derivative.
[image: Figure 4]FIGURE 4 | Three-component IRM technique thermal demagnetization results for microbialite samples (A) GSL18 (B) GSL19 (C) LB19, and (D) BG14. Three-component IRM (Am2/kg) produced with applied field of 100 mT (soft), 300 mT (intermediate), and 1,000 mT (hard). Soft, medium, and hard fractions are shown as blue circle, orange triangle, and green square, respectively. Additional plots are included in Supplementary Figure S4.
GSL19: The average S-ratio value of 93 GSL19 specimens is slightly lower than GSL18, with an average of 0.92 and a range of 0.87–0.96 (Table 2). All three GSL19 samples have a spatially correlated NRM intensity and S-ratio. High NRM correlates with high S-ratio (Supplementary Figures S1, S3). Only a single magnetic component can be confidently identified in six specimens of the Pleistocene GSL19_0202 based on IRM-1000mT unmixing. This dominant component has a mean coercivity of 38 mT with a DP of 3.1 mT, again consistent with SD to ‘PSD’-like magnetite. The soft (68–73%) and medium (22–26%) coercivity fractions flatten out at ∼580°C in the three-component IRM test (Figure 4B). Although a higher-coercivity component was not identified in the relatively noisy IRM unmixing data, hard minerals comprise a small fraction (5–8%) of the three-component IRM and gradually decrease to 675°C, consistent with hematite.
LB19: LB results are similar to those observed in GSL18 specimens. The S-ratio range of five LB19_0301 specimens is 0.99–1.05 with a mean value of 1.02, again consistent with low-coercivity minerals like magnetite. LB19_0102, 0301, and 0304 were subjected to IRM unmixing experiments and all LB microbialites have a consistent dominant component with a mean coercivity of 28–50 mT with a DP of 2.2–2.9. No major differences are observed between living microbial sediments and lithified microbialite samples in terms of component numbers, major MC, or DP. In the three-component IRM experiment, the low-coercivity fraction accounted for the highest proportion (75–81%) of IRM for 4 specimens of LB19_0301. This component gradually decreased and flattened out after 575°C–600°C, indicating magnetite (Figure 4C). With the exception of LB19_0301_C, the medium coercivity (17–22%) components have maximum unblocking temperatures of 550°C, and there is no significant hard coercivity fraction (<5%) (Supplementary Figure S4).
BG14: Unlike the GSL and LB samples, the BG stromatolite has variable magnetic mineralogy with a large S-ratio range from 0.42 to 0.95 (Figure 5). Low coercivity minerals are present in higher concentrations in inner layers and high coercivity minerals occur in outermost layers except two points at the left top. This is also shown in IRM acquisition (Figure 3C) and unmixing curves (Figures 3D, 5) where outer layers have a significant high coercivity component (purple lines in Figure 5). Based on the three-component IRM results (Figure 4D), the soft fraction is the largest (51–69%) and gradually unblocks up to ∼575°C, again consistent with magnetite. The medium fraction (20–25%) decreases to ∼300–350°C for low S-ratio specimens (e.g., BG14_0101_A05 and 12), consistent with titanomagnetite and/or pyrrhotite. The medium fraction in high S-ratio specimens additionally decreases to ∼650°C (e.g., BG14_0101_A12 and 70), consistent with (titano)hematite and/or thermally stable maghemite (Supplementary Figure S4). The hard fraction of low S-ratio and high S-ratio specimens accounts for 20–30% and <12% of the IRM, respectively. This fraction decreases to about 625°C–675°C, consistent with the presence of hematite.
[image: Figure 5]FIGURE 5 | IRM unmixing curve and S-ratio distribution for sample BG14_0101. IRM results were plotted through the MaxUnmix online software (Maxbauer et al., 2016) on a log scale. Gray dots represent actual data, and yellow lines represent total IRM best-fit based on real data. Colored lines (blue and purple) represent different coercivity components. The shadings represent 95% confidence intervals calculated using a resampling algorithm with N = 300. An asterisk next to a specimen name indicates that the specimen went through the -1000mT IRM process.
Directional Analysis
GSL: Fifteen measured (unoriented) actively growing cyanobacteria layers are fully demagnetized by around 40–100 mT, and a stable paleomagnetic direction is isolated up to 60 mT (Figure 6A). A small overprint is typically removed by ∼7.5 mT. Of the lithified (oriented) samples GSL18_0301, GSL19_0103, and GSL19_0202, 47% (26/55), 100% (10/10) and 35% (8/23) respectively have stable AF demagnetization behavior (Figure 6C), and 80% (8/10) of GSL19_0103 specimens have stable thermal demagnetization behavior (Figure 6D). Sample-level Fisher mean declinations (Figure 7A) of all samples are close to that predicted for a geocentric axial dipole (GAD) or to models of paleosecular variation for the past 10 kyr (CALS10k.2; Constable et al., 2016). However, GSL18_0301 (43.9°) and GSL19_0103 (36.7°) have anomalously shallow inclinations.
[image: Figure 6]FIGURE 6 | Vector endpoint diagrams for representative microbialite specimens. (A) AF demagnetization pattern for living Antelope Island GSL microbialite specimen GSL18_0202_01 (B) AF demagnetization pattern for living lithified LB Site 3 microbialite specimen LB19_0301_A (C) AF demagnetization pattern for specimen Lakeside lithified GSL microbialite GSL19_0103_15 (D) thermal demagnetization of specimen GSL19_0103_04 (E) AF demagnetization for BG stromatolite specimen BG14_0101_48; and (F) thermal demagnetization for specimen BG14_0101_06.
[image: Figure 7]FIGURE 7 | Equal area stereographic projection of magnetization components observed from (A) GSL (B) LB, and (C) BG samples. The mean declination and inclination with α95 ellipses of NRM or ChRM. Where declination was not available (LB19_0104) mean inclination is shown as a circle around the center with α95. Open and closed symbols represent directions in the upper and lower hemisphere, respectively. A gray star in (A) GSL (B) LB panel represents GAD value of each site. The black line on GSL and LB stereographic projections represent the CALSk10.2 model based on the latitude and longitude of GSL sampling site from 10 ka to present (Constable et al., 2016). The gray shading annulus on the BG panel (inclination: −62 ± 4°) represents the expected directions derived from sedimentary beds in the same formation (Evans et al., 1996).
LB: Living sediments (e.g., LB19_0101, 0102, 0304) and lithified microbialites (e.g., LB19_0301) were fully demagnetized by 25–60 mT and 60–70 mT, respectively. Five specimens of lithified microbialite LB19_0301 have stable AF-demagnetization, and magnetic directions are isolated between 12.5 mT and 60 mT (Figure 6B). Most of the LB sites were located in moving water, which may complicate interpretation of DRM directions. LB19 Site 1 was in a stagnant environment, so only specimens from this site were used for directional analysis. These samples were not demagnetized (see Magnetic Methods), we report only NRM directions for this site. The Fisher (1953) mean direction (Table 3) of LB19_0101 (N = 8) and LB_0102 (N = 8) overlap the CALS10k.2 or GAD, although they have high α95 values. LB19_0104 (N = 36) has a large declination dispersion consistent with rotation of the core during sampling. The inclination-only (McFadden and Reid, 1982) Fisher mean of LB19_0104 is 36.8° ± 7.15, which overlaps the GAD value of 33.9° (Figure 7B; Table 3).
TABLE 3 | Sample-average Fisher statistics.
[image: Table 3]BG: BG14_0,101 was only oriented with respect to up, but specimens in the structure were mutually oriented. AF demagnetization was more effective in extracting stable magnetizations (59.4%), and an overprint is typically removed by ∼30 mT. None of the thermally processed specimens (N = 10) had a coherent demagnetization pattern (Figures 6E,F). Pilot thermomagnetic data, c(T), show the production of magnetite at temperatures > ∼400°C (Supplementary Figure S5), consistent with the thermal decomposition of siderite (e.g., Pan et al., 2000). ChRM Fisher mean inclinations for 22 out of 37 AF-demagnetized specimens (−66.3° ± 3.7°) overlap with the inclination (−62 ± 4°) obtained from siliclastic sediments with calcareous interbeds in the Bayan Gol formation (Evans et al., 1996) (Figure 7C). There are inclination variations, however, associated with bedding/lamination slopes of the microbialite. While inclinations from one side with respect to the vertical have inclinations of −75.0° to −65.0°, those from the other side are −65.0° to −55.0° (Figure 8).
[image: Figure 8]FIGURE 8 | (A) Inclination mapping of the BG14_0101 sample slice with contouring by cubic interpolation. The black arrow and dashed lines represent up directions and laminations. (B) Equal area stereographic projection of reoriented magnetization components of the sample BG14_0101 by rotating total mean declination to the magnetic north. Specimen declinations and inclinations from the left and right sides with respect to the stratigraphic up direction (black arrow) are symbolized as red and blue circles, respectively. The mean direction of each group is marked as a square symbol with α95 ellipses. The gray shading annulus on the BG panel (inclination: −62 ± 4°) represents the expected directions derived from sedimentary beds in the same formation (Evans et al., 1996).
DISCUSSION
Magnetic Minerology
While S-ratio values for all modern microbialites (i.e., GSL18, LB19) are high (i.e., magnetite), ancient samples (i.e., GSL19, BG14) have lower values that indicate the presence of additional high coercivity materials. IRM unmixing results and three-component IRM tests show that all modern samples are dominated by a component with a mean coercivity of 37 mT for IRM-1000mT and 48 mT for IRM0mT, with the DP of 2.7, consistent with magnetite. The BG microbialite has a high relative proportion of high coercivity and high unblocking-temperature (up to 675°C) minerals consistent with hematite. A signature from high coercivity fractions is observed in IRM unmixing results for weakly magnetic living GSL18 and LB19 cyanobacteria layer samples. This might represent a small proportion of high coercivity material, but experimental noise means this component is poorly constrained. While three-component IRM results contain a hint of hard fractions (<7%), we infer that these signatures are experimental noise based on S-ratio results.
This difference in magnetic mineralogy between young and old microbialite samples may be attributed to different depositional material in the original environment. It is also possible that the high-coercivity minerals formed during diagenesis, leading to concerns of a partial or complete overprint in the ancient samples. However, these high-coercivity minerals do not appear to contribute to the NRM, which is fully AF-demagnetized at < 200 mT and is held entirely by low-coercivity minerals.
The coercivity distribution for nearly all GSL and LB specimens is remarkably similar, although GSL specimens have slightly higher coercivity (Figure 3). These distributions are similar to IRM acquisition for some remagnetized Devonian carbonates (Jackson and Swanson-Hysell, 2012). That study interpreted the magnetic signature to arise at least partially from authigenic formation of SD magnetite, an interpretation favored by many other studies of carbonate rocks (e.g., Jackson 1990; McCabe and Channell, 1994; Suk and Halgedahl, 1996; Swanson-Hysell et al., 2012). Diagenesis seems an unlikely explanation for the GSL and LB samples, where we see no difference between living and lithified specimens.
In Figure 3B, we also compare our coercivity spectra derived from the IRM0mT with spectra derived from AF demagnetization of a 300 mT (Egli, 2004) or 350 mT (Maloof et al., 2007) IRM. Spectra are all normalized to their peak value for better comparison. While the methods are not strictly analogous, our spectra show a lower mean coercivity but similar dispersion (in log space) to two spectra measured on surface carbonate platform muds in the Bahamas (Maloof et al., 2007). Based on these and other data, Maloof et al. (2007) interpret the magnetic remanence in their samples to arise largely from magnetotactic bacteria. The component spectra from Egli (2004) are derived from IRM unmixing of lake sediment data. Two narrow spectra with peaks at ∼45 mT (‘biogenic soft’) and ∼75 mT (‘biogenic hard’) are interpreted to result from the presence of magnetotactic bacteria, while a much broader distribution with a peak at ∼25 mT is thought to be a mixture of detrital magnetite and extracellular biogenic magnetite, which have overlapping distributions. Our spectra most closely resemble this detrital/extracellular component. We interpret the GSL and LB samples to be dominated by a similar component, although we cannot exclude some contribution from lower-coercivity magnetotactic bacteria.
The BG samples have a similar component consistent with detrital and/or extracellular magnetite, in addition to the high coercivity component. Due to the age of the sample, we cannot exclude the additional possibility of authigenic magnetite (e.g., Jackson and Swanson-Hysell, 2012), although there is some evidence the magnetization may be detrital in origin (Origin and Timing of Magnetization). Authigenic magnetite is common in many carbonates (e.g., Jackson, 1990; McCabe and Channell, 1994; Suk and Halgedahl, 1996; Jackson and Swanson-Hysell, 2012; Swanson-Hysell et al., 2012). Early reductive diagenesis can dissolve primary magnetite and produce iron sulfides such as pyrite, which may then later oxidize to magnetite (e.g., Suk et al., 1990a; Suk et al., 1990b; Weil and Van der Voo, 2002; Kodama, 2012; Roberts, 2015). Nevertheless, it has been proposed that the early lithification and cementation associated with some microbialites may lead to an increased probability of preserving the primary magnetic mineralogy (Maloof et al., 2007).
Origin and Timing of Magnetization
Directional information from microbialites with moments <1.00E-10 Am2 is apparently less reliable, likely due to a small but significant contribution from the chosen sample containers (1.00E-13 to 1.00E-11 Am2). As these samples demagnetize, they also approach the stated sensitivity of the magnetometer (∼1.00E-12 Am2). These effects could be reduced in future studies in part by careful choice of sample holders.
Our results for microbialite ChRMs with sufficiently high magnetization appear to record directions close to the expected field direction, with some caveats. The Laguna Bacalar NRM directions are consistent with the expected field direction but have large uncertainties. We interpret these uncertainties to arise from the relatively small number of specimens measured and the lack of AF cleaning which would remove any overprints. While the inclination recorded by the Bayan Gol formation stromatolite is consistent with that reported by Evans et al. (1996) in sediments from the same formation, those authors could not preclude the possibility of a remagnetization. Even though the ChRM was determined to pre-date folding, the entire measured section was of a single polarity, leading the authors to question a primary remanence.
Despite these limitations, an attraction of using ancient microbialites is to potentially recover high temporal resolution variations of geomagnetic field, and it is therefore important to assess the timing and origin of the acquired magnetization. Is the magnetization detrital, locked in soon after deposition and incorporated into the microbialite matrix? Or is it a chemical remanence (biomediated or otherwise) acquired soon after deposition? Or is it related to later diagenesis?
The observed relatively homogenous magnetization along microbialite laminations and variations across laminations suggests a magnetic mineral concentration and magnetization distribution associated with deposition. All studied microbialites seem to preserve this magnetization pattern.
The observed deviation of paleomagnetic directions away from expected values (declination ±10°, inclination ±20°) may be caused by deposition on sloping beds. King (1955) and Kodama (2012) proposed that when a bed dips (shallowly) in the same direction as the magnetic field, the magnetization vector would be steeper by the degree of dip gradient. If the bedding slope is opposite to the Earth’s magnetic field, the inclination can be shallower. Many microbialites have domal internal structures, hence, magnetic directions recorded by different parts of the structure might be disturbed by the effect of deposition on a sloping bed, although there are some obvious differences between normal sedimentary deposition and incorporation into a filamentous microbial matrix. Sample GSL18_0301 was from the (very) steep side of the columnar mound structure, with a slope opposite to the magnetic field. The sample Fisher mean inclination of 43.9° is 16.1° shallower than the geocentric axial dipole (GAD) inclination, and the magnetic vectors may have experienced a bedding-related shallowing. Data from partially oriented sample BG14_0101 were rotated (Figure 8B) so that the mean declination corresponds to geographic south (expected declination for reverse polarity). In this orientation, the left side of the stromatolite (Figure 8A) dips down toward geographic south, opposite to the field direction which is up (negative inclination) and has an inclination shallower than total mean of −66.3° (Figure 8B). By contrast, the right side on Figure 8A dips down to geographic north, roughly parallel to the field, and has a steeper inclination. Inclinations from right side of the structure are −75.0° to −65.0° (Fisher mean = −69.0° ± 3.3°), while the specimens from left side are −65.0° to −55.0° (Fisher mean = −63.1° ± 8.3°), which might support the bedding slope effect. However, Watson’s F-test (Watson, 1956) and Vw-test (Watson, 1983) both show that these means are not statistically distinct at the 95% confidence level. In contrast to these two samples which show inclination deviations, all GSL 19 samples are small structures (<40 cm diameter), and specimens from throughout the structure were used and averaged out. The push core sample LB19_0104 was from the middle of the structure with nearly horizontal layering, and here the Fisher mean inclination of 36.8° ± 7.2° is close to the expected GAD inclination of 33.94°. While not conclusive, these inclination variations associated with the slope of the microbialite layering are intriguing and point to preservation of a primary DRM.
DRM is a relatively inefficient magnetization process, so the DRM/ARM ratio should be relatively low. While not definitive, a ratio of NRM/ARM <1 is consistent with a DRM. Clastic sediments have a wide NRM/ARM range from ∼0.1 to 0.8 (e.g., Levi and Banerjee, 1976; King et al., 1983; Constable, 1985). The NRM/ARM of biogenic magnetite is comparatively low (<0.05) in marine sediments (Roberts et al., 2012; Rodelli et al., 2019), but much higher values (0.4–1.4) have been documented in varved lake sediments dominated by biogenic magnetite (Snowball and Sandgrena, 2002). The low values in marine sediments are attributed to the SD state of the biogenic material which results in very efficient ARM acquisition (Egli and Lowrie, 2002) compared to larger particles. The elevated values in the varved sediments may be partially due to more efficient DRM acquisition in fresh water (Katari and Tauxe, 2000; Mitra and Tauxe, 2009); a higher concentration of particles leading to magnetic interaction effects on ARM acquisition (Egli and Lowrie, 2002); and/or reduced bioturbation (Egli and Zhao, 2015; Zhao et al., 2016). Chemical remanent magnetization (CRM) acquired by magnetite growth through the blocking volume has a CRM/ARM ratio of ∼0.5 (Pick and Tauxe, 1991), which may be similar to extracellular magnetite produced in situ by bacteria within the microbialite matrix. It may or may not be similar to a CRM acquired during oxidation of pyrite to magnetite, the processes possibly responsible for magnetite in remagnetized carbonates.
Figure 9 shows NRM vs ARM intensity data for this study, along with NRM/ARM bounds for clastic sediments (0.1–0.8) and marine biogenic magnetite (<0.05). The geometric mean of the NRM/ARM of GSL18 living microbialites, GSL18_0301, and GSL19_0202, are 0.98, 0.57, and 0.37, respectively. LB19 living microbialites and LB19_0301 have a geometric mean of 0.41 and 0.52, respectively. BG14_0101 has a geometric mean NRM/ARM ratio of 0.19, the lowest value among all microbialites. Most specimens are within the clastic detrital range with only one BG14_0101 specimen less than 0.05. These data are fully consistent with a predominantly clastic detrital origin, but some uncertainty in ratio for a biogenic contribution(s) and/or a CRM leaves room for other interpretations. While more work needs to be done to examine the magnetization process and the possible effects of diagenesis, the internal distribution of magnetization with respect to microbialite layering, NRM/ARM ratios, and the inclination variations correlated with bedding slopes suggest that the timing of sediment deposition and acquisition of magnetization samples are close and may be consistent with a primary DRM.
[image: Figure 9]FIGURE 9 | NRM intensity (x-axis) vs. ARM intensity (y-axis) of microbialites on log scales. The sample group of GSL18_living (GSL18 living microbialites with cyanobacteria layer collected from Antelope Island Site 1, 2 and 4), GSL18_0301 (lithified microbialite from Antelope Island Site 3), GSL19_0202 (lithified modern microbialite from Lakeside Site 2), LB19_living (surface living microbialite samples collected from LB19 Site 1 and 3), LB19_0301 (lithified porous microbialite sample from LB19 Site 3), BG14_0101 (Cambrian Bayan Gol formation stromatolite) are shown with red, orange, yellow, green, blue, and purple circles, and their geometric means are symbolized with stars. The black solid line represents NRM to ARM ratio of 1 (x = y), and measurements plotted on the left side of this line (ARM >> NRM) is consistent with a DRM origin. The gray shading shows the NRM/ARM range of clastic sediments (0.1–0.8) (e.g., Levi and Banerjee, 1976; Constable, 1985), and the gray dashed line represents the maximum constraint for biogenic magnetite (0.05) (e.g., Roberts et al., 2012; Rodelli et al., 2019).
CONCLUSION
We investigated the potential of modern and ancient microbialites as paleomagnetic recorders. Microbialites with NRM >1.00E-10 Am2 record recoverable, stable magnetic directions. All microbialites appear to record average directions close to the expected field direction. The dominant NRM carrier in all samples is 35–50 mT SD to ‘PSD’ magnetite. The Cambrian BG sample also has a contribution from high coercivity minerals, which do not contribute to the NRM.
We interpret the NRM to be at least partially detrital in origin. This interpretation is based on the magnetization distribution in the structure, the NRM/ARM ratios consistent with detrital sediments, and inclination variations that correlate with changes in bedding slopes. In some cases, the NRM to ARM ratio is higher, suggesting another magnetization process. This may be due to biomineralization of magnetic minerals and/or diagenesis soon after deposition.
To reduce inclination variations resulting from sloping beds, samples from large domal structures should be collected avoiding steep sides or by sampling all sides. For smaller scale hand samples (<50 cm), the sample slice should be cut parallel to the expected direction of the magnetic declination. Then, specimens from different lamination angles should be collected to average out the deviations generated by sloping beds.
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Authigenic ferrimagnetic iron sulfides, essentially greigite (Fe3S4), are commonly found in gas hydrate-bearing marine sediments of active accretionary prisms. Greigite is a by-product, either intracellular or extracellular, of microbial activity, and therefore provides good indication of microbial processes which are closely related to the occurrence of gas hydrate. A high-resolution rock magnetic study was conducted at Site U1518 of International Ocean Discovery Program Expedition 375, located in the frontal accretionary wedge of the Hikurangi Margin, offshore New Zealand. Samples were collected throughout the entire recovered stratigraphic sequence, from the surface to ∼492 m below seafloor (mbsf) which includes the Pāpaku fault zone. This study aims to document the rock magnetic properties and the composition of the magnetic mineral assemblage at Site U1518. Based on downhole magnetic coercivity variations, the studied interval is divided into five consecutive zones. Most of the samples have high remanent coercivity (above 50 mT) and first-order reversal curves (FORC) diagrams typical of single-domain greigite. The top of the hanging wall has intervals that display a lower remanent coercivity, similar to lower coercivities measured on samples from the fault zone and footwall. The widespread distribution of greigite at Site U1518 is linked to methane diffusion and methane hydrate which is mainly disseminated within sediments. In three footwall gas hydrate-bearing intervals, investigated at higher resolution, an improved magnetic signal, especially a stronger FORC signature, is likely related to enhanced microbial activity which favors the formation and preservation of greigite. Our findings at the Hikurangi Margin show a close linkage between greigite, methane hydrate and microbial activity.
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INTRODUCTION
Gas hydrate is an ice-like crystalline structure containing hydrocarbon gas (mainly methane) trapped in a water lattice. In the last decades, gas hydrate has been intensively investigated for its energy resource potential (e.g., Kvenvolden, 1993; Buffet and Archer, 2004) and its possible impact on climate change (e.g., Ruppel and Kessler, 2017; Screaton et al., 2019). Moreover, gas hydrate can play a role on slope stability in continental margins. Gas hydrate dissociation can destabilize the seafloor and be at the origin of submarine landslides (e.g., Mountjoy et al., 2014). Gas hydrate is stable within a limited range of high pressure/low temperature with high methane/gas contents (e.g., You et al., 2019) and is, therefore, mainly found in permafrost and continental margins (for instance, Cascadia Margin, offshore Oregon; Nankai Trough, offshore Japan; Chile-Peru Margin). The presence of gas hydrate is generally inferred rather than proven because it dissociates very rapidly at ambient conditions in absence of pressure cores. Various analytical approaches on cores and during drilling are indicative of gas hydrate occurrences, including logging resistivity data (Collett, 2001), heat flow and thermal anomalies with lower core temperature (Kinoshita et al., 2015), isotopic and pore water anomalies (essentially chlorinity anomalies) (Hesse, 2003), and characteristic rock magnetic variations (e.g., Housen and Musgrave, 1996; Larrasoaña et al., 2007). Previous rock magnetic studies in the Cascadia Margin (e.g., Housen and Musgrave, 1996; Musgrave et al., 2006; Larrasoaña et al., 2007), in the Nankai Trough (Kars and Kodama, 2015a; Kars and Kodama, 2015b; Shi et al., 2017), in the Bay of Bengal (Badesab et al., 2019) and offshore Taiwan (e.g., Horng, 2018) report co-occurrence of authigenic iron sulfides and gas hydrate. Authigenic ferrimagnetic greigite (Fe3S4) is commonly observed in such environments. It is closely related to microbial activity as greigite can be formed either extracellularly or intracellularly (e.g., Mann et al., 1990; Roberts and Turner, 1993; Watson et al., 2000; Bazylinski and Williams, 2006).
Tectonically uplifted sediments of the Neogene marine sedimentary sequence from the Hikurangi Margin are known to contain authigenic greigite formed from magnetite dissolution during diagenesis after sediment deposition (Rowan and Roberts, 2005, 2006). In this study, we apply rock magnetic techniques in marine sediments of the Hikurangi Margin, offshore New Zealand, cored during recent International Ocean Discovery Program (IODP) expeditions (Pecher et al., 2019; Wallace et al., 2019) to investigate the occurrence of authigenic iron sulfides associated with gas hydrate. In this paper we present and discuss the distribution of greigite in marine sediments recovered during IODP Expedition 375 (Wallace et al., 2019). This study is the first systematic study in the Hikurangi Margin that establishes a close relationship between the occurrence of authigenic greigite, methane hydrate, and microbial activity. We also discuss how overthrusting along a subduction splay fault affected the diagenetic profile.
BACKGROUND
The northern part of the Hikurangi Margin is an erosional accretionary prism located offshore the North Island in New Zealand (Figure 1A). It is formed by the subduction of the Pacific Plate beneath the Australian Plate at a rate of 4.5–5.5 cm/year (Wallace et al., 2004).
[image: Figure 1]FIGURE 1 | (A) Location and geotectonic setting of the Hikurangi subduction margin and the New Zealand plate boundary (inset). Displayed in the bathymetric map of the northern Hikurangi subduction margin are also the main thrust faults, IODP Site U1518 and the relative plate convergence vector (B) Detailed location map of holes drilled at Site U1518 (from Saffer et al., 2019) (C) Seismic cross section of the frontal accretionary wedge near the drilling transect of IODP Expedition 375, including interpretation after Barker et al. (2018). The location of IODP Site U1518 and trace of the Pāpaku fault are indicated. Figures (A) and (C) are modified from Fagereng et al. (2019) and Greve et al. (2020).
International Ocean Discovery Program (IODP) Expeditions 372 and 375 were undertaken to understand the mechanisms and the in situ conditions near the suggested source region of aseismic slow slip in the Hikurangi Margin. IODP Expedition 372 was mainly dedicated to collecting real-time logging-while-drilling (LWD) data (Pecher et al., 2019) and Expedition 375 to coring (Wallace et al., 2019).
Site U1518 (38°51.57S, 178°53.76’E) is located on the lower continental slope near the trench and ∼62 km from shore at ∼2630 m water depth (Saffer et al., 2019) (Figure 1C). Several holes were drilled at Site U1518 (Figure 1B). In this study, samples are from Holes U1518E and U1518F (IODP Expedition 375), and LWD data were acquired in Hole U1518B (IODP Expedition 372). Coring at Site U1518 penetrated sediments down to ∼495 m below sea floor (mbsf) and targeted the Pāpaku fault, a major frontal thrust, about 6.5 km west of the deformation front of the northern Hikurangi Margin (Saffer et al., 2019; Wallace et al., 2019). The Pāpaku fault zone was cored between 304.5 and 361.7 mbsf.
Three lithostratigraphic units were defined at Site U1518, all Quaternary in age. Sediment composition is mostly homogeneous, with silty clay(stone) as the dominant lithology alternating with thin beds of silt(stone) containing variable amounts of sand (Saffer et al., 2019). Mean sedimentation rate, based on calcareous nannofossil and planktonic foraminifer datums, has been estimated to 2.8 m/kyr in the Pleistocene. Some variability in sedimentation rate is likely related to the frequency and volume of gravity deposits (Saffer et al., 2019). Biostratigraphic observations identified an age inversion near the top of the fault zone suggesting that the majority of the fault zone interval is located within the younger footwall rock (<0.53 Ma; Saffer et al., 2019). Core observation and pore water downhole profiles indicate a well-preserved repetition of the early diagenetic sequence in the footwall, and diffusion modeling suggest recent overthrusting at ∼10–30 kya (Morgan et al., 2020, personal communication)1.
At Site U1518, an infra-red camera was used on the catwalk to image core temperature below 30 mbsf. A colder temperature indicated the dissociation of gas hydrate during depressurization in cores. Disseminated discrete gas hydrate in cores is inferred from ∼33 to ∼391 mbsf based on infra-red scanning and pore water chloride data (Holes U1518E and U1518F; Saffer et al., 2019). Small, centimeter-thick gas hydrate accumulations were identified at ∼399.5–400, ∼401.7–402.2 and ∼419.5–419.8 mbsf in three sections. The low core recovery (43%) from ∼198 to ∼495 mbsf may explain scattered observations of hydrate in cores. LWD data were recorded continuously in Hole U1518B, thus, allowing a better characterization of hydrate occurrence at Site U1518. Peaks in borehole resistivity (LWD) data suggest that methane hydrate accumulations are not continuous and occur in thin layers of concentrated hydrate (of the order of cm to 10s of cm) from ∼30 to the end of the hole at 585 mbsf. They seem to coincide mostly with coarse-grained sediments inferred from lower gamma ray counts (Cook et al., 2020). Methane hydrate is stable throughout Site U1518. The base of the gas hydrate stability zone, calculated from measured temperature, pore water salinity, and estimated pressure (Saffer et al., 2019), occurs at ∼585 mbsf (Cook et al., 2020). From LWD resistivity data in Hole U1518B, Cook et al. (2020) describe lower hydrate saturation Sh (Sh < 0.1) in parts of the hanging wall between 235 and 263 mbsf, in the fault zone, and the footwall between 455–485 mbsf. Intervals in the hanging wall (above ∼104 mbsf) were not logged for resistivity because of core gap and tool miscommunication (Wallace et al., 2019). Higher hydrate saturation (Sh > 0.2) is found in the immediate surrounding of the Pāpaku fault zone (∼304–314 mbsf and 345–370 mbsf), in the hanging wall at ∼230 mbsf and in the footwall at ∼397–418 and ∼488–498 mbsf (Cook et al., 2020). Cook et al. (2020) show that even though hydrate saturation varies with depth, it does not vary significantly between the hanging wall, fault zone and footwall.
MATERIALS AND METHODS
Materials
A total of 236 samples was analyzed from working half sections of IODP Expedition 375 Site U1518 (Saffer et al., 2019). Samples in 7cc plastic sampling boxes were extracted from fine-grained lithologies (i.e., claystone) of all Lithostratigraphic Units. Our sampling strategy did not include coarse-grained lithologies. One to two samples per 1.5 m-section were collected depending on the core recovery. In three footwall intervals containing gas hydrate, namely at ∼399.5–400, ∼401.7–402.2 and ∼419.5–419.8 mbsf, samples were collected at a resolution of 5–10 cm to verify whether rock magnetic variations exist at a smaller scale where gas hydrate is present.
Methods
Paleomagnetic and rock magnetic measurements were performed at the paleomagnetic laboratory of the Center for Advanced Marine Core Research (Nankoku, Japan) and at Japan Agency for Marine Earth Science and Technology (Yokosuka, Japan). Low-field, low-frequency (0.465 kHz) magnetic susceptibility χlf was measured with a MS2B Bartington Instruments magnetic susceptibility meter (field = 250 µT). The natural remanent magnetization (NRM) and an anhysteretic remanent magnetization (ARM) were measured with a 2-G Enterprises 760R SQUID cryogenic magnetometer. ARM was imparted in a direct current (DC) bias field of 50 µT in the presence of an 80 mT peak alternating field (AF). A saturation isothermal remanent magnetization (SIRM) was subsequently imparted on the samples in the +z direction at 1.2 T by using a MMPM10 pulse magnetizer before being measured with a Natsuhara Giken spinner magnetometer. The samples were subsequently remagnetized in the −z direction with a DC field of 0.3 T and measured again to calculate the S−0.3T parameter (= [(‒IRM−0.3T)/SIRM) +1]/2; Bloemendal et al., 1992). The S−0.3T parameter provides an indication of the relative proportion of high coercivity minerals (e.g., hematite, goethite, ferrimagnetic iron sulfides) in a mixture with soft ferrimagnetic minerals (e.g., magnetite, maghemite).
Hysteresis loops with a maximum applied field of 1 T were measured on dry sediment powder at room temperature with a Princeton Measurements Corporation vibrating sample magnetometer (VSM). Saturation magnetization (Ms), saturation remanent magnetization (Mr), and coercivity (Bc) were extracted. Saturation is assumed above 70% of the maximum applied field, although this may underestimate Mr/Ms as discussed by Roberts et al. (2018) and references therein. Remanent coercivity (Bcr) was subsequently measured by backfield demagnetization of Mr. First-order reversal curves (FORCs; Pike et al., 1999; Roberts et al., 2000; Roberts et al., 2014) were measured for 60 samples selected at ∼5–10 m stratigraphic intervals, with a 1 T saturating field (averaging time: 100 ms; field increment: 2 mT; number of FORCs: 150). FORC diagrams were processed using the FORCinel software (Harrison and Feinberg, 2008) with the VARIFORC protocol of Egli (2013). First point and lower branches were subtracted.
Low-temperature magnetic measurements were made with a Quantum Design SQUID magnetic properties measurements system (MPMS) for 29 selected samples. The samples each have ∼50–120 mg mass and had been dried, ground lightly to a fine powder, and sealed in a gelatin capsule before being measured. A room temperature SIRM (RT-SIRM) was acquired at 2.5 T. A 300-10-300K cooling-warming cycle of the RT-SIRM was then measured in a zero magnetic field (trapped field inside the MPMS <20 µT). A low temperature SIRM (LT-SIRM) was imparted at 10K at 2.5 T. Samples were then warmed to room temperature in a zero magnetic field and measured (termed ZFC for zero-field-cooled). Samples were subsequently cooled to 10K in a 2.5 T magnetic field and the LT-SIRM was measured during warming to 300K (termed FC for field-cooled).
Thermomagnetic experiments in air were measured on 20 selected specimens with a Natsuhara Giken NMB-89 magnetic balance from room temperature to 700°C (with a heating rate of 10°C/min in a 0.3 T field).
RESULTS
Magnetic Mineral Concentration-dependent Parameters
NRM, ARM, magnetic susceptibility χlf and SIRM are proxies for magnetic mineral concentration. At Site U1518, NRM and ARM do not show significant variations with depth (Figure 2A). NRM and ARM average around 2.04 ± 2.01 µAm2/kg and 6.90 ± 5.08 µAm2/kg, respectively (Supplementary Table S1). ARM is sensitive to the amount of single domain (SD) magnetic particles, especially of magnetite. ARM is only three times higher than NRM, suggesting that grain size variations do not significantly affect the ARM/NRM ratio in the studied samples.
[image: Figure 2]FIGURE 2 | Downhole rock magnetic parameters at Site U1518 (A) Natural Remanent Magnetization (NRM) and Anhysteretic Remanent Magnetization (ARM) (B) Magnetic susceptibility χlf(C) Saturation Isothermal Remanent Magnetization (SIRM) (D) SIRM/χlf ratio. Spikes in NRM, ARM, χlf, and SIRM are likely due to coarser lithology. Zones A to E, defined from coercivity variations (see Figure 3), are indicated. Core recovery, age and lithologic description are from Wallace et al. (2019).
Magnetic susceptibility χlf and SIRM mimic each other with a similar trend to ARM (Figures 2B,C). χlf and SIRM average around 8.51 ± 1.93 × 10–8 m3/kg and 1.71 ± 1.46 × 10–3 Am2/kg, respectively (Supplementary Table S1). Even though care has been taken to sample homogenous fine-grained lithology (i.e., claystone), high peaks at ∼285.5, ∼296.3 and ∼335.6 mbsf may be due to coarser-grained lithology (suggesting a higher detrital input in the samples). SIRM/χlf, which is an indicator of iron sulfide concentration, mimics the variations of both SIRM and χlf (Figure 2D). The ratio averages around 18.84 ± 12.87 kA/m (Supplementary Table S1).
As defined and discussed further below in Magnetic coercivity, the studied interval can be divided in five zones from top to bottom as follows: Zone A (top to ∼104 mbsf), Zone B (from ∼104 to ∼304 mbsf), Zone C (from ∼304 to ∼352 mbsf), Zone D (from ∼352 to ∼463 mbsf), and Zone E (from ∼466 to ∼492 mbsf). In Zone A, NRM and ARM intensities alternate between higher and lower values of these parameters, while Zones B and D display higher than average values with no significant variations (Supplementary Table S1). Zone C, in between, which corresponds to the Pāpaku fault zone displays below average values in two narrow intervals (see also Greve et al., 2021). Zone E displays lower than average values (Supplementary Table S1). We propose that this zonation is caused by varying amount of ferrimagnetic minerals in the sediment. Higher (lower) values of the concentration-dependent parameters indicate higher (lower) concentration of ferrimagnetic minerals.
Magnetic Grain Size Proxies
The ARM/χlf and ARM/SIRM ratios are commonly used as proxies for magnetic grain size (especially of magnetite) with higher (lower) values commonly indicating finer (coarser) grain size (Supplementary Figure S1). Peaks of the ARM/χlf ratio coincide with peaks in ARM. In clay-rich lithologies such as those found at Site U1518, the magnetic susceptibility χlf is usually dominated by paramagnetic minerals (Greve et al., 2020). In such a setting with an overall low concentration of ferrimagnetic minerals and low magnetic susceptibility (χlf < 10 × 10–8 m3/kg) the ARM/χlf signal does not solely reflect the effect of ferrimagnetic minerals (e.g., Lu and Banerjee, 1994; Greve et al., 2020). While ARM/χlf does not show significant variations with depth, ARM/SIRM behaves differently with marked variations. Above ∼110 mbsf, ARM/SIRM alternates between lower and higher values (Zone A). Between ∼110 and ∼460 mbsf, ARM/SIRM is low (generally below 4 × 10–3) except for peaks in the fault zone. Finally, below ∼460 mbsf (Zone E), the ratio is higher. The downhole ARM/SIRM variations are similar to coercivity variations as discussed below. We therefore conclude that neither ARM/χlf nor ARM/SIRM represent reliable magnetic grain size proxies at Site U1518 because of a high paramagnetic contribution and a magnetic remanence dominated by ferrimagnetic greigite as discussed further below (in Composition of the Magnetic Mineral Assemblage).
Magnetic Coercivity
S−0.3T indicates the relative contribution of higher coercivity (antiferromagnetic) magnetic minerals (e.g., hematite) with respect to generally lower coercivity (ferrimagnetic) magnetic minerals (e.g., magnetite). S−0.3T is close to 1, except for the very top part (below 20 mbsf), the fault zone (Zone C), and in between ∼460 and 470 mbsf (Supplementary Figure S1). This suggests that antiferromagnetic minerals have a minor contribution to the global magnetic mineral assemblage.
More interestingly are the downhole variations of the hysteresis parameters (Figure 3). Mr/Ms, Bc, Bcr and DJH (DJH=(Mr/Ms)/(Bcr/Bc); Housen and Musgrave, 1996) mimic each other. Zones A to E are defined from downhole coercivity variations. Their depths are based on sample depths.
Zone A (from top to ∼104 mbsf): this zone has alternating low (generally Bc < 25 mT, Bcr < 50 mT) and high coercivity (generally Bc > 40 mT, Bcr > 60 mT) intervals;
Zone B (from ∼104 to ∼304 mbsf): this is a high coercivity zone with rather constant coercivity Bc and Bcr values averaging 51.9 ± 4.4 and 69.6 ± 3.3 mT, respectively;
Zone C (from ∼304 to ∼352 mbsf): this zone has alternating higher and lower coercivity values with the lower coercivity intervals in the main and subsidiary fault zones (see Greve et al., in press);
Zone D (from ∼352 to ∼463 mbsf): this is a zone of constant high coercivity values in the same range as in Zone B (Bc∼51.6 ± 3.9 mT and Bcr∼69.3 ± 2.5 mT);
Zone E (from ∼466 to ∼492 mbsf): this is an interval of low coercivity values with Bc and Bcr averaging 23.8 ± 6.4 and 51.2 ± 5.2 mT, respectively.
[image: Figure 3]FIGURE 3 | Downhole magnetic hysteresis properties at Site U1518 (A) Mr/Ms ratio (B) coercivity Bc(C) remanent coercivity Bcr(D) DJH index. Zones A to E are defined from coercivity variations. Core recovery, age and lithologic description are from Wallace et al. (2019).
DJH increases as the proportion of single domain (SD) ferrimagnetic minerals increases and is generally higher when greigite contributes a significant proportion of the ferrimagnetic population. In the lower coercivity intervals, DJH is usually <0.2 and it is higher (>0.3) in the higher coercivity intervals (Figure 3D).
Composition of the Magnetic Mineral Assemblage
Saffer et al. (2019) noticed acquisition of gyroremanent magnetization (GRM) upon static alternating field (AF) demagnetization treatment of shipboard samples. GRM usually indicates the presence of greigite (e.g., Snowball, 1997). We conducted static AF demagnetization on the samples collected from the gas hydrate-bearing footwall sections (namely in the intervals ∼399.5–400, ∼401.7–402.2, and ∼419.5–419.8 mbsf). Except for two samples, all studied samples grow a GRM during static AF demagnetization (Supplementary Table S2). The parameter ΔGRM/ΔNRM (= [(NRM80mT–NRMmin)/(NRMinitial–NRMmin)], where NRMmin is the minimum remanence measured (Fu et al., 2008) displays values above 0.5 (Supplementary Table S2). Such high values are generally encountered in greigite-rich layers (e.g., Fu et al., 2008). For all these samples, Bcr is higher than 55 mT and DJH averages ∼0.35 (Supplementary Figure S3; Supplementary Table S2), which is similar to other samples from Zone D.
FORC diagrams (Figure 4A), thermomagnetic curves (Figure 4B) and low temperature magnetic measurements (Figures 4C,D) aim to characterize the magnetic mineral assemblages in low(er) and high(er) coercivity intervals, respectively. Rock magnetic measurements carried out on samples from the fault zone (i.e., Zone C) are presented and discussed in Greve et al. (2021) and are not further detailed in this manuscript.
[image: Figure 4]FIGURE 4 | Representative rock magnetic measurements for samples of the different coercivity zones (shown on the left) (A) FORC diagram (B) Thermomagnetic curve (C) RT-SIRM cycling and (D) Zero Field Cooled (ZFC) and Field Cooled (FC) curves. Selected samples are from top to bottom: U1518E-7H-5W, 13–15 cm (depth = 52.54 mbsf), U1518E-12F-2W, 22–24 cm (depth = 68.75 mbsf), U1518F-2R-1W, 44–46 cm (depth = 198.14 mbsf), U1518F-13R-2W, 99–101 cm (depth = 305.52 mbsf), U1518F-15R-2W, 67–69 cm (depth = 324.29 mbsf), U1518F-29R-3W, 6–8 cm (depth = 459.48 mbsf) and U1518F-32R-6W, 2–4 cm (depth = 490.57 mbsf). Samples from Coercivity Zone C are discussed in Greve et al. (2021).
Site U1518 samples can be divided into two groups based on their FORC diagrams. The first group represents most of the samples and the FORC diagrams display closed concentric contours with a mean coercivity Bc generally above 50 mT and interaction between grains (for instance, samples from Zones B and D, Figure 4A). The FORC diagrams for three gas hydrate-bearing footwall sections (Supplementary Figure S3) have smoother contours with a better defined shape than the FORC diagrams on Figure 4. This is due to a stronger magnetization and remanence of the samples. This FORC signature has been previously reported in Greve et al. (2020) and Greve et al. (2021) at Site U1518, and was attributed to SD greigite (e.g., Roberts et al., 2006). Although this FORC diagram signature is not unique to SD greigite, similar FORC diagrams were reported in other gas hydrate-bearing environments whose signature corresponds to greigite (e.g., Kars and Kodama, 2015a; Kars and Kodama, 2015b; Shi et al., 2017; Larrasoaña et al., 2007). The second group of samples shows a mixture of SD greigite with a lower coercivity magnetic phase (generally with a coercivity Bc below 20 mT). For this group, contours are open on the Bu axis indicating a coarser phase, likely in the vortex state (for instance, samples from Zones A (upper panel) and E, Figure 4A) (e.g., Roberts et al., 2000; Muxworthy and Dunlop, 2002). This additional phase is likely (titano)-magnetite, as indicated by thermomagnetic and low temperature magnetic measurements presented below.
Thermomagnetic curves on selected samples from the different magnetic zones are similar (Figure 4B). Magnetization upon warming decreases up to a peak temperature of ∼420°C, from where it starts to increase until reaching a maximum at ∼490°C and then decreases up to a temperature of 700°C. This magnetic behavior at temperatures higher than 400°C has been attributed to the oxidation of paramagnetic pyrite (FeS2) into ferrimagnetic magnetite during heating (e.g., Passier et al., 2001). Some samples additionally display a change-in-slope at ∼320°C, typically for the presence of greigite (see for example, samples from Zones B and C (lower panel), Figure 4B). Cooling and warming curves are not reversible, indicating modifications of the magnetic mineral assemblage during heating. This feature is common at Site U1518 (Greve et al., 2021).
Low temperature magnetic measurements do not significantly differ between samples from the different zones (Figures 4C,D). RT-SIRM curve on cooling (Figure 4C) shows a slight decrease of magnetization at ∼110–120 K, which is comparable to the temperature TV of the Verwey transition of magnetite (TV∼120 K) (e.g., Muxworthy and McClelland, 2000; Özdemir et al., 2002). Cooling and warming curves are not reversible through TV, suggesting coarse-grained (Ti)-magnetite (e.g., Özdemir et al., 2002). The Verwey transition is barely seen on the ZFC and FC curves (Figure 4D). Their first derivatives do not display evidence for any additional magnetic phase. Greigite does not have any low temperature magnetic transition (Chang et al., 2009; Roberts et al., 2011). Nevertheless, some key observations can be made. Samples from intervals for which the FORC signature indicates absence of greigite (i.e., Zones A and E, Figure 4A) display a significantly more marked decrease in SIRM intensity between 10 and 30 K than those from greigite-bearing intervals (Figure 4D). The decrease (Supplementary Figure S2A) is generally more than 50% for no greigite-bearing samples. Such a decrease suggests the presence of superparamagnetic (SP) grains (e.g., Passier and Dekkers, 2002) whose nature cannot be determined from the rock magnetic dataset presented in this manuscript.
The ratio of the remanence measured at 10 K between FC and ZFC, MFC/MZFC (Supplementary Figure S2B), is generally higher than 1.4, suggesting the presence of SD-sized grains (Smirnov, 2009). High values of MFC/MZFC generally occur in samples for which FORC diagrams indicate the presence of greigite. The loss in magnetization M for ZFC and FC curves during warming through the magnetite Verwey transition is calculated by using the parameter δ of Moskowitz et al. (1993) (δ = (M80K-M150K)/M80K). The ratio δFC:δZFC is close to 1:1 for samples from all zones (Supplementary Figure S2C). Higher δFC and δZFC (>0.2) are found in Zones A, C and E, whereas lower δFC and δZFC (<0.2) are found in Zones B and D, with a few exceptions. This distribution could reflect a difference in concentration and/or grain size distribution of (titano)-magnetite particles (Moskowitz et al., 1993) with higher values reflecting higher concentration and/or the presence of coarser (titano)-magnetite grains in Zones A, C, and E. Low values of δFC and δZFC (<0.2) in samples containing ferrimagnetic iron sulfides have been previously reported in gas hydrate-bearing sediments of the Nankai Trough (Kars and Kodama, 2015a; Kars and Kodama, 2015b).
Site U1518 in the Hikurangi Margin is another example where low temperature magnetic measurement indirectly infer the presence of greigite. However, in this study, FORC diagrams are the best discriminatory technique to identify greigite in the samples.
DISCUSSION
The rock magnetic results presented above show a widespread occurrence of SD greigite in the studied sediments of Site U1518. This mineral is identified in the high coercivity intervals (Bcr > 50 mT) (Figure 3), whereas (titano)-magnetite is the main magnetic phase in the intervals with lower coercivity. Greigite forms via biogeochemical processes in the sedimentary column and is highly sensitive to changes in redox state. Especially, higher reactive iron contents and lower dissolved sulfide favor the formation and preservation of greigite (Kao et al., 2004). In the following sections we discuss how the distribution of greigite within the sequence of a young, active accretionary system provides insights into the interplay between fluid flow, gas hydrate accumulation and dissipation, and microbial activity.
Occurrence of Greigite and Methane Hydrate
A high value of SIRM/χlf has frequently been used as proxy for greigite-bearing intervals in marine sediments (e.g., Snowball, 1991). Larrasoaña et al. (2007) suggested that samples which contain iron sulfides typically display SIRM/χlf values higher than 15 kA/m. Based on SIRM/χlf (Figure 2D), Bcr (Figure 3C), and FORC diagrams (Figure 4A and Supplementary Figure S3), we define intervals that have concomitant rock magnetic properties characteristic of greigite-bearing sediment. Figure 5 displays both greigite-bearing intervals and gas hydrate occurrence (Wallace et al., 2019; Cook et al., 2020). Greigite is quasi-ubiquitous at Site U1518 and present in sediments with discrete (disseminated) occurrence of gas hydrate. Similar findings were previously reported, for instance, in gas hydrate-bearing sediments of the Cascadia Margin (e.g., Housen and Musgrave, 1996; Larrasoaña et al., 2006) and of the Nankai Trough (Kars and Kodama, 2015a; Kars and Kodama, 2015b; Shi et al., 2017).
[image: Figure 5]FIGURE 5 | Distribution of gas hydrate at Site U1518 based on shipboard observations (Wallace et al., 2019) (A) Hydrate saturation calculated from LWD resistivity data (Cook et al., 2020). Here a value of n = 2.5 for hydrate saturation calculation with Archie’s equation has been used (Cook and Waite, 2018) (B) Shipboard methane contents (C) Remanent coercivity Bcr. Occurrence of greigite (dark green: continuous, light green: intermittent) from rock magnetic measurements is reported on the right with the coercivity zones defined in this study. The light blue shaded zone corresponds to disseminated gas hydrate and the dark blue shaded zones correspond to three gas hydrate-bearing sections identified aboard on the catwalk. The orange shaded zones correspond to intervals in Hole U1518B where hydrate saturation Sh calculated from LWD resistivity data exceeds 0.2 (Cook et al., 2020). Core recovery, age and lithologic description are from Wallace et al. (2019).
In Zone E and in some intervals of Zones A and C, lower values of SIRM (Figure 2C) and coercivity suggest lower contents or absence of greigite. We distinguish between “continuous” and “intermittent” occurrence of greigite. “Continuous” refers to depths with consecutive samples spanning a long interval where greigite is identified. “Intermittent” refers to intervals which contain some samples that do not have evidence for greigite. Continuous greigite occurrence is observed in Zones B and D, whereas intermittence is observed in Zones A and E. Zone C, corresponding to the Pāpaku fault zone, encompasses two narrow intervals in which greigite does not seem to be present (see Greve et al., 2021).
If we assume that SIRM is mostly carried by SD greigite, then this parameter reflects variations in the greigite concentration with depth. Higher values of SIRM suggest higher greigite contents. Quantification of greigite contents based on rock magnetic proxies is notoriously difficult because the remanence intensity is affected by magnetic grain size. Moreover, the saturation remanence (Ms) of greigite is still as of today undefined (Chang et al., 2008). Values range from as low as 3 Am2/kg (Dekkers and Schoonen, 1996) to ∼70 Am2/kg (Li et al., 2014). Consequently, in the following discussion variations in greigite contents are expressed relatively to adjacent intervals and to the downhole trend.
Greve et al. (2021) conducted secondary and backscattered electron imaging on samples from low coercivity zones of the Pāpaku fault zone (Zone C). They identified an increase in the number of, size of framboids and signs of secondary pyritization. Different generations of pyrite (Greve et al., 2021) indicate that pyrite formation occurred during later diagenetic stages, perhaps related to further pyritization of authigenic greigite. By extrapolating this observation to other lower coercivity intervals, and by looking at similarities in rock magnetic parameters (for instance, DJH, χlf, SIRM), we tentatively assume that pyrite is more abundant in the lower coercivity intervals in Zones A (in the hanging wall) and E (in the footwall) and that several generations of pyrite (with possible later reduction of greigite) exist. This assumption is supported by lower values of the remanence (e.g., SIRM) and χlf (Figure 2) that indicate lower contents of ferrimagnetic minerals (including iron oxides).
There are two major possible explanations for the absence of greigite: (i) it was never preserved because biogeochemical conditions favored complete pyritization at the sulfate-methane transition zone (SMTZ) during burial (e.g., Schoonen, 2004), or (ii) greigite was formed during early/syn-sedimentary diagenesis and later reduced to pyrite when environmental conditions changed. Secondary diagenesis to pyrite may for example be caused by advective or diffusive transport of fluids and methane through the sediment (e.g., Musgrave et al., 2019). The high sedimentation rate at this active margin probably resulted in a rapid burial beneath the SMTZ during initial deposition which would have prevented complete pyritization and enabled the preservation of greigite. This would invalidate the first explanation.
A striking observation is that greigite is intermittent or absent in sediment with lower resistivity and hydrate saturation, such as in the ∼460–485 mbsf depth interval (Cook et al., 2020; Figure 5). Exceptional is the low hydrate saturation interval (Sh < 0.1) between 235 and 263 mbsf identified by Cook et al. (2020) which does not correspond to a depth interval with no greigite (Figure 5), instead it corresponds to a high coercivity interval with SD greigite in Hole U1518F. This discrepancy is likely explained by the fact that hydrate saturation calculated from LWD resistivity data is from Hole U1518B (Cook et al., 2020) located ∼50 m to the north of Holes U1518E and U1518F (this study, Figure 1B). If we assume that greigite indicates presence of gas hydrate and methane diffusion, this discrepancy suggests discontinuous and patchy gas hydrate distribution in the frontal accretionary wedge of the Hikurangi Margin. In the following, we discuss how greigite is possibly linked to methane hydrate saturation.
Dissociation of methane hydrate may be one process responsible for later pyritization of authigenic greigite (e.g., Kars and Kodama, 2015a). When hydrate dissociates, released methane diffuses mostly upward. Subsequently, when conditions in pressure, temperature, methane concentration and solubility are met, it forms new hydrate. Methane diffusion is widespread at Site U1518 (Cook et al., 2020) and new hydrate formation is controlled by the hydraulic permeability, which is a function of sediment grain size and sorting. At Site U1518, methane hydrate is mostly found in coarse-grained lithology, i.e., sand and silt, in cm to 10s of cm-thick layers (Cook et al., 2020). While methane hydrate preferentially forms in coarse-grained lithology (silt- or sandstone), the slow diffusion of methane through surrounding and clay-rich layers may be used by microorganisms for in situ formation of iron sulfides. When hydrates dissociate, the sudden release and accumulation of methane in porous intervals (below a less porous interval acting as a seal) would result in the secondary diagenesis of existing greigite to pyrite (e.g., Kars et al., 2018; Musgrave et al., 2019). The higher coercivity intervals in Zones A, B and D (Figure 3), which are also characterized by higher SIRM/χlf values (Figure 2D) indicate the preservation of diagenetic greigite, which formed at the SMTZ during sediment deposition and possibly at a later diagenetic stage due to enhanced microbial activity (see Greigite as Indicator for Enhanced Microbial Activity).
Repeating Hanging Wall and Footwall Diagenetic Pattern
Wallace et al. (2019) have identified an age inversion at ∼304.5 mbsf that coincides with the top of the Pāpaku fault zone. The diagenetic sequence of the hanging wall (>0.53 Ma) based on lithostratigraphy, structural geology and pore water analysis is repeated below the Pāpaku fault zone in the footwall (<0.53 Ma). This has led Morgan et al. (personal communication) to suggest recent underthrusting and active displacement along the thrust fault.
In Figures 2,3 concentration and composition of magnetic minerals above the Pāpaku fault zone in Zone B (∼104–304 mbsf, i.e., lower half of Lithostratigraphic Unit IA, and Unit IB) are similar to those of below the fault zone in Zone D (∼352–463 mbsf, i.e., Lithostratigraphic Unit IIA). Likewise, rock magnetic properties between ∼466 and 492 mbsf (Zone E, i.e., very bottom of Lithostratigraphic Subunit IIIA, and Subunit IIIB), display lower values of the concentration-dependent parameters, and a lower coercivity. This signal resembles the weaker signal in the top part of the sediments in Zone A (i.e., upper half of Subunit IA). Comparable FORC diagram signature has been measured between Zones A and E, and B and D, respectively (Figure 4). These observations are in agreement with a repetition of the diagenetic sequence observed by Wallace et al. (2019) based on pore water analyses.
Low coercivity intervals in Zone A where greigite is not identified may be the result of completed pyritization at the SMTZ. By contrast, higher coercivity intervals would have been quickly buried below the SMTZ, favoring the preservation of greigite. At the drill site, sedimentation rate is varying through time with turbidite deposits increasing the sedimentation rate in a limited period (Wallace et al., 2019). A less prolonged time at, and a quick burial below the SMTZ would therefore favor the preservation of intermediary greigite. Consequently (early diagenetic) greigite formation predated any thrusting, because greigite occurs in the hanging wall (older) and the footwall (younger).
Zone D is a remaining interval currently in the footwall of shallower rocks (which are now eroded in the hanging wall). In Zone D, greigite, formed at much shallower depth at the SMTZ, has been preserved until present, likely at the favor of limited and transient fluid flow in the footwall (Cook et al., 2020; Fagereng et al., 2019; Greve et al., 2021). The magnetic mineral assemblage of Zone D which contains greigite would therefore correspond to the early diagenetic sequence, formerly present in the hanging wall, in the footwall. The absence of greigite in Zone E might be explained by either complete pyritization at the SMTZ or further reduction of greigite into pyrite, likely because of hydrate dissociation due to the proximity of this interval to the base of methane hydrate stability (at ∼585 mbsf; Cook et al., 2020).
Greigite as Indicator for Enhanced Microbial Activity
Many formation pathways have been proposed for greigite. These pathways include early formation from pyrite precursors (e.g., Schoonen, 2004) and later diagenetic processes such as greigite growth on surface of pre-existing mineral phases (e.g., Roberts and Weaver, 2005). The reader is referred to Roberts (2015) for a review of these processes. In anoxic, sulfidic marine sediment, dissolved sulfide necessary for iron sulfide formation is produced by organo-clastic sulfate reduction (degradation of organic matter; Berner, 1981) and by anaerobic oxidation of methane (AOM) (e.g., Knittel and Boetius, 2009) performed by sulfate reducing bacteria (SRB) and a consortium of SRB and methanotrophic archaea (e.g., Knittel et al., 2003), respectively. This happens at the sulfate-methane transition zone (SMTZ). Dissolved sulfide further reacts with dissolved iron to form iron sulfides (e.g., Schoonen, 2004). Under specific anoxic and sulfidic conditions (e.g., Neretin et al., 2004), greigite can be preserved below the SMTZ. Changes in organic carbon input and sedimentation rate are amongst the most common factors controlling the formation of iron sulfides (e.g., Kasten et al., 1998).
At Site U1518, the SMTZ is located at ∼8 mbsf where sulfate concentration drops to 0 mM and remains at this value to the bottom of the hole (Saffer et al., 2019). Elevated methane flux responsible for the shallow occurrence of methane hydrate and SMTZ infers low dissolved sulfide contents at the SMTZ (Wallace et al., 2019). Lower dissolved sulfide contents, thus, might arrest the pyritization process and favor the preservation of greigite (e.g., Kao et al., 2004).
Authigenic greigite is the main magnetic carrier in our samples, except for weakly magnetized intervals where pyrite and iron oxides are present in Zones A, C and E (Figure 5). As greigite is mainly formed as a by-product of microbial processes, it is assumed that microbial activity is playing an important role on greigite formation and preservation at Site U1518.
Microbiological studies, conducted in marine sediments of the Cascadia Margin (e.g., Cragg et al., 1996) and of the Nankai Trough (e.g., Reed et al., 2002; Inagaki et al., 2006), have shown that the total number of microorganisms increases in hydrate zones, compared to adjacent sediments. Moreover, Inagaki et al. (2006) have found that the microbial community composition is different in hydrate-bearing sediments relative to hydrate-free intervals. A strong interplay thus exists between hydrate and microbial activity (e.g., Cragg et al., 1996; Katayama et al., 2016). Microbial processes and community distributions, influenced by gas hydrate and gas and fluid venting, are thus key factors for understanding biogeochemical processes related to the occurrence of biogenic gas hydrate. Microbial communities identified at cold seeps in the Hikurangi Margin are similar to those identified in cold seeps worldwide, with dominant anaerobic methanotrophic archaea (ANME) and proteobacteria (Ruff et al., 2013). ANME are the principal microorganisms involved in the AOM reaction (e.g., Knittel and Boetius, 2009) with production of dissolved sulfide in the pore water needed for iron sulfide formation.
Findings on the interplay between hydrate and microbial activity in the Cascadia Margin and the Nankai Trough suggest that a similar relationship exists in the Hikurangi Margin. Cook et al. (2020) posit that unconnected low to moderate hydrate saturation at Site U1518 implies that the source of methane in the hydrate is by local diffusion of microbially generated methane within the hydrate stability zone. At our knowledge, there is currently no microbiology study conducted at Site U1518 to characterize the microbial communities present in the sediment.
In intervals with higher DJH (Figure 3D), SIRM/χlf (Figure 2D) and a stronger FORC signature indicating the prevalence of SD greigite (Figure 4A, Supplementary Figure S3), the production of greigite may be increased compared to other intervals with lower values where greigite is identified. Localized and limited dissolved sulfide, likely produced in situ by AOM, favors in situ formation and preservation of greigite by microbial activity. Higher values of concentration-dependent magnetic parameters (e.g., DJH) might therefore indicate enhanced microbial activity (perhaps with an increased number of microorganisms) in gas hydrate intervals at Site U1518. The vertical distribution of authigenic greigite may be a good indicator of methane hydrate within sediment, and of microbial communities at the origin of biogenic hydrate formation.
Comparison With the Nankai Trough and the Cascadia Margin
Gas hydrate has been widely identified in accretionary prisms around the world (e.g., Kvenvolden, 1993). The Cascadia Margin, offshore Oregon, and the Nankai Trough, offshore Japan, have been widely studied for decades by ocean scientific drilling and several rock magnetic studies have been conducted to elucidate any relationship between gas hydrate and magnetic mineralogy.
Larrasoaña et al. (2007) proposed the use of a bivariate plot, χlf as a function of SIRM/χlf, to identify, at first approximation, the magnetic mineral assemblage composing marine sediments. Given ranges of SIRM/χlf values would indicate the relative dominance of ferrimagnetic iron sulfides in the mineral assemblage. Supplementary Figure S4 is a comparison of our dataset with data from the Cascadia Margin (Housen and Musgrave, 1996; Larrasoaña et al., 2006) and Nankai Trough (Kars and Kodama, 2015a; Kars and Kodama, 2015b, unpublished). Site U1518 samples have relatively low magnetic susceptibility, similar to values obtained in the Nankai Trough. SIRM/χlf for Site U1518 varies between ∼1.34 and 102.73 kA/m. Most samples have SIRM/χlf > 15 kA/m, which suggests, according to Larrasoaña et al. (2007), a magnetic mineral assemblage dominated by authigenic iron sulfides, as shown in our study.
The FORC diagrams measured in our study (Figure 4A; Supplementary Figure S3) are typical of FORC diagrams measured in the Cascadia Margin (Larrasoaña et al., 2007) and in the Nankai Trough (Kars and Kodama, 2015a; Kars and Kodama, 2015b; Shi et al., 2017), indicating occurrence of SD greigite in hydrate-bearing sediments. The Hikurangi Margin is, thus, an additional example of accretionary prism with co-occurrence of authigenic iron sulfides (mostly greigite) and gas hydrate. From this observation, one can expect that SD greigite would be more commonly identified in accretionary prisms and continental margins where gas hydrate occurs.
CONCLUSION
Marine sediments of Site U1518 can be divided into five consecutive intervals showing variations in magnetic properties, especially coercivity. Most of the samples have a high remanent coercivity Bcr, above 50 mT, and a FORC diagram signature typical of single domain greigite. Authigenic greigite is observed throughout the entire stratigraphic sequence, which was cored entirely in the gas hydrate stability zone. Lower coercivity zones are found at the top of the hanging wall and in the footwall below the Pāpaku fault zone, likely because of the repetition of the early diagenetic sequence in the footwall. Coercivity variations within the Pāpaku fault zone are discussed in Greve et al. (2021). This study is the first systematic study in the Hikurangi Margin establishing a close relationship between authigenic greigite and gas hydrate. Low hydrate saturation level seems to correspond to depth intervals where greigite is in lower concentration or absent. Greigite is found in sediments where hydrate saturation is higher. A higher greigite concentration may suggest an enhanced microbial activity in methane hydrate-bearing sediments. Further studies in gas hydrate environment combining rock magnetism and microbiology are necessary to elucidate greigite formation in this environment.
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The sensitivity of magnetic properties, which characterize the mineralogy, concentration, and grain size distribution of magnetic minerals, to environmental processes may provide useful information on paleoenvironmental changes in estuarine environments. Magnetic property studies of estuaries are less common than other environments and, due to the west coast of South Korea having an abundance of estuaries, it provides a good place to study these processes. In this study, we analyzed a variety of magnetic properties based on magnetic susceptibility, hysteresis parameters, progressive acquisition of isothermal remanent magnetization and first-order reversal curve data from a Holocene muddy sediment core recovered from the Yeongsan Estuary on the west coast of South Korea. We examined diagenetic effects on magnetic properties and tested their availability as proxies of paleoenvironmental change. The presence of generally low magnetic susceptibility, ubiquitous greigite-like authigenic magnetic component, and very fine magnetic particle occurrence suggested that the analyzed sediments had undergone considerable early diagenetic alteration. Electron microscopic observations of magnetic minerals support this suggestion. Our results confirm that the use of initial bulk susceptibility as a stand-alone environmental change proxy is not recommended unless it is supported by additional magnetic analyses. We recognized the existence of ferromagnetic-based variabilities related to something besides the adverse diagenetic effects, and have examined possible relationships with sea-level and major climate changes during the Holocene. The most remarkable finding of this study is the two distinct intervals with high values in magnetic coercivity (Bc), coercivity of remanence (Bcr), and ratio of remanent saturation moment to saturation moment (Mrs/Ms) that were well coincident with the respective abrupt decelerations in the rate of sea-level rise occurred at around 8.2 and 7 thousand years ago. It is then inferred that such condition with abrupt drop in sea-level rise rate would be favorable for the abrupt modification of grain size distribution toward more single-domain-like content. We modestly propose consideration of the Bc, Bcr, and Mrs/Ms variability as a potential indicator for the initiation/occurrence of sea-level stillstand/slowstand or highstand during the Holocence, at least at estuarine environments in and around the studied area.
Keywords: diagenesis, Holocene sediments, magnetic properties, rate of sea-level rise, stillstand/slowstand, Yeongsan estuary
INTRODUCTION
Magnetic minerals are common constituents of a wide range of sediments and are sensitive to the physicochemical conditions of their surrounding environment (Thompson and Oldfield, 1986; Verosub and Roberts, 1995; Dekkers, 1997; Maher and Thompson, 1999; Evans and Heller, 2003; Torii, 2005; Liu et al., 2012). Magnetic measurements facilitate characterization of the mineralogy, concentration, and grain size distribution of magnetic minerals contained in sediments, providing information about sediment provenance, transportation, and deposition, as well as post-depositional diagenesis and input of urban and industrial sources into sediments (Karlin and Levi, 1983; Bloemendal et al., 1992; Robinson et al., 2000; Emirog̃lu et al., 2004; Rey et al., 2005; Kim et al., 2009; Liu et al., 2010; Szuszkiewicz et al., 2015; Tauxe et al., 2015; Pan et al., 2017).
It is generally thought that sedimentation during Holocene at estuaries and coastal lines are sensitive to not only their catchment (terrestrial) environmental changes and extreme hydrologic events such as heavy rainfalls and storms, which are closely associated with regional and global climate changes, but also regional sea-level change (e.g., Lim et al., 2017, Lim et al., 2019). Hence, such estuarine‒coastal sediments are of potential use for reconstructing records of paleoenvironmental changes during Holocene. Along the west coast of South Korea, facing the eastern Yellow Sea, estuaries of large rivers such as the Han, Geum, and Yeongsan Rivers are widely distributed from north to south; these are tide-dominated depositional environments (Chough et al., 2004) forming a variety of deposits during the Late Pleistocene and Holocene (Park et al., 1998; Choi et al., 2003; Lim and Park, 2003; Nahm et al., 2008; Nahm and Hong, 2014; Moon et al., 2018). During the Holocene, these western coastal areas would have experienced dramatic environmental changes due to e.g., sea-level changes such as the Holocene transgression (Stanley and Warne, 1994; Kim and Kennett, 1998), the El Niño Southern Oscillation (ENSO) activity (e.g., Lim et al., 2017; Lu et al., 2018; Lim et al., 2019), the eastern Asian Monsoon (EAM; e.g., Chang, 2004; Dykoski et al., 2005; Selvaraj et al., 2007), and the Holocene climate optimum (HCO; e.g., An et al., 2000; Zhou et al., 2016; Park et al., 2019).
Bulk low-field magnetic susceptibility has been widely applied to interpret such sediment environments in South Korea (Park et al., 1998; Moon et al., 2018; Lim et al., 2004; Lim et al., 2014; Lim et al., 2015), yet comprehensive studies using other magnetic properties have been rare. Further studies are needed to comprehensively explore magnetic minerals in terms of their supply into the accommodation space, dissolution or alteration or generation by early diagenesis, abundance, and response to environmental changes. Additionally, characterization of such magnetic properties among fine materials (muds) in the estuaries of the western Korean Peninsula may provide fundamental information on the provenance and hydrodynamic transport of mud deposits in the Yellow Sea and East China Sea, which remain poorly constrained (Yang et al., 2003; Liu et al., 2010; Wang et al., 2010; Koo et al., 2018).
The objective of this study was to characterize variations in magnetic properties from a sediment core retrieved from an estuarine system in the Yeongsan Estuary on the west coast of South Korea and to identify diagenetic effects that can cause down-core variation of magnetic properties. We then tested the availability of such magnetic properties as proxies of paleoenvironmental changes during the Holocene.
STUDY AREA, MATERIALS, AND RADIOCARBON AGES
The Yeongsan Estuary is located within the city of Mokpo (population, ∼250,000) on the southwestern coast of South Korea; from land to sea, it is divided into Yeongsan Lake (fresh water lake), the inner and outer estuaries, and the coastal zone (Figure 1; Williams et al., 2014). The estuary is under a macrotidal regime, with primarily semidiurnal tides of about 4.5 m tidal range (Byun et al., 2004). Across the estuary, the Yeongsan River (total length, 115 km; drainage basin area, 3,371 km2) flows into the Yellow Sea through the relatively shallow (mostly <50 m water depth) ria coastline. The average depth and width of the Yeongsan River ranges from ∼10 to 19 m and from 0.6 to 1.3 km, respectively, in its lower reaches (Lee et al., 2009; Williams et al., 2014). The climate of the Korean Peninsula, including the study area, is dominated by seasonal monsoons: during winter, cold and dry north-northwesterly winds are accompanied by less precipitation; during summer, warmer and wetter south-southeasterly winds are accompanied by heavy precipitation and occasional typhoons (e.g., Chang, 2004). Due to the seasonality in precipitation, freshwater discharge of the Yeongsan River occurs mainly during summer (>80% of the annual mean; Ryu et al., 2004). The geology in and around the Yeongsan River basin is composed mainly of Precambrian gneiss, Paleozoic sedimentary rocks such as shale and mudstone, and Mesozoic granites, volcanic extrusive rocks, and tuffs (Choi et al., 2002).
[image: Figure 1]FIGURE 1 | Topographic map of the Yeongsan Estuary showing the location of the YAR-4 core site (red star). Inset: location of the Yeongsan River system (blue lines). Maps were obtained from Google Maps. The location of the Yeongsan Estuarine dam is also shown by black bar.
The Yeongsan Estuary has experienced substantial coastal construction within the last 100 years, a dam construction (the Yeongsan Estuarine Dam, drawing boundary between the Inner Estuary and the Yeongsan Lake at present) by 1981, and land reclamation projects during the 1980s, which led to reduction of the estuarine area (e.g., Williams et al., 2014). Prior to the dam construction, tidally influenced environments spanned about 63 km upstream from the dam (Lee et al., 2009). During the land reclamation projects, seawalls/embankments were constructed within the area.
YAR-4 (34.82167 °N, 126.55357 °E; 0.5 m below mean sea level at the top) is a 20-m-long sediment core (inner diameter, ∼74 mm) that was recovered adjacent to the junction of the Yeongam River (also called the Yeongam tributary) and the main channel of the Yeongsan River (Figure 1). Prior to the dam construction the core site would have been below mean sea level and the dam construction actually exposed the core location. The YAR-4 core site has had no tidal influence since the dam construction. The average accumulation rate of sediments around the site is presently estimated at ∼20 mm/yr (Williams et al., 2014). Weathered granite (basement rock) is apparent at the bottom 0.20 m of this core; from a core depth of 19.80 m to the top, various facies of sediments are visible (Figure 2). The sediment descriptions, interpretation of the sedimentary environments, and accelerator–mass spectrometer (AMS) radiocarbon (14C) age data for this core have been previously documented (Nakanishi et al., 2013), and are briefly described as follows.
[image: Figure 2]FIGURE 2 | Summary of sedimentary characteristics of the YAR04 core documented by Nakanishi et al. (2013), showing columnar lithology, sediment descriptions and inferred sedimentary environments.
Nakanishi et al. (2013) divided the YAR-4 core sediment stratigraphy into six different sedimentary facies units (I, II, III, IV, V, and VI, in Figure 2) based on their analyses, including grain size, color, sedimentary features, and AMS 14C age data. Units II and III are further subdivided into two subfacies units each, as IIa, IIb, IIIa, and IIIb. Figure 2 presents a summary of the core’s sedimentary characteristics and the interpretation of associated sedimentary environments. Nakanishi et al. (2013) also estimated a number of AMS 14C ages (i.e., only conventional age estimates, without 14C calibration) from materials of terrestrial (plants) and marine (shells) origins to evaluate the marine reservoir effects on the sediments. Their results revealed that the shell 14C ages were older by 0–500 years (i.e., the marine reservoir effects) than the plant 14C ages.
In the present study, we selected part of the plant 14C age data from the published age dataset to represent appropriate sediment ages (Table 1; Figure 3) to build up an age–depth relationship for this core and to estimate the sedimentation rates. These ages ranged from 8,130 (±70, 1σ) to 3,760 (±50, 1σ) yr BP in conventional age for units II to V, being converted into calibrated ages from 9,088 (±310, 2σ) to 4,114 (±179, 2σ) cal. yr BP by using the OxCal (version 4.4) calibration program (https://c14.arch.ox.ac.uk/oxcal.html) with the IntCal20 (Reimer et al., 2020). Unit I had no 14C age determination due to the absence of samples suitable for 14C dating. Based on these selected data points, we constructed an age-depth model (Figure 3) by using the software “Undatable” (Lougheed and Obrochta, 2019), which ran 100,000 Monte Carlo iterations with setting parameters of xfactor = 0.1 and bootpc = 10 in treating uncertainty (for details about the xfactor, the bootpc, and the modeling, see Lougheed and Obrochta, 2019). This YAR-4 age–depth model indicated several drastic changes in the sedimentation rate, which ranged apparently between 0.4 and >25 mm/yr.
TABLE 1 | Accelerator mass spectrometry (AMS) 14C age data for materials of terrestrial origin (plant fragments) of the YAR-4 core, selected from the dataset of Nakanishi et al. (2013). Age* denotes a conventional age estimate before 14C calibration reported in Nakanishi et al. (2013). Age (±2σ) in cal. yr BP denotes the calibrated age estimate using the OxCal (version 4.4; https://c14.arch.ox.ac.uk/oxcal.html) and the IntCal20 (Reimer et al., 2020) by this study.
[image: Table 1][image: Figure 3]FIGURE 3 | Plot of the calibrated 14C age data that are used for this study (also given in Table 1) with depth in core and elevation, and an age–depth model reconstructed by using the “Undatable” (Lougheed and Obrochta, 2019), with xfactor = 0.1, bootpc = 10, and 105 Monte Carlo iteration runs (see Supplementary Table S6). Each age data point is given by red-filled circle. The age-depth model median is denoted by green line. The 1σ and 2σ uncertainties of the age-depth model are denoted by dashed blues and black lines, respectively. The sedimentary unit divisions (I to VI) are supplementarily shown near the y-axis.
METHODS
All of the following subsample preparations and procedures for analyses of sediment particle size, total organic carbon (TOC), and a suite of magnetic properties were conducted at the laboratories of the Korea Institute of Geoscience and Mineral Resources (KIGAM, Republic of Korea). Only microscopic observations were conducted at the Central Research Facilities of Gyeongsang National University (Republic of Korea).
For the split half-core, subsamples for analyses were collected using cylindrical plastic tubes generally at ∼0.04-m intervals and a subsampling thickness of ∼0.02 m from the core depth interval of 3.20–20.00 m. The subsamples were oven-dried at 40 °C for approximately 24 h prior to analyses.
Particle Size and Total Organic Carbon Measurements
The particle size distribution of bulk sediment was analyzed at ∼0.5-m intervals using a Mastersizer 2000 laser analyzer (Malvern Instrument Ltd., United Kingdom) using approximately 300 mg of each dried subsample, after treatment with 35% H2O2 and 1 N HCl to dissolve organic matter and biogenic carbonates, respectively, and then with ultrasonic dispersion to facilitate complete disaggregation.
To measure the TOC content of bulk sediment, each subsample was treated with 1 N HCl at approximately 100°C for 1 h and then transferred to a tin combustion cup after rinsing with distilled water. The TOC content was analyzed at ∼0.2-m intervals using a CNS elemental analyzer (vario Micro cube; Elementar, Germany).
Measurements of Magnetic Properties
Magnetic properties were measured using three types of dried subsamples: bulk sediment sealed in a non-magnetic plastic box (volume, 7 cm3), several tens of mg of bulk sediment sealed in a gelatin capsule and capped with glass wool, and several tens of mg of magnetic mineral extracts sealed in a gelatin capsule and capped with glass wool. Each extraction of magnetic minerals was obtained using a hand magnet. The numbers of each type of the subsample prepared were 153, 41, and 31, respectively. The “packed-in-plastic box” bulk subsamples were used in measurements with a MS2B magnetic susceptibility meter (Bartington Instruments Ltd., United Kingdom). Both of the bulk and extracts “packed-in-gelatin capsule” subsamples were used in measurements with a MicroMag Model 3,900 vibrating sample magnetometer (VSM; Princeton Measurements Corp., United States). By using the MS2B magnetic susceptibility meter, volume-specific magnetic susceptibilities with low-frequency (0.47 kHz) and high-frequency (4.7 kHz) (kLFQ and kHFQ, respectively) were obtained. By using the VSM, magnetic hysteresis loop measurement, progressive alternating field (AF) demagnetization of isothermal remanent magnetization (IRM), progressive IRM acquisition, and first-order reversal curves (FORCs) measurement were conducted. The MS2B measurements were applied on subsamples at about 0.04–0.10-m intervals, and the VSM measurements were applied on subsamples that were from a limited number of different horizons of the sediment core.
The kLFQ and kHFQ of subsample were established by the average of double measurements with the correction for diamagnetic contribution of the plastic box to magnetic susceptibility, which was made by subtracting the average value of measurements of five empty boxes. These allowed us to calculate frequency-dependent susceptibility (kFD in %) using the following formula: kFD = (kLFQ − kHFQ)/kLFQ × 100.
Prior to the VSM measurements, the “packed-in-gelatin capsule” subsamples to be measured were weighed to permit calculation of mass-specific values. Each hysteresis loop was measured up to maximum fields of ±0.5 T, and then, after correction for paramagnetic contribution within the loop, saturation magnetization (Ms), saturation remanence (Mrs), and magnetic coercivity (Bc) were calculated. From each hysteresis loop, low-field magnetic susceptibility (χlf; total magnetic susceptibility) was calculated from the initial slope and high-field magnetic susceptibility (χhf), as a susceptibility estimate of paramagnetic (plus diamagnetic) minerals, was calculated from the high-field slope of the hysteresis loop. Note that for magnetic susceptibilities, k denotes volume-specific susceptibility in SI units (dimensionless), and χ denotes mass-specific susceptibility (m3/kg in SI units). From each progressive AF demagnetization of IRM, the remanence coercivity (Bcr) was determined as the applied field at which the remanence becomes zero. Each progressive IRM acquisition was made until 1 T was reached. Among the IRM acquisition data, IRM obtained at 1 T (IRM1T; roughly considered as SIRM) was used as a magnetic property in this study. To unmix the magnetic mineral components contributing to the total remanent magnetization, each progressive IRM acquisition dataset was processed using the Max Unmix software (Maxbauer et al., 2016), which obtains the best fit for the total IRM acquisition using the fewest possible components that are characterized by the SIRM, the median field (Bh) at which half of the SIRM is reached, and dispersion (Dp) of its corresponding cumulative lognormal distribution. For each FORC analysis, 232 or 266 FORCs were measured; these FORC data were processed to create a FORC diagram using the FORCinel software (Harrison and Feinberg, 2008) with a smoothing factor of 9 or 10.
Magnetic susceptibility and IRM1T generally reflect the abundance of the total of magnetic mineral types and ferromagnetic mineral types (refer to ferrimagnetic and antiferromagnetic, in this study), respectively. χhf/χlf reflects the contribution of paramagnetic components to the total susceptibility. kFD indicates the contribution to total susceptibility made by viscous superparamagnetic (SP; < ∼30 nm) grains. Bc and Bcr may be used as measures of the relative proportions between low- and high-coercivity ferromagnetic mineral components, with higher values corresponding to higher proportions of high-coercivity minerals. Bcr/Bc, Mrs/Ms and FORC diagram provide information related to grain size distribution, mainly for ferromagnetic minerals.
Electron Microscope Observations
Electron microscopic observations were conducted selectively on bulk sediment subsamples from four horizons of 7.84, 8.70, 13.40, and 15.25 m depth in core, in order to identify existing magnetic minerals, especially low- and intermediate-coercivity minerals. Polished surfaces of the bulk sediment subsamples were observed using a JSM-7610 F field emission scanning electron microscope (FE-SEM, JEOL, Japan) equipped with an energy-dispersive X-ray spectroscopy (EDS). From the observations, back scattered electron images and EDS spectra of magnetic minerals were obtained.
RESULTS AND DISCUSSION
Particle Size and Total Organic Carbon for Bulk Sediments
Table 2 and Figure 4 present the results of particle size and TOC analyses of bulk sediment subsamples, and statistics including minimum, maximum, mean and standard deviation values for sedimentary units, and their downcore variation. The mean particle sizes from depths of 3.2–∼14 m was fairly constant at ∼10 μm (fine silt); below a depth of 14 m, the mean size tended to increase with depth, with fluctuations reaching 104 μm (very fine sand) at a depth of 18.70 m. The TOC content was mainly very low (<0.9%); its variation was minor to a depth of ∼14 m, except at 12.50 m, and appeared to be negatively correlated with the mean size variation throughout the entire sediment core.
TABLE 2 | Summary statistics of mean grain size (MZ), total organic carbon (TOC) content, and various bulk magnetic properties from the YAR04 core sediments (the Yeongsan Estuary). Note that calculations of kFD statistics were made using only the kFD values of no less than zero, for convenience with a consideration of the exclusion of unrealistic values presumably due to measurement errors.
[image: Table 2][image: Figure 4]FIGURE 4 | Downcore variations in mean grain size (MZ), total organic carbon (TOC) content and various magnetic properties for bulk sediment samples of the YAR-4 core. The magnetic properties shown include bulk magnetic susceptibility (kLFQ, in both linear and log scale), isothermal remanent magnetization (IRM) intensity imparted at 1 T (IRM1T), high-field to low-field magnetic susceptibility ratio (χhf/χlf), frequency-dependent magnetic susceptibility (kFD), coercive force (Bc), coercivity of remanence (Bcr), ratio of Bcr to Bc (Bcr/Bc), and ratio of saturation remanence to saturation magnetization (Mrs/Ms). In Bc, Bcr, Bcr/Bc, and Mrs/Ms plots, exceptionally, the respective values for magnetic extracts were also shown (assuming their values for the extracts having no significant differences with those for bulk sediments). In the kFD–depth diagram, the hatched area denotes lack of meaningful kFD values due to weak signals. Sedimentary unit divisions (I to VI) are shown by orange lines. On the right edge of the figure, the depths at which significant change in sedimentation rate appeared based on the age-depth model (Figure 3) are shown: red triangle denotes increase in sedimentation rate at above the depth, and blue inverse triangle denotes its decrease at above the depth. Gray-shaded area denotes lack of analyzed data.
Downcore Variation in Magnetic Properties
Table 2 and Figure 4 summarize the results of major magnetic property analyses. Table 2 provides summary statistics of the individual magnetic properties including kLFQ, IRM1T, χhf/χlf, kFD, Bc, Bcr, Bcr/Bc and Mrs/Ms, for the sedimentary units. Examples of the measured and high-field slope corrected hysteresis loops are illustrated in Figure 5. VSM-derived magnetic properties for bulk subsamples were barely detectable due to the weak and quite noisy signals during measurements, such that most of these bulk samples did not produce meaningful values in IRM1T, χhf/χlf, Bc, Bcr, Bcr/Bc and Mrs/Ms. Instead, Bc, Bcr, Bcr/Bc and Mrs/Ms were obtained mostly from magnetic extracts of subsamples. We assume that the extract subsamples are representative of the bulk materials for these Bc, Bcr, Bcr/Bc, and Mrs/Ms values. Although there was exactly no horizon where bulk and extract subsamples both were measured for these magnetic property values in this study, it may be supported in part by the fact that, in the interval of 7.90–8.00 m depth in core, their values on bulk and extract subsamples were apparently similar. Downcore variations in these magnetic properties are shown in Figure 4.
[image: Figure 5]FIGURE 5 | Examples of measured (uncorrected) and high-field slope (i.e., paramagnetic contribution) corrected hysteresis loops. The differences between uncorrected and corrected loops indicate substantial non-ferromagnetic (i.e., paramagnetic) contribution in the studied sediments. Note that, for the extract subsample of 17.65 m depth (in core), the corrected loop seems to be less well-constrained so that the hysteresis parameters (Mrs, Ms, and Bc) could not be determinable, but the determined χhf/χlf seems meaningful.
kLFQ, which was obtained using the MS2B meter and was volume-corrected for its proper quantification, ranged between 18 and 857 × 10−6 SI for all analyzed samples, and the means of the respective sedimentary units were from 94 to 358 × 10−6 SI. Most of the individual values are much lower than 400 × 10−6 SI. Considerably high values with >400 × 10−6 SI are limited in the intervals corresponding to the gravel-rich (around 16.9 and 18.15–19.80 m depth) and the basement rock (19.80–20.00 m depth) lithology. In the downcore kLFQ variation, there are a number of significant susceptibility minima representing lowering by at most 65–80% of the overall mean (for example, at depths of approximately 8.70, 9.70, and 12.20–12.50 m). There are some datasets of k values from Holocene sediment cores at around the studied region, making available for comparison with our data: in the western coastal estuaries of South Korea, ∼0.1–0.2 × 10−6 SI (Gyeonggi Bay, Moon et al., 2018), and ∼2–12 × 10−6 SI (Namyang Bay, Lim et al., 2004); in the southern coast of South Korea, ∼300–650 × 10−6 SI (Geoje Island, Lim et al., 2014), and ∼50–400 × 10−6 SI (Yeoja Bay, Lim et al., 2015); in the inner shelf of the southwestern East China Sea, ∼200–250 × 10−6 SI (Zheng et al., 2010), and ∼100–220 × 10−6 SI (Zheng et al., 2011). The extremely low k values in the Gyeonggi Bay and the Namyang Bay may result from locally particular layers (e.g., organic-rich layer, siderite-rich layer). Besides this, the ranges of k values of the previous studies are comparable to that for the YAR-4 core. However, this comparison should be taken care because it is not straightforward to identify whether or not these previously reported k values were after applying volume corrections (including calibrations of the prepared sample volume and the sensor of instruments used).
Values of mass-specific susceptibility (χ) can be more proper in comparison with previously reported datasets. Unfortunately, our analyzed subsamples were not weighed, thereby not permitting to determine accurately χ values for the same subsamples. Nevertheless, the χ values could be approximated by converting the aforementioned volume-specific susceptibility (k) values, using a mean density of 1.17 g/cm3 and a mean water content of 71.3 wt% for wet surface sediments in the Yeongsan Lake (An et al., 2019). Assuming the water density of 1.00 g/cm3 and that the porosity of the studied sediments (silt-dominant, shallow depths) was little varied through the whole core (i.e., negligible porosity variation for shallow depths; e.g., Bahr et al., 2001), a mean value in dry density of the studied sediment samples could be approximated to 2.03 g/cm3 (considered as a maximal value). Accordingly, the individual kLFQ values could be converted to the mass-specific susceptibility (χLFQ) values in the range of ∼0.9–∼42 × 10−8 m3/kg, and the χLFQ values were generally in the order of 5–10 × 10−8 m3/kg. This range of mass magnetic susceptibility values is similar in the order of magnitude of or slightly lower than those of Holocene sediment cores of the Yangtze delta area (e.g., ∼10–90 × 10−8 m3/kg, Chen et al., 2015; ∼35–130 × 10−8 m3/kg, Pan et al., 2017), shallow shelf sediment cores with anoxic environments in the Korea Strait and off the west coast of the Korean Peninsula (∼18 × 10−8 m3/kg, Liu et al., 2004; ∼14 × 10−8 m3/kg, Liu et al., 2005).
Individual IRM1T values for bulk sediments ranged between 22 and 959 × 10−6 Am2/kg. These values are significantly lower than those observed in estuarine and shallow shelf sediments of the Korea Strait, the western Yellow Sea and the East China Sea, e.g., ∼200–4,500 × 10−6 Am2/kg (Liu et al., 2004); ∼150–30,000 × 10−6 Am2/kg (Chen et al., 2015); ∼2,400–6,100 × 10−6 Am2/kg (Pan et al., 2017). The individual IRM1T values exhibited an apparent decreasing trend with depth to ∼8 m, and we observed roughly similar values in the two intervals at depths of 7–8 and 17.5–18.5 m.
χhf/χlf values ranged between ∼0.6 and 1.0, indicating significantly larger paramagnetic contributions than ferromagnetic contributions (see also Figure 5), presumably in most of the sampled sediments.
The kFD values, with exception of negative values, ranged between 0.0 and 37.2%, of which values >20% may not be reliable due to weak susceptibility signals. The mean values for respective sedimentary units were approximately between 3 and 10%, indicative of, in general, somewhat or considerable SP contributions in the sediments. Due to concern from the mixing with untrustworthy data, we did not used the kFD data in discussing on its detailed variability in association with the diagenetic, sea-level, and climate effects.
Individual Bc, Bcr, Bcr/Bc, and Mrs/Ms values ranged between 5 and 21 mT, between 24 and 45 mT, between 2.44 and 5.20, and between 0.06 and 0.30, respectively. Downcore variation in Bc and Mrs/Ms created an apparent division into two zones at a depth of ∼8 m, with relatively constant low values in the lower zone and constant higher values in the upper zone. Interestingly, downcore variation in Bc, Bcr, and Mrs/Ms shared a distinct, drastic increase in the respective parameter at depths of 15.25 m and 7.84–7.96 m. At depths above 7.84 m, such high values were sustained after this abrupt increase, whereas low values appeared the same as the surrounding data points at depths immediately above and below 15.25 m (i.e., 15.05 and 15.45 m).
Figure 6 presents plots of kLFQ vs. the other magnetic properties examined in this study, to assess possible relationships with kLFQ. Generally, we observed no or very week correlation with kLFQ, but Bcr had a moderate positive correlation with kLFQ. This implies complexity of mineral magnetic factors controlling kLFQ (e.g., content of paramagnetic minerals, content, composition ratio, and grain size of ferromagnetic minerals).
[image: Figure 6]FIGURE 6 | Biplots of kLFQ vs. each of several other magnetic properties (IRM1T, χhf/χlf, kFD, Bc, Bcr, Bcr/Bc and Mrs/Ms). kLFQ all were from bulk sediment samples. For the respective biplots, a fit line and its corresponding correlation coefficient (R) is provided. Black (Cyan) circles denote the data where the magnetic property values were obtained from the bulk (extract) samples. For the kLFQ vs. kFD plot, the data that were in out of the range between −5 and 20 in kFD (gray circles), being regarded less reliable, were excluded when consdiering the correlation degree between kLFQ and kFD.
Magnetic Mineralogy and Granulometry from Magnetic Measurements and Scanning Electron Microscope Observations
SEM observations provided back scattered electron images and EDS spectra of magnetic minerals in the sediments (Figures 7 and Supplementary Figure S1). From the observations, pyrite (FeS2), greigite (Fe3S4), and (titano)magnetite are identified. It is found that pyrite is ubiquitous and has the most dominance in magnetic minerals in all analyzed bulk sediment samples (i.e., 7.84, 8.70, 13.40, and 15.25 m depth in core; Figures 7A and Supplementary Figure S1). The pyrite exists as framboidal aggregates and separated euhedral crystals with variable sizes in the sediment matrix, in the vicinity of silicates, and in the voids of the matrix (Figures 7A,C, and Supplementary Figure S1). The pyrite grains forming the framboids are much smaller (roughly <0.3 μm in maximal length) than the separated euhedral ones (roughly 0.5‒<10 μm in maximal length). These pyrite grains all are considered to be of post-depositional authigenic origin. The (titano)magnetite grains occur in the matrix, their shape is angular, and their size is between several microns and more than 10 microns (Figure 7B). Such characteristics of the (titano)magnetite grains allows us to interpret it as detrital origin. The occurrence of (titano)magnetite grains is much less frequent than the pyrite grains. No sub-micron to nano-size (titano)magnetite grains are found. The greigite occurs in the shape of framboids or irregular aggregates within and around aggregates of pyrite crystals, and their size is much smaller (nano-scale; presumably in the SP to stable SD size range) than the pyrite grains (Figures 7C,D). The gregite grains are interpreted as being of post-depositional origin.
[image: Figure 7]FIGURE 7 | BSE images and X-ray EDS spectra of magnetic minerals presented in bulk sediments from the YAR-4 core. (A) Euhedral pyrite grains, and framboidal and irregular pyrite aggregates (labeled P) in silicate/clay-dominated matrix from the 13.40 m depth sediment sample. (B) Titanomagnetite grain (labeled M) in silicate/clay-dominated matrix from the 15.25 m depth sediment sample, being probably of detrital origin. Red cross symbol indicates the target point where EDS analysis was conducted. (C) Polyframboidal aggregates of both pyrite (labeled P) and greigite (labeled G) grains from the 13.40 m depth sediment sample. (D) Zoom-in view of (C). Ultra-fine-grained gregite aggregates (finer than the surrounding pyrite grains) within the aggregates of pyrite crystals of variable sizes. The greigite grains are roughly bimodal in size. Red cross symbols are the same as in (B). (E–H) EDS spectra of (Ti-poor) titanomagnetite (Fe3-xTixO4; x = ∼0.1) shown in (B) and pyrite and greigites shown in (D), respectively, with element compositions in atomic %. Ideal atomic % is given approximately Fe = 33, and S = 67 for pyrite (FeS2), and approximately Fe = 43, S = 57 for greigite (Fe3S4). The carbon (C) signal of EDS originates from the carbon coating of the sample thin section in preparation for the SEM observation.
As described in Downcore Variation in Magnetic Properties Section, paramagnetic minerals, rather than ferromagnetic minerals, appear to control the bulk magnetic properties (such as bulk magnetic susceptibility) of the studied sediments. Candidates for these major paramagnetic minerals are common iron-bearing clay minerals with detrital origin, pyrite, iron monosulfide (mackinawite, FeS), and siderite (FeCO3) of diagenetic (authigenic) origin in estuarine sediments. The gray or olive-gray colors of most of the studied sediments may be associated with abundant pyrite, which is consistent with the SEM observations. Several studies of other Holocene tidal flat sediments on the west coast of South Korea have reported authigenic siderites that were formed by early diagenesis during the Holocene through interactions with freshwater (Khim et al., 2000; Choi et al., 2003; Lim et al., 2004). Lim et al. (2004) also documented the siderite-abundant sediment interval (the unit T1 in their study) that was characterized by reddish- or yellow-brown (10 YR 5/4) massive mud and 10–12 × 10−6 SI in bulk magnetic susceptibility.
Meanwhile, ferromagnetic minerals in the studied sediments also contribute to magnetic property variation, and leave meaningful signals. The IRM component unmixing analyses revealed occurrence of magnetic mineral components with different coercivity spectra from the total IRM. Figure 8 presents the results of unmixed magnetic mineral components and their relative contributions in IRM unmixing analyses from selective stratigraphic levels in different sedimentary units (13 subsamples). These results indicate the presence of at least three components (in the upper part of the core, four) throughout the entire analyzed sediments: component 1, with low Bh (23–31 mT); component 2, with intermediate Bh (mainly 50–71 mT); component 3, with high Bh (129–399 mT); and occasionally component 4, with high Bh (>1,000 mT). The components 1, 3, and 4 were interpreted as pseudo-single-domain (PSD) and/or multi-domain (MD) magnetite (Fe3O4; ferrimagnetic), probably of detrital origin; hematite (α-Fe2O3; antiferromagnetic); and goethite (α-FeOOH; antiferromagnetic), respectively (e.g., Maxbauer et al., 2016). Note that the components 3 and 4 having high-coercivity spectra were not recognized in the SEM observations of this study. The component 2 possibly imply greigite (Fe3S4; ferrimagnetic) due to the similar remanence coercivity values for greigite-bearing sediments (mainly 60–95 mT, but 37–98 mT for a wider range; Roberts, 1995; Snowball, 1997; Peters and Dekkers, 2003). This can be supported by the occurrence of ultra-fine greigite grains in SEM observation. We find that the relative contributions of these components differ at different depths, but generally the contribution of the components 1 and 2 dominates throughout the sediments.
[image: Figure 8]FIGURE 8 | Two examples of IRM component unmixing analyss results by using Maxbauer et al. (2016)(lower) and relative contributions of the unmixed magnetic mineral components for samples at different depths (upper; n = 13). In the figures of the lower panel, the mean coercivity (Bh) of each unmixed component (comp.) is labeled. On the right hand of the upper panel figure, the division of sedimentary units (the same as in Figure 2), the intervals with high values in Bc, Bcr, and Mrs/Ms (the same as in Figure 4), and the depths above which the sedimentation rate changes significantly (the same as identified in Figure 3; the triangles are the same as in Figure 4) are supplementarily shown.
Peters and Thompson (1998) discriminated between different magnetic minerals by constraining the typical ranges for the respective minerals in a biplot of IRM1T/χlf vs. Bcr. As shown in Figure 9, part of our YAR-4 data (n = 11) did not fall into the range of (titano-)magnetite or greigite, but instead were superimposed partly on the range of the A5 sediments of New Jersey Miocene clays reported in Nilsson et al. (2013) who interpreted them as mixtures of (titano-)magnetite and greigite. It might be also possible that the plotted range of our data was influenced partly by the presence of hematite (and occasionally goethite).
[image: Figure 9]FIGURE 9 | Biplot of IRM1T/χlf vs. Bcr for the YAR-4 core sediments (red circles; n = 11), with typical ranges (gray boxes) of the magnetic parameters for different minerals proposed by Peters and Thompson (1998) and data for the A5 sediments reported by Nilsson et al. (2013) (black squares).
Figure 10 presents FORC diagrams for four selective subsamples at different depths to provide additional information in terms of magnetic mineralogy and its domain state (also associated to grain size distribution of the magnetic mineral assemblage). Although the analyzed FORC diagrams are somewhat noisy, probably due to low concentrations of magnetic minerals, they still offer meaningful information. The FORC diagram for the 5.16-m-depth subsample had a Bc peak at ∼10 mT and vertically suppressed divergence in contour distribution that was partly closed but the others intersected the Bu axis. This pattern resembles the FORC diagrams of Figures 6A,B (Nankai Trough drilling sediments) in Kars and Kodama (2015) who interpreted them as the presence of single-domain (SD) to PSD magnetite. Dominant appearance of the magnetite-related signals for the subsample can be correlated to the most relative contribution of component 1 indicated by the IRM unmixing (Figure 8). The 7.84-m-depth FORC diagram had strong Bc (∼10 mT) and weaker Bc (∼27 mT) peaks, a closed but vertically spreading contour distribution that also elongated to higher coercivities along the Bc axis, and a negative region distributed along the lower half of the Bu axis. This pattern might be indicative of the presence of PSD greigite (e.g., Figure 5 in Roberts et al., 2011) in addition to SD-to-PSD magnetite. The 13.40-m-depth FORC diagram contained two Bc peaks at ∼10 mT and near the origin. Its contours were spreading vertically wider at lower Bc values, and were not closed but intersected the Bu axis, being vertically stretched along the lower half of the Bu axis. At low Bc values, the contours were also distended diagonally downward. Such features possibly indicate the presence of PSD detrital magnetite (Roberts et al., 2018a) and SP magnetite or another magnetic mineral (Roberts et al., 2000). In this case, the SP-related feature could be interpreted to originate from ultra-fine greigite grains as indicated by the SEM observations. The 15.25-m-depth FORC contours had a Bc peak at ∼18 mT, and larger elongation to higher coercivities along the Bc axis. The dense contour concentration up to at higher Bc values relative to the other samples might be related to the higher component 2 content at the 15.25-m-depth indicated by the IRM unmixing result (Figure 8). The contours had a vertical spreading pattern that got wider gradually as Bc decreased toward the origin, and were partly closed but the others intersected the Bu axis. The contour pattern is interpreted to indicate the presence of SD and PSD grains (e.g., Roberts et al., 2000). Overall, the FORC contour patterns tell us that the 13.40-m-depth sample showed predominance of (relatively large) PSD and SP ferromagnetic grains, but the other three samples showed predominance of SD to (relatively small) PSD grains. The SP grains was interpreted as being of diagenetic greigite.
[image: Figure 10]FIGURE 10 | First-order reversal curve (FORC) diagrams for four subsamples at different depths.
Also, none of the FORC diagrams shown had such a contour pattern of central ridge with mainly suppressed vertical spreading, which is indicative of the presence of biogenic magnetite of authigenic origin (Roberts et al., 2012). Thus, it is interpreted that biogenic magnetite cannot be a candidate for the middle-coercivity mineral component indicated by the IRM component unmixing (the component 2 in Figure 8).
Figure 11 presents our hysteresis parameter ratio data (Mrs/Ms and Bcr/Bc) on a Day diagram (Day et al., 1977). These data mostly fall in the PSD region of Dunlop (2002a), and almost all of them are distributed in the region between the SD + MD 3 and the SD + SP (10 nm) mixing lines of Dunlop (2002a) and Dunlop (2002b). As pointed out by Roberts et al. (2018b), such Day diagram result should be taken with care in diagnosing domain state (or grain size) particularly for mixed assemblage of multiple magnetic minerals as presented in this study. Nevertheless, it can be useful to recognize downcore relative variation in magnetic granulometric trend. The data at shallow depths down to 7.92 m fall within a relatively restricted region that is at the up left-hand side of the data distribution, whereas the others at deeper than 7.92 m, except the 15.25 m one, are distributed within the down right-hand region with low values in Mrs/Ms and Bcr/Bc. With a comprehensive view from the IRM unmixing and FORC results, such variation on Day diagram is interpreted to be caused mainly by difference in grain size distribution of ferromagnetic minerals, rather than by variation in mineralogical composition. Then it is interpreted that samples being plotted at more toward the up left-hand side on the Day diagram have more abundant ferromagnetic grains with close to stable SD to SD‒PSD boundary in size but less SP grains, relative to the down right-hand plotted samples.
[image: Figure 11]FIGURE 11 | Day plot of our YAR-4 core sediment data (n = 37) at different depths and sedimentary units. Circle and triangle symbols denotes the data measured from bulk and extract samples, respectively. Some data are labeled using the “depth in core” in meter, among which the data labeled in bold denote those where the associated FORC diagrams are provided in Figure 10. Single-domain (SD), pseudo-single-domain (PSD), and multi-domain (MD) boundaries, trend curves 1, 2, and 3 for SD + MD mixtures of magnetite and trend curves for SD + SP with 5-nm and SD + SP with 10-nm mixtures of magnetite were drawn by Dunlop (2002a), Dunlop (2002b). Color-shaded region represents a typical range for SD + SP mixtures of greigite indicated by Roberts et al. (2011). Division of the data into two groups by dashed enclosed lines was based on ranges of the Bc, Bcr, and Mrs/Ms values (see text for details).
Diagenetic Effects on Downcore Variation in Magnetic Properties
In a wide range of sediments, but especially marine sediments from shallow continental shelf to deep-sea environments, early post-depositional diagenesis generally causes selective dissolution of relatively coarse micron-size detrital iron oxides (e.g., magnetite, hematite), and authigenic formation and growth of nano-to sub-micron-size magnetic minerals (e.g., pyrite, greigite, siderite), leading to systematic changes in the concentration and grain size of magnetic minerals with depth (e.g., Karlin and Levi, 1983; Liu et al., 2004; Rowan et al., 2009; Hatfield, 2014; Roberts, 2015). Due to the degradation of primary magnetic signals associated with paleoenvironmental changes, identifying and understanding the effects of such early diagenesis on magnetic minerals is crucial for interpreting environmental magnetic records (Snowball and Thompson, 1990; Verosub and Roberts, 1995; Liu et al., 2004; Demory et al., 2005).
Using our results from the depth interval of 3.2–13.9 m, at which sediment mean particle sizes and TOC contents vary little, we attempted to assess relatively straightforwardly early diagenetic effects on downcore variations in magnetic properties in the YAR-4 core.
In a general model for sediment cores influenced by early diagenesis, downcore variation exhibits significantly decreasing magnetic susceptibility with increasing depth in the suboxic zone (below the top shallow sediments (oxic zone) down to the suboxic–sulfidic (anoxic) boundary) and relatively constant low-susceptibility values at depths below the suboxic–sulfidic boundary, under anoxic zones. The magnetic susceptibility range in the 3.2–13.9 m depth interval of the core YAR-4 was similar in the order of magnitude of those observed in anoxic environments of coastal and shallow shelf sediment cores around South Korea and east China (Liu et al., 2004; Liu et al., 2005; Chen et al., 2015; Pan et al., 2017; see also Downcore Variation in Magnetic Properties Section). This result implies that the target interval of the YAR-4 sediments experienced considerable early reductive diagenesis under anoxic conditions, causing considerable dissolution of detrital magnetic minerals. It is apparently in agreement with the current anoxic conditions at depths below 0.03 m, where methane concentrations are higher, at a site in Yeongsan Lake (An et al., 2019). This suggestion is also consistent with the widespread presence of the middle-coercivity component (component 2 in Figure 8), i.e., greigite (see Magnetic Mineralogy and Granulometry from Magnetic Measurements and Scanning Electron Microscope Observations Section), which is a typical authigenic iron mineral, in addition to pyrite and iron monosulfide, which are generated in the sulfate–methane transition zone (SMTZ) (Roberts, 2015).
Rowan et al. (2009) identified downcore variations producing counterclockwise loop trends in Day diagram from marine sediment cores around the world (Figure 9 of Rowan et al., 2009). They ascribed the systematic trends to the superposition of spatio-temporally progressive diagenetic changes of magnetic minerals. This changes include progressive reductive dissolution where finer pre-existing ferromagnetic grains (mostly detrital magnetite) preferentially dissolve to leave a coarser assemblage, and progressive sulfidization resulting in SP greigite nucleation and its progressive growth into the SD size range. The trends occur as the result of magnetic property combinations between survived coarse detrital grains and SP to SD authigenic greigite grains. The looping trend and the YAR-4 downcore variation in Day diagram (Figure 11) apparently share a similar pattern in part, but visible difference between them exists. The whole analyzed interval of the YAR-4 core should be correlated to the “zone 3” of the downcore magnetic property profile shown in Figures 2, 3 of Rowan et al. (2009), based on being the low magnetic susceptibility values throughout the analyzed interval (Figure 4). However, the YAR-4 data in Day diagram lie within a wider Bcr/Bc range, being stretched toward the down right-hand region, than those of the “zone 3” (Rowan et al., 2009). Given this, the YAR-4 downcore variation is inferred to contain more complicated diagenetic effects than those indicated by Rowan et al. (2009) and/or possibly other effects caused by changes in depositional condition.
Magnetic mineral diagenesis is also generally thought to be controlled by depositional conditions, that is, mainly TOC and sedimentation rate (e.g., Hesse and Stolz, 1999). Changes in TOC and sedimentation rate often produce non-steady-state early diagenesis, where diagenetic reactions change with depth as the depositional conditions change (e.g., Thomson et al., 1984; Robinson et al., 2000; Emirog̃lu et al., 2004; Fu et al., 2008; Roberts, 2015). If magnetic property variations of the 3.2–13.9 m depth interval of the YAR-4 core are further ascribed to such non-steady-state diagenesis, the YAR-4 downcore variations should be associated with changes in sedimentation rate because it is expected that the constant low TOC contents throughout the YAR-4 core would bring minimal or negligible effects. Riedinger et al. (2005) documented distinct minima in magnetic susceptibility within a distinct sediment interval, and interpreted them to result from a drastic change in sedimentation rate, which resulted in a fixation of the SMTZ at a specific depth causing substantial change of pre-existing abundant iron (oxyhydr)oxides to iron sulfides. Zheng et al. (2011) proposed that drastic changes in sedimentation rate resulted in vertical shifts of the SMTZ, of which each SMTZ eventually exhibited low magnetic susceptibility, high coercivity, and significant paramagnetic contribution as a result of dissolution of pre-existing detrital magnetite and hematite but strong resistance to the dissolution for hematite relative to magnetite, and their replacement mainly by paramagnetic pyrite. Abrajevitch and Kodama (2011) reported a relationship among mineral magnetic features, i.e., low magnetic susceptibility, coarsening of detrital magnetic grains (e.g., magnetite), increasing relative abundance of hematite, and decreasing relative abundance of goethite during periods with low sedimentation rate (i.e., sea-level highstand, in the case).
Indeed, the YAR-4 core appears to record at least four drastic changes in sedimentation rate and three distinct intervals with relatively low sedimentation rate, based on our age–depth model (Figure 3). However, none of the relations between magnetic properties such as those identified in the above-stated previous studies are identified in the YAR-4 core (see e.g., Figures 4, 8). We thus infer that, in addition to the above-discussed possible diagenetic effects, additional effect(s) caused by another factor(s) should be contained in the downcore magnetic property variations for the YAR-4 core, and speculate the possible presence of certain paleoenvironmental change(s) or even less-known diagenetic processes linked to that (in similar manner as reported in e.g., Larrasoaña et al., 2003, Blanchet et al., 2009, and the review of Roberts, 2015) for the YAR-4 site as the additional controlling factor(s).
Searching for Magnetic Property Features Associated With Paleoenvironmental Changes
Sedimentation in the studied YAR-4 site during the Holocene would have been considerably influenced by sea-level change and hydrologic events that are regarded as closely associated with regional climate changes such as the ENSO activity, the EAM, and the HCO. Accordingly, types, concentration, and grain size distribution of the contained magnetic minerals would change through time, at least partly in response to the sea-level change and/or regional climate changes. Based on our age-depth model (Figure 3), the YAR-4 record of magnetic property variabilities presented in this study covers a period of approximately 4,800–9,000 cal. yr BP (Supplementary Figures S2, S3 and S4). In order to search for magnetic property proxies for paleoenvironmental changes, we compare temporal variations between some of the obtained magnetic properties (we choose kLFQ, Bc, Bcr, Mrs/Ms, and each of IRM-unmix components for this) and proxy indicating the change in sea-level (Lee and Chang, 2015; Song et al., 2018), the ENSO activity (Moy et al., 2002), the summer EAM (Dykoski et al., 2005), and the HCO with the 8.2 ka cooling event (Park et al., 2019) around the Korean Peninsula, respectively (Figure 12, Supplementary Figures S2, S3 and S4).
[image: Figure 12]FIGURE 12 | Comparison of our age-depth model for the YAR-4 core with two different suggested sea-level curves for the western coast of South Korea (Lee and Chang, 2015; Song et al., 2018). HBBM intervals (characterized by subtantially high Bc, Bcr, and Mrs/Ms values) and their corresponding ages are indicated by red lines and red shaded boxes. The YAR-4 age-depth model curve with the uncertainties are the same as in Figure 3. Sedimentary unit divisions are also supplementarily shown.
In advance of getting to the main discussion, we would like to mention that the use of only initial bulk magnetic susceptibility without detailed additional information about constituent magnetic minerals in interpreting a certain paleoenvironment change (as the same manner utilized in previous studies for Korea with similar purposes to this study) appears to be imprudent, given the kLFQ values that were substantially influenced by complicated magnetic mineral diagenesis as in the studied case.
Comparisons With El Niño Southern Oscillation Activity, Summer Eastern Asian Monsoon, and Holocene Climate Optimum
Moy et al. (2002) presented a record of red color intensity variability through the Holocene as a proxy representing the ENSO activity variability from a sediment core of the lake Laguna Pallcacocha in the southern Ecuadorian Andes. There exist three extremely high peaks in ENSO activity during ∼4,800–9,000 cal. yr BP (∼4,750–5,000, ∼5,900–6,000, and ∼7,900–8,000 cal. yr BP; green shaded regions in Supplementary Figure S2), and such ENSO peaks are being considered to be related to high frequency and magnitude of flooding or freshwater input from inland at least in the southern part of the Korean Peninsula (Lim et al., 2017, Lim et al., 2019). However, we did not find any of our magnetic property variability data that could be well correlated to those ENSO peaks (Supplementary Figure S2). This implies no or, if any, meager regulation by extreme short-term hydrologic events (also associated with ENSO activity) on the magnetic property variabilities in the YAR-4 site.
The oxygen isotope ratio variability from the Dongge Cave in the South China by Dykoski et al. (2005), adopted worldwide as representative of the summer EAM variability, seems to have similarity partly in centennial (short-term excursion; blue shaded regions shown in Supplementary Figure S3) and millennial (long-term trend; intervals between blue shaded individuals in Supplementary Figure S3) scales to our Bc, Bcr, and Mrs/Ms variabilities (Supplementary Figure S3). It shows apparently a relationship of low Bc, Bcr, and Mrs/Ms values with strong summer EAM. Strong summer EAM generally accompany high accumulation of rainfall precipitation that leads to high terrestrial material input, which can be possibly accompanied with increasing concentration and grain size of detrital magnetic minerals (e.g., magnetite). If it can be assumed that the low Bc, Bcr, and Mrs/Ms values were carried mainly by increasing grain size of detrital magnetite for the YAR-4 sediments, these magnetic properties can be dealt as summer EAM proxies. According to this inference, strong summer EAM conditions should be favorable for coarsening of detrital magnetite, via controlling the local hydraulic condition around the studied area. On the other hand, if so, lowering Bc, Bcr, and Mrs/Ms values should occur at the periods with extremely high ENSO peak (∼4,750–5,000, ∼5,900–6,000, and ∼7,900–8,000 cal. yr BP), through a similar process occurred in strong summer EAM periods with enhanced rainfall frequency and magnitude. However, such relationship appears not visible (Supplementary Figure S2). Therefore, we interpret that such potential hydraulic effect in relation to detrital magnetite grain size does not govern, but may control partly, the Bc, Bcr, and Mrs/Ms variabilities.
Additionally, the HCO period and the 8.2 ka (thousand years ago) abrupt cooling event are also the major phenomena of climate change during the Holocene. The HCO is a warm and humid period with relatively high precipitation, and occurred during ∼4,800–7,600 cal. yr BP for the southern Korean Peninsula (Park et al., 2019; cf., ∼5,100–8,200 cal. yr BP, a calibrated age range in this study with the OxCal and IntCal20 from ∼4,500 to 7,400 years BP in uncalibrated age originally reported by Yang et al., 2008, or ∼5,000–6,300 cal. yr BP by Nahm and Hong, 2014). The 8.2 ka event is a short-term climate excursion to cold and dry condition at ∼8,200 cal. yr BP, and has been identified also in South Korea (Park et al., 2018; Park et al., 2019). It might be good to look at the high (detrital) magnetite relevant abundance (i.e., the IRM-unmixed component 1 contribution) with less greigite relevant abundance (i.e., the IRM-unmixed component 2 contribution) during the HCO period, and vice versa around the 8.2 ka event (Supplementary Figure S4). Blanchet et al. (2009) reported that large flood deposits and glacial deposits are favorable for preservation of diagenetic greigite, and interpreted it to be related to dominance of reactive iron over organic matter and/or HS−, i.e., enrichment in terrigenous sediments. According to this, it might be possible that the 8.2 ka cooling triggered relatively enhanced greigite preservation through the early diagenetic process at the studied YAR-4 site. This potential relationship will be worth being tested further in future investigations with more high-resolution magnetic analyses and the use of multiple cores at different sites.
Possible Magnetic Response to Abrupt Drop in the Rate of Sea-Level Rise
Many sea-level change curves have been suggested for the western coast of South Korea during the Holocene (e.g., Bloom and Park, 1985; Hwang et al., 1997; Chough et al., 2004; Lee et al., 2008; Lee and Chang, 2015; Song et al., 2018); however, no consensus has been reached (cf. the review by Choi, 2018). A major discrepancy among them would be the sea level relative to the present mean sea level (MSL) and its change pattern since ∼7,000 cal. yr BP: One group of the sea-level curves depicts that the sea level always was lower than the present MSL and continued a gradual rising toward the present MSL (e.g., Bloom and Park, 1985; Chough et al., 2004; Lee and Chang, 2015), whereas another group suggests a sea-level highstand (higher sea-level relative to the present MSL) during ∼4,000–7,000 cal. yr BP followed by a sea-level drop toward the present MSL (e.g., Hwang et al., 1997; Song et al., 2018). Unfortunately, the sedimentary characteristics and our age-depth model of the YAR-4 core (Figures 2, 12) independently do not allow to fully support one of the two different groups of suggested sea-level curves.
In any case, most suggested sea-level curves of these previous studies depict a drop in the rate of sea-level rise broadly at around 7,000 cal. yr BP. Besides this, the sea-level curve of Song et al. (2018) depicts an additional drastic drop in the sea-level rise rate at ∼8,200 cal. yr BP, then shortly followed by an increase of this rate again, inferring formation of a concomitant short-term slowstand/stillstand (Figure 12). The existence of such “stepped” change in sea-level rise rate as indicated by Song et al. (2018) is being identified even in more recent studies (e.g., Tanabe, 2020). It also would be good to mention that attempts of the west coast sea-level reconstruction during the period back to prior to 8,000 cal. yr BP were rare in among the suggested sea-level curves (cf. Figure 1A in Choi, 2018). Lee and Chang (2015) generated the curve by fitting to the sea-level proxy data that were scarce but highly scattered in the sea-level value during prior to ∼7,800 cal. yr BP (Figure 2 of Lee and Chang, 2015). This may be the reason why the ∼8.2 ka potential drop in the rate of sea-level rise does not appear in the curve of Lee and Chang (2015) (and other previous studies depicting similar curves).
For the YAR-4 core, one remarkable, first-order magnetic feature is the abrupt increases in Bc, Bcr and Mrs/Ms (hereafter referred to as “HBBM feature”) observed at depths of 15.25 and 7.84–7.96 m with their persistent high values at depths shallower than 7.84 m (Figure 4), corresponding to ∼8,100 cal. yr BP and since ∼6,700 cal. yr BP in inferred age (Figure 3; Supplementary Table S6). This observation seems not to be fully explained by solely the sulfidization-dominated diagenetic processes (even if sedimentation rate variability were considered) or correlated well with any of the ENSO activity variability (linked to the local hydrologic events), the summer EAM variability, and the HCO period, as interpreted above. Instead, the respective ages of the two abrupt Bc, Bcr, and Mrs/Ms increases are well coincident with those at which the rate of sea-level rise started to decrease suddenly according to the Song et al. (2018) sea-level curve, given the intrinsic uncertainty of the age-depth model construction (Figures 3, 12; Supplementary Table S6). These concordance allows us to infer that the HBBM feature is strongly related to change of the sea-level rise rate and possibly, sea-level stillstand/slowstand and highstand. The apparent absence of HBBM feature at the old stillstand/slowstand (Figure 12) possibly might be attributed to its short-lived period.
It is worthwhile to discuss and constrain concerning possible mechanism to explain the relation between the change of the sea-level rise rate and the HBBM magnetic feature. A possible major factor enhancing Bc and Bcr could be among increasing relative abundance of hematite and goethite, increasing relative abundance of greigite, and decreasing relative abundance of detrital magnetite, or a combination of them. However, no similar characteristic concerning relative abundance of ferromagnetic minerals between the HBBM intervals (Figure 8; see also Magnetic Mineralogy and Granulometry from Magnetic Measurements and Scanning Electron Microscope Observations Section) allows us to conclude its less probability of being major factor leading to enhancing Bc and Bcr. It, however, would like to be mentioned that, within the 3.21–7.04 m depth interval, there are decreasing magnetite with increasing more high-coercivity minerals in relative abundance, which may be attributable at least partly to the HBBM feature. On the other hand, the grain size distribution of ferromagnetic minerals between the HBBM-bearing intervals and the others could be clearly discriminated; the HBBM intervals showed more contents of stable SD to SD‒PSD boundary grains but less SP contents (Figures 10, 11; see also Magnetic Mineralogy and Granulometry from Magnetic Measurements and Scanning Electron Microscope Observations Section). Moreover, the occurrence of the HBBM features during the HCO and the 8.2 ka event that had different climate conditions (warm and humid vs. cold and dry; Supplementary Figure S4) indicates its independence of both surface temperature and humidity. The HBBM occurrence also does not appear to be associated with the sedimentation rate (Figure 12). Unfortunately, the exact mechanism driving the relation between the abrupt change in the grain size distribution and the abrupt drop in the sea-level rise rate is not identified by this study. However, we note that the varying sediment transport distance and pathway driven by the sea-level rise (e.g., Chen et al., 2017), leading to grain size change of detrital magnetic mineral sources, is not likely responsible for the observed abrupt change of Bc, Bcr, and Mrs/Ms values. We here modestly speculate one possibility that biochemical condition of the uppermost sediment involving the SMTZ and bottom water chemistry during the periods with low rate of sea-level rise might be favorable for rapid growth of greigite to the SD size range at the SMTZs (very close to the sediment top layer, in the studied site). Conversely, a certain condition during the periods with high rate of sea-level rise might permit forming SP greigite but inhibit its growth to the SD size range at the SMTZs that were shifted progressively upward. Consequently, the contrast between the grain size distributions driven by such sea-level change that controlled diagenetic modifications possibly might be the major cause of the occurrence of the HBBM features. This speculation will be verified in additional future works for firm establishment of a magnetic property proxy for the abrupt drop of the rate of sea-level rise or the initiation/occurrence of sea-level stillsatnd/slowstand.
CONCLUSION
In this study, we analyzed 3.2–to–19.8-m depth interval of a 20-m-long Holocene muddy sediment core recovered from the Yeongsan Estuary, South Korea, using mineral magnetic measurements with sediment particle size and TOC content to characterize downcore variations in a variety of magnetic properties. We then evaluated the diagenetic effects on magnetic signals and tested their availability as proxies of paleoenvironmental change. The magnetic measurements included magnetic susceptibilities, hysteresis parameters, progressive IRM acquisition, and FORC analysis for each of the selected subsamples. The major findings of this study are as follows:
(1) The analyzed sediments were generally characterized by relatively low bulk magnetic susceptibility values (∼19–245 × 10−6 SI) and the predominance of paramagnetic (>60% of the total) rather than ferromagnetic contribution, but undoubtedly distinct downcore variations in ferromagnetic-related properties.
(2) The analyzed sediments would have undergone substantial early diagenetic alteration including dissolution and transformation of detrital magnetic minerals and authigenic magnetic mineral formation and growth, which eventually might led to the current complex variability in magnetic properties. For this reason, the raw bulk magnetic susceptibility values are not recommended as a stand-alone proxy of environmental change in (and around) the studied area.
(3) Abrupt increase in Bc, Bcr, and Mrs/Ms is coincide well with abrupt drop in the rate of sea-level rise, in other words, the initiation/occurrence of sea-level stillstand/slowstand or highstand, during the Holocene. It is worthwhile to clarify the exact mechanism causing their potential linkage and further consider the potential of these magnetic properties as a proxy, at least in and around the studied area (the western coast of South Korea), in future study.
(4) We also have preliminarily explored possible relationships of the magnetic property variabilities with the ENSO activity involving local hydrologic events, the summer EAM, the HCO and the 8.2 ka cooling event. Among which, the possible relationship between the magnetite and greigite relative abundance and the HCO or the abrupt short-term cooling appears to be worth being tested further in future study.
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The type-section of the Blackwater Draw Formation (BDF) consists of a series of five paleosol horizons developed on eolian deposits and an overlying surficial soil. Previous work has shown that magnetic properties (e.g., χ, ARM, and IRM) as a function of depth in this type-section, display both magnetically enhanced and magnetically depleted signals for different paleosols. To better understand the magnetic mineralogy responsible for these varying responses, various rock-magnetic experiments, scanning electron microscopy, and Mössbauer spectroscopy were conducted on representative samples from the six soil units which constitute the BDF type-section. Our results show that sub-micron hematite [with a minor contribution from single-domain sized hematite (Hc = ∼500 mT) dominates all the soils in terms of weight percent concentration. Whereas, low coercivity (Hc = ∼35 mT or less) magnetite/maghemitized-magnetite grains, largely in the PSD state (Mr/Ms=∼0.14 +/– 0.03588, Hcr/Hc=∼2.68 +/– 0.298789), dominate the magnetic signal. Magnetically depleted soils show a relatively higher proportion of goethite, while magnetically enhanced soils show an increased contribution from SP/SSD magnetite/maghemite phases.By combining our data-set with geochemically-derived climofunctions, we have correlated the magnetically preserved, depleted, and enhanced sections of the type-section to three distinct environmental phases (I-III). The basal sediments of Phase I displays relatively homogenous (neither enhanced nor depleted) magnetic properties due to relatively arid conditions and minimal alteration of southerly derive eolian sands. Conversely, Phase II-III represents a change in weathering intensities and provenance, resulting in a mix of southerly derived sands and northerly derived silts. Phase II, experienced greater precipitation levels, resulting in the dissolution of Fe-oxide phases and thus magnetic depletion. The uppermost Phase III experienced intermediate precipitation intensities resulting in magnetic enhancement.Using previously published age models we tentatively interpret these changing environmental conditions to be influenced by the Middle-Pleistocene Transition (1.2-0.7 Ma), where the Earth’s climatic cycles shifted from a ∼41 kyr to ∼100 kyr cycles. However, ambiguities persist due to uncertainties in the currently published age model. Due to the complexity of the magnetic signal, we recommend future studies utilize a holistic approach, incorporating rock-magnetic, geochemical, and microscopy observations for more accurate reconstruction of regional paleoenvironments.
Keywords: blackwater draw formation, mid-pleistocene transition, rock magnetism, continental weathering, eolian strata, environmental magnetism, soil magnetism, magnetic mineralogy
INTRODUCTION
Iron is the fourth most common element forming the planet (Lepp, 1975; Thompson and Oldfield, 1986; Frey and Reed, 2012) therefore iron bearing minerals, including magnetic iron oxides (i.e. magnetite, maghemite, hematite, and others), are a common constituent in most rocks in the Earth’s crust. Thompson and Oldfield (1986) recognized that environmentally influenced changes in iron oxide-bearing sediments correspond to changes in the magnetic properties of the bulk sediment material. Since then, numerous studies have shown that the magnetic properties of sediments, as well as sedimentary rocks, may serve as a valuable paleoclimate proxy (e.g., Evans and Heller (2003), and references therein), although ambiguities still exist concerning interpretations of the magnetic characteristics.
During pedogenesis, it is often the case that fine-grained magnetite/maghemite particles form from the alteration of parent material (Thompson and Oldfield, 1986; Maher et al., 2003a, 2003b; Jordanova, 2016). These pedogenic magnetite/maghemite particles include superparamagnetic (SP; grain size typically <30 nm) in addition to geologically stable, single domain (SSD; grain size 30–75 nm) grain populations (Zhou et al., 1990; Liu et al., 2003, 2004b; Liu, 2004; Nie et al., 2016). This is in contrast to detrital magnetic minerals which are often coarser multidomain (MD; grain size 100-300 nm and larger) or pseudo-single domain (PSD; grain size in between SSD and MD) grain sizes (Levi and Merrill, 1978; Newell and Merrill, 2000; Maxbauer et al., 2016a; Roberts et al., 2017).
Nevertheless the formation of new magnetic material during pedogenesis can result in a net increase in commonly measured rock magnetic parameters, such as bulk magnetic susceptibility (χ), anhysteretic remanent magnetization (ARM), and isothermal remanent magnetization (IRM) with respect to the parent material (a process often referred to as ‘magnetic enhancement’) (Maher, 1986; Thompson and Oldfield, 1986; Maher and Thompson, 1995; Evans and Heller, 2003; Torrent et al., 2006; Jordanova, 2016). A well-known example of this phenomenon, and its relation to climate cycles, is the intensely studied loess deposits on the Chinese Loess Plateau (Heller and Tungsheng, 1984; Zhou et al., 1990; Maher and Thompson, 1991; Liu et al., 1992, 2004a, 2007a; Verosub et al., 1993; Meng et al., 1997; Torrent et al., 2007; Song et al., 2010). There the variations in magnitude of χ in relation to depth corresponds not only with the alternating sequences of loess-paleosols but also with established glacial-interglacial cycles based on geochemical and geochronologic information as, first demonstrated by Heller and Tungsheng (1984) and Kukla et al. (1988).
However, pedogenesis does not always strictly result in magnetic enhancement of the parent material. Sequences that have been studied in Alaska, Siberia, and Argentina are well-cited examples where paleosols have lower magnetic values compared to underlying loess deposits (Chlachula et al., 1997, 1998; Maher, 1998; Chlachula, 2003; Chlachula and Little, 2011; Jordanova, 2016). For these sites the “Siberian/Alaskan” model was proposed, which states that glacial/interglacial time periods correlate to strong/weak winds resulting in the deposition of more/less magnetite/maghemite respectively (Chlachula et al., 1998; Matasova et al., 2001; Zhu et al., 2003; Matasova and Kazansky, 2005; Kravchinsky et al., 2008). However, high percent frequency dependence (%χFD) values for magnetically depleted palesols in Siberia suggest that pedogenesis is still a relevant factor (Matasova et al., 2001; Kravchinsky et al., 2008). Liu et al. (2008, 2013) offered an alternative model for magnetic depletion, where oversaturation of soils with water favors the conversion of detrital magnetite/maghemite into magnetically weaker mineral phases such as goethite or paramagnetic clays (Lu et al., 2012; Chen et al., 2015). Additionally, other researchers have identified that rises in temperature can also lead to magnetic depletion, through the conversion of magnetite into hematite (Schwertmann, 1958; Kämpf and Schwertmann, 1983; Scheinost and Schwertmann, 1999; Schwertmann et al., 1999; Liu et al., 2012; Wang et al., 2013; Jiang et al., 2018).
Understanding those specific circumstances where pedogenic processes may result in enhancing or depleting the magnetic signature of a soil is crucial to confidently interpreting rock magnetic data as a reliable climate proxy. In this paper, we contribute to ongoing research on the processes that might favor magnetic enhancement over depletion through studies of the magnetic mineralogy of the type section of the Blackwater Draw Formation (Reeves and Mahaney, 1976; Holliday, 1989). This formation consists of a series of Pleistocene eolian sediment-paleosol couplets preserved on the Southern High Plains (SHP) region of the United States (Figure 1), which display both magnetically depleted and magnetically enhanced eolian sediment-paleosol layers (Holliday, 1989; Gustavson and Holliday, 1999; Stine et al., 2020).
[image: Figure 1]FIGURE 1 | (A) The North American continent during the Last Glacial Maximum (LGM), with emphasis placed on the location of major loess accumulations, the maximum extent of Northern Hemisphere ice sheets during the LGM, and the Pecos River drainage area. Distribution of loess is adapted from (Muhs, 2018), and sources therein). Extent of ice sheets is adapted from (Dyke et al., 2002). (B) Geographic extent of the Southern High Plains showing areas discussed in the text. Dashed line in center of the Southern High Plains defines the inferred boundary between loess and cover sands (after (Reeves and Mahaney, 1976)). Figure modified from (Stine et al., 2020).
Through the use of a holistic data set which includes: rock-magnetic, geochemical, and scanning electron microscopy observations; our study reveals the complex environmental origins of the magnetic signal as a reflection of both changing provenance and weathering intensities. Moreover, through the use of geochemically-based climofunctions, three paleoenvironmental phases are identified. The earliest Phase (I) represents a period when increased aridity resulted in the relative preservation of the magnetic signal, which is carried by southerly derived eolian coarse magnetic phases. This is followed by Phase II, characterized by a mix of southern sands and northern loess, where increased humidity results in magnetic depletion, through the destruction of magnetic phases. The soils of Phase III are similar to Phase II in that both are mixtures of southern sands and northern loess. However, Phase III represents an intermediate level of precipitation, i.e. great enough to result in magnetic enhancement but not so high as to destroy any newly made magnetic phases.
Using current age constraints, these environmental phases are tentatively correlated to Middle Pleistocene Transition (MPT), when interglacial-glacial cycles shifted from ∼41-k.y. cycles to ∼100-k.y. cycles. However, ambiguities in the age model makes it difficult to associate these environmental changes with larger scale climatic shifts.
BLACKWATER DRAW FORMATION
Geomorphic Evolution and Age
The Pleistocene Blackwater Draw Formation (BDF) is a series of eolian deposit-paleosol couplets that form a sheet like body across the Southern High Plains (SHP) in the south-central US. The SHP (often called the Llano Estacado) is a plateau covering ∼ 130,000 km2 across the Texas panhandle (Figure 1). The BDF varies in thickness across the SHP, commonly ranging from <1 to about 9 m thick, but locally is up to 27 m thick in the vicinity of Amarillo, Texas (Hovorka, 1995). Internally, the sediments are punctuated by distinct Bt and Bk pedogenic horizons, the number of which varies from 4 to 14 different units depending on location (Holliday, 1989; Hovorka, 1995; Stine et al., 2020). Notably, thicker intervals of the BDF tend to exhibit a greater number of paleosol profiles (Hovorka, 1995). The varying number of preserved paleosols likely reflects localized wind deflation or soil welding (Holliday, 1989). Nevertheless, each past soil-forming episode is considered a widespread phenomenon, and the (uppermost) soil , referred to as the “Surficial Soil”, represents the most recent episode. Notably, the lack of exposures and a relatively low-resolution age model for the formation have made correlation of soil stratigraphy across the SHP problematic, especially in the oldest buried horizons (Holliday, 1989, 1997; Holliday et al., 1996a, 1996b, 2008; Gustavson and Holliday, 1999).
At some localities, the presence of the Guaje ash (ca. 1.4 Ma) in the lower sections of the BDF, where it is present above stage IV calcisols of the BDF, indicates that the base of the formation is likely older than ca. 1.4 Ma and potentially as old as ∼1.9 Ma (Izett et al., 1972; Gustavson and Holliday, 1999). At the type-section, the focus of this study, the minimum age of the youngest paleosol is further constrained by an OSL date of ∼0.12 Ma (Holliday, 1989). Although the Guaje ash is missing at the type-site, the identification of a magnetozone of reverse magnetic polarity implies that, at this specific locality, the lower part of the BDF must predate the Matuyama/Brunhes boundary and thus be older than ca. 0.773 Ma (Holliday, 1989; Patterson and Larson, 1990; Coe et al., 2004; Singer, 2014; Channell et al., 2020; Ogg, 2020).
Type Section
The type locality of the BDF is ∼9 m in height and consists of five paleosols punctuated by a surficial soil horizon (Stine et al., 2020) (Figure 2). The topmost and youngest soil horizon is termed the “Surficial Soil”; the physical characteristics of which were all documented by Holliday (1989). This soil was classified as a Paleustalf that contains three distinguishable horizons: A, Bt, and Bk. The A horizon exhibits 5 YR 3/4 hues, is ∼0.3 m thick, and is noted for having a sandy clay loam texture. The Bt horizon exhibits 5 YR 3/6 hues, is ∼1 m thick, and has abundant clay films on ped facies. Similar to the A horizon, the Bt horizon of the Surficial Soil has a sandy clay loam texture (Holliday, 1989). The Bk horizon was described by Stine et al. (2020) as a Stage III calcic horizon that has 7.5 YR 5/8 hues, is ∼1 m thick, and has a loamy texture.
[image: Figure 2]FIGURE 2 | Integration of sedimentologic, geochemical, and geochronologic data from the type section of the BDF. Horizontal lines represent soil boundaries. Grain-size data are reported in relative proportions of sand, silt, and clay. Geochemical samples were acid leached to remove calcium carbonate so that silicate weathering could be accurately assessed. Chemical index of alteration (CIA) is after (Nesbitt and Young, 1982). This figure also includes Wt % Fe vs depth, which was constructed using Table 1 from (Stine et al., 2020) note how Paleosol 2 has the highest percentage of Fe. (Stine et al., 2020) noted that the anonymously high CIA and ΣBase/Al values for Paleosol 4 and 5 were due to the high quartz content rather than high weathering and hence are represented with open squares. Nevertheless, CIA and ΣBase/Al values for the other paleosols are more representative of relative weathering intensity, and are represented with closed squares. Magnetic polarity is from (Patterson and Larson, 1990), and age calibration is from (Singer, 2014). Shaded gray background is the part of the section that closely aligns with the approximate duration (1250–700 ka) of the mid-Pleistocene transition from (Clark et al., 2006). TL—thermoluminescence-obtained date, from (Holliday, 1989). The stratigraphic position of the TL -date within Paleosol 1 is uncertain, hence it is currently interpreted to represent the minimum age of Paleosol 1. Soil horizon nomenclature follows standard (Soil Survey Staff, 1990) procedures. Figure modified from (Stine et al., 2020).
Paleosol 1, classified as an argillic calcisol/calcic mollisol (Stine et al., 2020), is 1.3-meter thick and contains a Bt and Bk horizon, both of which exhibit 2.5YR 3/6 hues. The Bt horizon displays subangular blocky peds in clay-rich pockets, while the Bk horizon contains vertical columns of carbonate that grade laterally into zones of calcareous nodules that envelop quartz grains. Mean grain size (D50) of the interval is coarse silt (5ϕ; 31 µm). Additionally, the average mode is displaced from the mean towards the coarser fraction, or finely skewed frequency distribution. Vertically, the interval records a slight coarsening-upward profile.
Paleosol 2, classified as a loamy argillisol/mollisol (Stine et al., 2020), is slightly more than a meter thick. This soil is characterized by a single Bt horizon composed of angular circumgranular peds with 2.5 YR 3/6 hues. Mean grain size varies from fine sand in the basal 20-cm to medium to coarse silt (6-4ϕ; 15-63 µm) throughout the rest of the interval. Paleosol 2 is similar to paleosol 1 in that the mean is coarse skewed; however, this horizon shows a slightly coarser signature. It should be noted that this horizon was identified via unique geochemical and rock-magnetic signatures (Stine et al., 2020), visually it can be difficult to distinguish paleosol 2 from vertically adjacent horizons in outcrop.
Paleosol 3, classified as an argillic protosol/mollisol (Stine et al., 2020), is about 70-cm thick. This paleosol is characterized by a single Bt horizon composed of prismatic peds exhibiting 2.5 YR 3/6 hues. Mean grain-size increases upward from fine sand (2.29ϕ; 31 µm) in the basal 30 cm to coarse silt (5ϕ; 31 µm) at the top of the interval. Pedogenic carbonate is observed only locally as matrix.
Paleosol 4 represents a marked contrast from overlying horizons. This interval, classified as an argillic calcisol/aridisol (Stine et al., 2020), is about 1.5-m thick and contains a Bt and Bk horizons. The Bt horizon is characterized by a massive ped structure with 5 YR 9/1 hues, while the underlying Bk horizon is composed of columnar and nodular carbonate with 5 YR 9/1 hues. Mean grain size is demonstrably coarser than overlying layers and is predominantly fine sand (2.21ϕ; 216 µm).
Paleosol 5, classified as an argillic calcisol/aridisol (Stine et al., 2020), is about 2.2 m thick and rests directly above the Caprock Caliche. This interval is characterized by a single Btk horizon with 5 YR 4/8 hues, consisting of abundant pedogenic carbonate as isolated nodules or matrix. However, vertical columns of pedogenic carbonate are absent. This soil shows a relatively constant grain size that averages around fine sand (3.18ϕ; 110 µm).
Based on detailed geochemical (Figure 2), rock-magnetic parameter, and environmental magnetic ratio data sets (Figure 3), Stine et al. (2020) concluded that the lowermost paleosols (Paleosols 5 and 4) experienced relatively minor degrees of weathering, and therefore that the relatively high magnetic signal in them was in part due to the relative preservation of magnetic parent material. Anonymously high chemical index of alteration (CIA) values for Paleosols 5 and 4 were attributed to the high quartz content and thus were disregarded for those two layers (Figure 2). Moreover, given the existing age constraints, Paleosols 5 and 4 record conditions prior to the Matuyama/Brunhes boundary (Patterson and Larson, 1990), either prior to or during the onset of the Middle Pleistocene transition (Imbrie et al., 1993). In contrast, Paleosols 3 and 2, which directly overlie Paleosols 5 and 4, experienced a relatively high degree of weathering and hence the low magnetic values from these soils are characterized by as a magnetically depleted signal (Stine et al., 2020). Finally, the uppermost horizons, Paleosol 1 and the Surficial Soil, which displayed the highest magnetic values, experienced a moderate degree of weathering and are defined as having a magnetically enhanced signal (Stine et al., 2020).
[image: Figure 3]FIGURE 3 | Principal rock-magnetic parameters (χlow, χARM, and SIRM2.9T) in addition to Environmental-magnetic ratios (S-ratio, L-ratio, %χFD1-3, χARM/SIRM2.9T, and χR) all plotted as a function of depth in the type section. Note the similarity in behavior among all of the principal rock-magnetic parameters. The various rock-magnetic experiments in this paper show that the principal rock-magnetic parameters are primarily a reflection of the concentration of low-coercivity ferrimagnetic phases (magnetite and maghemite) (Thompson and Oldfield, 1986; Evans and Heller, 2003; Jordanova, 2016). This is supported by the high and low values of the S-ratio(Stine et al., 2020) and L-ratio (this study), respectively (Liu et al., 2007b). Low %χFD1-3, χARM/SIRM2.9T, and χR values for Paleosols 5 and 4 imply that the magnetic signal is controlled primarily by a wide distribution of coarse magnetic phases, which were likely detrital in origin (Thompson and Oldfield, 1986; Evans and Heller, 2003; Hrouda, 2011; Jordanova, 2016; Stine et al., 2020). By contrast the relatively high %χFD1-3, χARM/SIRM2.9T, and χR values for Paleosols 3- Surficial Soil implies that the magnetic signal is controlled by fine, potentially SP-SD magnetic phases (Hrouda, 2011; Maxbauer et al., 2016a), and thus the magnetically enhanced and depleted signals are likely a reflection of environmental processes.
The Middle Pleistocene Transition
Between about 1.2 and 0.7 Ma, the climate cycles of the planet shifted from being primarily influenced by a ∼41-ka obliquity cycle to one that was dominated by a ∼100-ka eccentricity cycle (Imbrie et al., 1993). This shift in the temporal frequency of glacial and interglacial cycles is referred to as the Middle Pleistocene transition (MPT) and one of its most noticeable effects was the global increase in ice volume (Mudelsee and Schulz, 1997; Head and Gibbard, 2005; Clark et al., 2006; Clark, 2012). However, the 100-ka frequency is the weakest orbital parameter (Imbrie et al., 1993; Nie et al., 2008; Clark, 2012), therefore determining the forcings responsible for the MPT has been the subject of a large body of research, and various explanations have been proposed. Some workers suggest that longer-lived and larger northern hemisphere ice sheets that developed after the onset of the MPT are the direct result of an internal forcing (Nie et al., 2008; Lisiecki, 2010). The causes of which potentially include: long-term global cooling and CO2 decline [e.g. (Raymo et al., 1988, 1997; Berger and Jansen, 1994b, 1994a; Raymo, 1994, 1997)], disruption or alteration of the thermo-haline, deep-water ocean current (Schmieder et al., 2000), increased volume of sea-ice (Tziperman and Gildor, 2003), or El Niño-Southern Oscillation patterns in the tropical Pacific ocean (McClymont and Rosell-Melé, 2005; Yu et al., 2018). However, in contrast to the previous hypotheses that focus on northern hemisphere ice buildup, Elderfield et al. (2012) proposed that the post-MPT 100-ka cycle was initiated by an abrupt increase in Antarctic ice volume at about 900 ka, implying that changes in northern hemisphere ice volume were the consequence of southern hemisphere ice buildup.
Nevertheless, most of these models rely heavily on sedimentologic and geochemical data from marine settings. In order to more fully understand the climatic effects of the MPT, additional data are needed from terrestrial settings. The challenge lies in the fact that many Quaternary loess deposits in North America are relatively thin (∼20 m or less) and with few exceptions are no older than the penultimate glacial period (ca. 110 ka) (Muhs, 2018). This is in contrast to the thick and continuous loess-paleosol deposits in Central Asia that continuously span from the Holocene to at least the early Miocene and potentially even to the Oligocene (Head and Gibbard, 2005; Liu et al., 2007a; X. M. ; Liu, 2007; Muhs, 2013, 2018; Nie et al., 2016; Bird et al., 2020). A notable exception is the Quaternary BDF that mantles the Southern High Plains (SHP) in North America (Holliday, 1989; Holliday et al., 1996a, 1996b). Existing age control of the BDF indicates that these sediments span at least the last 1.4 Ma and potentially up to the last 2.0 Ma, therefore it is likely that the MPT is recorded within the BDF (Holliday, 1989; Patterson and Larson, 1990; Imbrie et al., 1993; Gustavson and Holliday, 1999). Implications that the MPT had on the specific environmental conditions that favor either magnetic enhancement or depletion within the type site of the formation are contemplated more extensively within the discussion section.
METHODS
The type locality of the BDF (Reeves and Mahaney, 1976) where we collected the suite of samples for this study lies 21 km north of Lubbock, Texas (33.766269°-101.874261°). Exposures of BDF deposits are rare on the SHP but here a gulley that first acted as an anthropogenic thoroughfare has incised down to the Caprock Caliche on top of the Ogallala Formation; this provides a complete section of the formation. A total of ∼7 m of the BDF was able to be sampled for rock-magnetic measurements, from ∼40 cm above the underlying Ogallala Formation to ∼1.6 m into the Surficial Soil. The base of the formation was inaccessible due to cover and the top of the formation into the uppermost Surficial Soil was not sampled due to anthropogenic disturbance.
Samples for rock-magnetic analyses were obtained at ∼5-cm intervals and were dug out of the exposure and collected into plastic bags after scraping away a few centimeters of surficial material with non-magnetic copper-beryllium tools. In the laboratory, samples were cleaned of any organic material, gently disaggregated with a mortar and pestle, and packed into standard (IODP, 7 cc internal volume) plastic boxes, while the remaining sediment were placed into marked plastic bags for future rock-magnetic tests. Once fully prepared these plastic boxes, served as the primary specimens for the rock-magnetic data vs depth measurements previously published in Stine et al. (2020), including: mass-normalized bulk magnetic susceptibility measured at 976 Hz (χlow) and 15,616 Hz (χhigh); ARM measurements at AF fields of 100 mT with a DC bias field of 0.01 mT; IRM measurements measured at field intensities of 100 mT (IRM100mT) , 300 mT (IRM300mT), a saturating field of 2.9T (SIRM), and a back-field of -300 mT (IRM–300mT). It should be noted that for this paper, the anhysteretic remanent susceptibility (χARM) will be used in liu of the ARM reported by Stine et al. (2020). χARM was calculated by normalizing the ARM data previously reported by Stine et al. (2020) to the DC bias field of 0.1 mT (79.77 A/m). Normalizing the ARM to χARM does not change the signal behavior, nevertheless calculation of χARM is recommended in order for future studies to compare the results here with data from other sites (Maher, 1998; Evans and Heller, 2003; Peters and Dekkers, 2003).
Environmental-magnetic ratios calculated from this complete set of rock-magnetic data included parameters previously reported in Stine et al. (2020): The S-ratio, HIRM300mT, %χFD1-3, χARM/χlow, and χARM/SIRM. Additionally, this paper will also compare two new environmental-magnetic ratios: χR and the L-Ratio. These environmental magnetic ratios were calculated by measuring mass-normalized bulk magnetic susceptibility measured at 3,904 Hz (χmed) and a backfield IRM of -100 mT (IRM-100mT). Bulk magnetic susceptibility was measured using a MFK 1-A Agico Kappabridge, while bulk remanence measurements were made using an Agico JR6-A spinner magnetometer. All rock-magnetic parameters and environmental magnetic ratios are displayed in Supplementary Datasheet S1.
χR is a rock-magnetic parameter first proposed by Hrouda (2011) which is theoretically independent from dia-, para-, and MD ferromagnetic contributions in sediments. χR is useful for determining the difference between wide and narrow distributions of mean grain-size volume of SP-SSD particles in a sediment (Hrouda, 2011). It is calculated by the following equation:
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The L-ratio first developed by Liu et al. (2007b) is interpreted to reflect coercivity variations in magnetically harder phases (i.e. hematite and/or goethite) where low/high values represent low/high coercivities respectively. It is calculated using the following equation:
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Select rock-magnetic data and environmental data from this study and from Stine et al. (2020) are plotted against depth in Figure 3. Calculations and common interpretations of all rock-magnetic parameters and environmental parameters presented in Figure 3 are summarized in Supplementary Datasheet S1, S2, respectively. Moreover, all rock-magnetic parameters and environmental magnetic ratios from this study and from Stine et al. (2020) are displayed in Supplementary Datasheet S1.
In order to determine magnetic mineralogy several rock-magnetic experiments were conducted on representative specimens from each paleosol. These specimens were collected from the remaining sediment not packed into corresponding plastic boxes. Specimens were chosen based on how closely the χ measurements of a corresponding box specimen matched the median value for the paleosol as a whole. The corresponding depths are displayed on each figure in order to allow for easier correlation between the results published here and Stine et al. (2020).
Bulk magnetic susceptibility versus continuous heating/cooling experiments (χ vs temperature [T]) were conducted using ∼0.7 g of material in an argon environment with a MFK 1-A AGICO Kappabridge interfaced with a CS4 thermal-heating attachment. First-order numerical derivatives of the bulk magnetic susceptibility with respect to temperature (dχ/dT) were calculated in order to determine the Curie temperature. However, this process of differentiation did enhance noise, therefore a loess model with a 0.25°C-window was constructed, using the smooth.m function on Matlab R2019b. and compared to the raw dχ/dT.
Step-wise acquisition of IRM, from 0 to ∼2.9 T, was imparted on representative samples using an ASC impulse magnetizer, and measured using a JR-6A dual-spinner magnetometer. Following an applied field of 2.9 T, where saturation was essentially reached, the samples were then subjected to step-wise progressive DC demagnetization of IRM until the magnetization crossed the abscissa, defining the coercivity of remanence (Hcr). Magnetic-component unmixing analysis using the MAX UnMix protocol (Maxbauer et al., 2016b) was used in order to accurately determine the contribution of magnetic phases to the IRM signal.
In order to conduct the three-component test, ∼1 g of material was taken from representative samples from all six soils. This material was then mixed with zircar cement after being placed into a 7 cc nonmagnetic ceramic box (Pluhar and Kirschvink, 1991; Prothero, 2011), these served as the primary specimens for the experiment. After drying, each specimen was imparted with a high-coercivity IRM (2.9 T), a medium-coercivity IRM (300 mT) and a low-coercivity IRM (50 mT), in that order, along three perpendicular axes. The magnetic remanence of each specimen was measured as it was progressively stepwise heated from room-temperature to ∼685°C (Lowrie, 1990). All measurement were conducted using a 2G-Enterprises cryogenic magnetometer equipped with DC squids housed in a magnetically shielded room at the University of Texas at Dallas.
For measurements requiring smaller volume specimens, pressure pellets for each paleosol were prepared. This was done by mixing 0.03 g of sample with 0.1 g of Spectroblend binding material, once mixed the sample was then placed within a pellet die assembly and flattened with a hydraulic press for approximately 3 min. This process forms solid cylindrical specimens that are compact enough to prevent movement of the grains during various room temperature and low temperature measurements.
Room-temperature measurements conducted on the pressured pellets included hysteresis and First-Order Reversal Curves (FORCS). Both of which were measured on a PMC Vibrating Sample Magnetometer (VSM) 3900 series. Analysis of the first order reversal curves was conducted using FORCinel v. 3.0 originally designed by Harrison and Feinberg (2008).
Low-temperature remanence experiments were also conducted on the pressure pellets at the Institute for Rock Magnetism at the University of Minnesota, Minneapolis. All low-temperature remanence experiments were conducted using the Magnetic Properties Measurement System (MPMS-XL). Low-temperature remanence experiments included low-temperature demagnetization of room temperature Saturated-IRM (RTSIRM-LTD), the FC-ZFC procedure, and the low temperature hematite-goethite test (Lagroix and Guyodo, 2017).
The theoretical goethite contribution was removed from the RTSIRM-LTD by constructing a model similar to the parabolic behavior seen by synthetic goethite manufactured by the Alifa Aesar Co. (Lascu and Feinberg, 2011). For each Paleosol, this parabolic model was constructed using a loess smoothing model with a 100 K-window on the warming curves of the RTSIRM-LTD data. By subtracting this model from the raw-data, phase transitions (i.e the Morin and/or Verwey transition) become more evident.
The hematite-goethite test is a slight variation from that originally proposed by Guyodo et al. (2006), Lagroix et al. (2014), and Lagroix and Guyodo (2017), in that it involves subjecting the sample to a continuous magnetic field of 2.5 T while simultaneously heating the sample from room temperature (∼300 K) to the Néel temperature of goethite (∼400 K) (Mathé et al., 1999) and back to room temperature.
Afterwards the DC field is removed and the MPMS is set to oscillation mode which generates an oscillating DC current that begins at –300 mT and then decreases in amplitude until the sample is in a near-zero field, thus subjecting the sample to a rough equivalent of being AF demagnetized at 300 mT (Lagroix et al., 2014; Lagroix and Guyodo, 2017; B. Moskowitz and Dario Bilardello, personal communication, 2020). The purpose of this AF demagnetization procedure at ∼300 mT is to eliminate any contribution from lower coercivity phases (i.e. magnetite/maghemite), although it should be noted that this AF procedure is considered to be not as effective as more traditional methods (Bruce Moskowitz and Dario Biladerllo, personal communication, 2020). After AF demagnetization, the remanence of the sample is measured while it is simultaneously cooled from 300 K to 15 K in a zero field. Then the remanence is measured while the sample is heated from 15 K to 400 K, which should thermally unblock any remanence residing in goethite. Finally, the remanence of the sample is measured while the sample is cooled from 400 K to 15 K and warmed back to room temperature. During this final step any remaining remanence can be attributed to those magnetic phases with a coercivity greater than 300 mT and a Néel temperature greater than 400 K (i.e. hematite).
In addition to low temperature remanence measurements, Mössbauer spectroscopy experiments were also conducted on representative specimens at the Institute of Rock Magnetism. Five representative specimens, as magnetic separates, were measured on a Ranger Scientific Mössbauer Spectrometer. All specimens were measured at room temperature, and three of the five specimens were also measured at 18 K in order to determine the presence of magnetic phases with low blocking temperatures. All Mössbauer spectra were fitted to known models using the mossferret software available at the Institute of Rock Magnetism.
Finally, scanning electron microscopy (SEM) inspection was carried out on six representative samples in order to determine the presence of micron scale (or larger) magnetic mineral phases. In order to maximized the likelihood of observing magnetic minerals, a neodymium magnet was used to magnetically separate magnetic phases from nonmagnetic phases of detrital or pedogenic origin (i.e., quartz, calcite, clay minerals). All SEM inspection was conducted on these magnetic separates.
RESULTS
Scanning Electron Microscopy
SEM inspection of the six magnetic separates from representative samples shows that the samples consist largely of clay minerals and quartz, although some Fe-oxide grains, interpreted to be either magnetite (Figure 4A-C, and e-f) or hematite (Figure 4D), are present. Moreover, monazite was also observed in specimens from Paleosol 1 and the Surficial Soil (Supplementary Datasheet S5, S6). Fe-oxide grains (e.g., hematite or magnetite/maghemite) are readily identified based on their higher atomic number and resulting brightness relative to surrounding clay minerals (Ul-Hamid, 2018) and by energy dispersive X-ray analysis (EDS) spectra (Supplementary Datasheet S1-S6). If apparent, crystallographic form and habit were used to further define an Fe-oxide as either magnetite (isometric forms such as cubes or octahedrons if, possibly, authigenic in origin or sub-rounded to rounded, anhedral, somewhat equant forms if detrital) or hematite (platy, micaceous, or tabular habit if authigenic) (Schwertmann and Cornell, 1991; Cornell and Schwertmann, 2006; Klein and Dutrow, 2007) (Figure 4). Some magnetite grains, inferred to be of detrital origin on the basis of their morphology, show shrinkage cracks (Figure 4C,E,F), which is evidence of low-temperature oxidation of magnetite into maghemite (Johnson and Merrill, 1973; Petersen and Vali, 1987; Cui et al., 1994; Zhou et al., 2001; Vahle et al., 2007; Gehring et al., 2009; Nowaczyk, 2011; Haltia and Nowaczyk, 2014). Hematite particles are present (Figure 4D) yet scarce in all specimens observed (Supplementary Datasheet S1-S6). No grains unambiguously identified as goethite were identified in these specimens.
[image: Figure 4]FIGURE 4 | Scanning electron microscopy (SEM) images of Blackwater Draw sediment images a-f respectively represent specimens from Paleosols 5-Surficial Soil. (A) Paleosol 5: Cubic shaped magnetite grain surrounded by clay, note the general absence of shrinkage cracks. (B) Paleosol 4: Aggregation, of magnetite particles, the triangular faces are interpreted to represent octahedral faces. (C,E,F) Paleosol 3,1, and Surficial Soil respectively: Heavily weathered magnetite grains, the shattered appearance of the grain is interpreted to represent an overabundance of shrinkage cracks, which in turn suggest low-temperature oxidation (Johnson and Merrill, 1973; Petersen and Vali, 1987; Cui et al., 1994; Zhou et al., 2001; Vahle et al., 2007; Gehring et al., 2009; Nowaczyk, 2011; Haltia and Nowaczyk, 2014). (D) Paleosol 2: Hematite platelet, in general the SEM was only able to detect a few examples of hematite in the specimens (Supplementary Files C_I–C_VI); this suggests that the majority of hematite content is likely submicron in scale.
SEM observations show that the specimens from Paleosols 5-4 appear to have the highest concentration of what are inferred to be detrital Fe-oxide particles (Figure 4A,B), although some shrinkage cracks, indicative of maghemitization, were noted (Supplementary Datasheet S1, S2). Fe-oxide grains showing clear shrinkage cracks become much more prevalent, at the expense of fresher grains, in the specimen from Paleosol 3 (Figure 4C). Additionally, the intensity of grain cracking, potentially indicative of past weathering intensities, is more severe in Paleosol 3, with some magnetite grains appearing to be so damaged that they appear porous (Figure 4C). With the exception of a few tabular hematite crystals (Figure 4D) there are notably fewer observable Fe-oxides in the specimen from Paleosol 2, at least in the scale of resolution by the SEM. Nevertheless, it should be noted that some submicron Fe-oxides are evident in Paleosol 2, although their specific mineralogy is ambiguous (Supplementary Datasheet S4). Fe-oxide grains present in the specimens from Paleosol 1 and the Surficial Soil are largely characterized by shrinkage cracks (Figure 4E,F) resulting in a “shattered” appearance.
Rock-magnetic data and environmental proxies vs depth
Comparing rock-magnetic parameters from this study and Stine et al. (2020) allow for the calculation of two new environmental-magnetic ratios: χR and the L-ratio. Summaries of the calculation and common interpretation of the environmental-magnetic ratios obtained in this study and in Stine et al. (2020) are provided in Supplementary Datasheet S1, S2.
When compared to depth, the L-ratio at appears to be the inverse of the S-ratio, though subtle differences are apparent in Paleosols 2-Surficial Soil upon closer inspection (Figure 3). Paleosol 2 has a relatively narrower distribution of L-ratio compared to S-ratio values, which implies a smaller variation in the concentration of higher coercivity phases (i.e. hematite and goethite) compared to lower coercivity phases (i.e magnetite and maghemite) (Liu et al., 2007b). Moreover, the L-ratio appears to be more efficient than the S-ratio at demarcating the boundaries between the Bt and Bk horizons of Paleosol 1 and the Surficial Soil. These boundaries, correlate to subtle increases in L-ratio values, implying that each layer is separated by a slightly higher concentration of higher coercivity phases (Liu et al., 2007b).
The χR signal is distinct from the other environmental magnetic ratios, in that values begin to steadily increase in the top half of Paleosol 4, reaching peak values in Paleosol 2, and then begin to decrease in Paleosol 1. This behavior seemingly forms a concave arc which is facing lower values (Figure 3). High/low values for χR are interpreted to correlate to narrow/wide distributions of magnetic grain-sizes, respectively (Hrouda, 2011). Therefore, paleosol 2 which has the highest median χR values (0.7111) is interpreted to be characterized by a relatively more homogenous (in terms of grain-size) population of magnetic phases. By contrast, Paleosol 5, the bottom half of Paleosol 4, and the Surficial Soil are interpreted to more likely constitute a mix of varying grain sizes due to their low median χR values of 0.4729, 0.4353, and 0.5625, respectively.
Mössbauer Spectroscopy
Mössbauer spectroscopic experiments were conducted on magnetic separates from representative samples from five of the six paleosols in the type section. All Mössbauer spectra display a sextet with a doublet (Figure 5). Modelling of the sextet form suggests that all samples are dominated by hematite (de Grave and Vandenberghe, 1990; Vandenberghe et al., 2000; Zhi et al., 2000; de Grave et al., 2002). This implies that any magnetite identified in other rock magnetic experiments is extremely minor in terms of weight/modal percent, despite dominating the overall magnetic signal. The persistence of the doublet at low temperatures indicates that it is caused by Fe-bearing paramagnetic clay minerals, such as illite or Fe-bearing kaolinite (Jeleńska et al., 2010; Necula et al., 2015).
[image: Figure 5]FIGURE 5 | Room temperature Mössbauer spectra of samples from the Surficial Soil, Paleosol 1, Paleosol 2, Paleosol 4, and Paleosol 5; in addition to low temperature spectra of Paleosols 1,2, and 5. Regardless of temperature of the experiments, all spectra can be fit to a hematite model and a doublet model, the latter indicating paramagnetic material (de Grave and Vandenberghe, 1990; Vandenberghe et al., 2000; Zhi et al., 2000; de Grave et al., 2002; Jeleńska et al., 2010; Necula et al., 2015).
TEMPERATURE DEPENDENT BEHAVIOR OF SUSCEPTIBILITY AND REMANENCE
Bulk Susceptibility vs Temperature experiments
Most magnetic susceptibility vs. heating/cooling experiments yield a relatively low ( ∼8 to 6 percent) reduction in susceptibility upon cooling, implying that during the heating process the original magnetic mineralogy is partially thermally altered to new phases with reduced magnetic susceptibility (Figure 6). This behavior suggests the transformation of either maghemite (which is thermally unstable) and/or magnetite into hematite, which results in a loss of magnetization (Tarling, 1983; Maher and Thompson, 1999; Hanesch et al., 2006; Zan et al., 2017). Further evidence of experimentally induced thermal alteration is supported by the observation that the heating curves of Paleosols 5, 4, 3, and the Surficial Soil (Figure 6A,B,C) demonstrate a noticeable increase in magnetic susceptibility between ∼200°C and ∼ 400°C. This behavior is potentially caused by maghemite becoming superparamagnetic before reaching its Curie temperature (Gehring et al., 2009). However, considering that the specimens lose most magnetization between ∼580 and 600°C and also the fact that most samples only display a slight decrease in magnetic susceptibility once cooled to room temperature, the likely magnetic mineral assemblage is dominated by magnetite with a relatively minor contribution from maghemite. Smoothing the derivatives of the heating curves shows that most samples have Curie temperatures ranging from ∼540°C ∼550°C, implying a titanomagnetite with low Ti concentration (Figure 6) (O’Reilly, 1976, 1984; Dunlop and Özdemir, 1997; Fabian et al., 2013). Above ∼620°C all samples still display a weak magnetic signal, which is consistent with the presence of hematite, which becomes paramagnetic above ∼675°C (Néel temperature) (Dunlop and Özdemir, 1997).
[image: Figure 6]FIGURE 6 | Results of bulk magnetic susceptibility vs heating/cooling (red, blue respectively) experiments for representative samples from all soil horizons identified in the BDF for Paleosol 5 (6a), Paleosol 4 (6b), Paleosol 3 (6c), Paleosol 2 (6d), Paleosol 1 (6e), and the Surficial Soil (6f). The derivative of bulk magnetic susceptibility with respect to temperature (dχ/dT) is inset in the bottom left of each graph. The red-dashed lines represents the raw dχ/dT, while the light reddish-pink line represents the smoothed model, which was created in order to highlight the general trends. In general, the smoothed dχ/dT shows Curie temperatures of ∼540°-560°C indicates the presence of low-Ti magnetite and or partially maghemitized magnetite (Tarling, 1983; Maher and Thompson, 1999; Hanesch et al., 2006). Loss of susceptibility after heating is interpreted to represent the inversion of maghemite into hematite (Dunlop and Özdemir, 1997).
Paleosol 1 (Figure 6E) shows a substantial (up to ∼60%) increase in susceptibility with cooling and this behavior suggests that the magnetic signal is due to magnetite alone with small contributions from hematite. The increase in magnetic susceptibility is likely due to some of the hematite fraction being converted to magnetite during heating (Tarling, 1983; Zan et al., 2017).
Low Temperature Behavior: RTSIRM LTD & ZFC-FC Curves
Low temperature behavior of remanence permits the identification of certain magnetic minerals without risking any form of chemical alteration commonly associated with experiments at elevated temperatures. Moreover, certain magnetic minerals display diagnostic behavior at depressed temperatures, including the “Verwey transition” (∼120 K) and the “Morin transition” (∼250-260 K), exhibited by magnetite and hematite, respectively (Verwey, 1939; Morin, 1950). When either of these minerals are cooled to and below those temperatures, a marked change in magnetization is identified, which is correlated to first order phase transitions of the minerals (Verwey, 1939; Morin, 1950; Stacey and Banerjee, 1974)
A slight change in slope, potentially caused by the Verwey transition, is shown by both the RTSIRM-LTD and ZFC-FC curves for all samples (Figures 7,8). The reason why the transition is so subtle could be potentially due to partial maghemitization of the magnetite grain surfaces, which has been shown to shift, subdue, or even mute the Verwey transition (Özdemir and Dunlop, 2010). Further evidence for maghemitization is revealed by the wide humps observed within all the RTSIRM-LTD data, which form wide arcs that begin at ∼300 K and terminate at ∼120 K that later of which corresponds to the Verwey transition (Figure 7). The specimen from Paleosol 3 serves as the exception, with a narrow hump around 100 K – 40 K, potentially representing the low-temperature shifting of the Verwey transition due to maghemitization, fine-grained hematite, or domain-wall pinning of magnetite (Strangway et al., 1967b; Özdemir et al., 2008; Özdemir and Dunlop, 2010; Jiang et al., 2014; Dunlop and Özdemir, 2018). Furthermore, the RTSIRM results for all samples display an increase in magnetization values with decreasing temperatures, a behavior that is attributed to the presence of goethite (Dekkers, 1989b). Subtracting a model of goethite from the RTSIRM-LTD curves results in a much more noticeable Morin transition and Verwey transition in the heating curves, though the Verwey transition is still muted or absent in specimens from Paleosols 3, 2, and the Surficial Soil (Figure 7C). It should also be noted that the detrended RTSIRM-LTD curves all display hump like features from ∼90 K to ∼40 K , which is first evident in the raw-data from Paleosol 3. This feature is tentatively interpreted to be caused by ilmenite, which can be magnetized by the surrounding magnetic phases after the former is cooled towards its ordering temperature of ∼57 K (Fabian et al., 2008). Nevertheless, other possible causes such as finer-grained hematite or highly oxidized magnetite cannot be completely ruled out (Özdemir and Dunlop, 2010; Jiang et al., 2014; Dunlop and Özdemir, 2018).
[image: Figure 7]FIGURE 7 | RTSIRM-LTD data. 7a: Cooling (black) and warming (green) RTSIRM curves for all five paleosols and the Surficial Soil. Note the humps present on the cooling curve, this is indicative of maghemitization (Özdemir and Dunlop, 2010). The dashed purple line is a loess smooth of the warming curve, representing the potential contribution of goethite which often has a similar parabolic shape in RT-SIRM curves of synthetic samples (Lascu and Feinberg, 2011). 7b: Subtracting the loess-model from the raw RT-SIRM data, this theoretically removes the goethite contribution. 7c: Focusing on the detrended warming curve, note how the Morin (TM) and Verwey (TV) transitions are now visible (Verwey, 1939; Morin, 1950). 7d: Derivatives of the Smoothed RTSIRM curves with respect to temperature. Note the change in slope of the dM/dT cooling curves at ∼120 K evident in all the soils, this is interpreted to be the Verwey transition that the detrending procedure enhances.
[image: Figure 8]FIGURE 8 | ZFC (orange) and FC (blue) curves for all five paleosols and the Surficial Soil. Derivatives of the FC/ZFC curves with respect to temperature are displayed to the left of each paleosol. Note the subtle change in slope at ∼120 K, most evident in Paleosols 1,3, and 5. This change (represented as a sharp drop in the derivatives) is interpreted to represent the Verwey transition of magnetite (Verwey, 1939).
For all paleosol samples, both the FC and ZFC curves display a monotonous increase in magnetization values, resulting in two similarly shaped curves that become closer in magnitude with increasing temperature (Figure 8). At lower temperatures, the FC curve always shows greater values than the ZFC curve, although the magnitude of the observed difference varies depending on the paleosol. This behavior is interpreted to reflect the presence of a combination of maghemite and goethite, as both minerals display a monotonous increase in LTSIRM values with decreasing temperature (Dekkers, 1989b; Rochette and Fillion, 1989; Özdemir and Dunlop, 2010). However, although pure maghemite has a completely reversible ZFC-FC curve (Özdemir and Dunlop, 2010), goethite is characterized by an FC curve that is double in value to the ZFC curve (Rochette and Fillion, 1989; Guyodo et al., 2003; Liu et al., 2006). Therefore, the greater the difference between the FC and ZFC curves, the greater the implied goethite contribution. On the basis of the data obtained, Paleosol 2 is interpreted to have the highest concentration of goethite.
Finally, at ∼50 K all specimens show a noticeable change in slope, which is especially evident as a sharp peak in the derivatives (Figure 8). This is tentatively interpreted to indicate the presence of ilmenite which has a Néel temperature of ∼ 57 K (Ishikawa and Akimoto, 1957).
The Low Temperature Behavior: Hematite-Goethite test
All representative samples lose about 80% of their remanence after the AF-demagnetization procedure (Supplementary Datasheet S3), implying a substantial contribution from low-coercivity phases (Tarling, 1983; Thompson and Oldfield, 1986; Evans and Heller, 2003; Tauxe, 2010; Lagroix and Guyodo, 2017). After AF- demagnetization all samples display a further loss in remanence when heated to 400 K, indicating the presence of goethite in all samples (Figure.9A-C; Figure 9G-I) (Strangway et al., 1967a, 1968). Nevertheless, all samples retain a remanence even after magnetite and goethite are both demagnetized, this surviving magnetization is attributed to the presence of hematite due to the identification of clear Morin transitions evident in the final cooling and warming curves for all the samples (Figure 9D-F; Figure 9J-L) (Morin, 1950; Lagroix and Guyodo, 2017). The presence of finer-grained (potentially nanometer-sized) hematite is attributed as the cause of samples that display Morin transitions shifted towards lower temperatures (∼200 K) (Strangway et al., 1967b; Özdemir et al., 2008; Jiang et al., 2014). The general trend of increasing magnetization with decreasing temperature, as observed in Paleosols 5,2, 1, and the Surficial Soil, are attributed to goethite and or maghemite that survived the thermal and AF demagnetization procedures respectively (Lagroix and Guyodo, 2017).
[image: Figure 9]FIGURE 9 | Low-temperature hematite-goethite test for all six soils in the Blackwater draw type-site after AF demagnetizing the TRM acquired by field cooling each sample from 400 K to 300 K in a 2.5 T field. Brown curve represents cooling from 300 K to ∼20 K after AF demagnetization at 300 mT. Magenta curve represents warming from ∼20 K to 400 K in order to thermally demagnetize goethite. Green curve represents cooling from 400 K to ∼20 K. Red curve represents final warming curve from ∼20 K to 300 K. Figure 8A-C and Figure 8G-I includes all four curves for Paleosols 5-3 and Paleosols 2- Surficial Soil respectively. Note the difference in magnetization values between the first two curves (brown and magenta curves) and the final two curves in the sequence (green and red curves); the loss in magnetization in the final two curves is attributed to the thermal demagnetization of the goethite contribution at 400 K. Figure 9D-E and Figure 9J-L merely focus on the final two curves (green and red curves) of Figure 9A-C and Figure 9G-I, respectively so that they can be observed in more detail. Theoretically these curves should only represent the isolated hematite contribution for each soil specimen although the increase in magnetization with decreasing temperature (evident in Paleosols 5,2,1 and Surficial Soil) indicates that either high-coercivity maghemite was not completely AF-demagnetized or that a goethite contribution was not adequately thermally demagnetized. Nevertheless, all specimens display a Morin transition at ∼220 K — ∼200 K indicating the presence of hematite. Morin transitions shifted towards lower temperatures, in addition to the “humps” around ∼100 K — ∼25 K are interpreted to represent a distribution of very fine (potentially nano-sized) hematite grains (Özdemir et al., 2008; Jiang et al., 2014).
Similar to the detrended RT-SIRM LTD curves, each specimen displays ∼150 K – ∼40 K humps which are likewise interpreted to represent ilmenite (Fabian et al., 2008). Nevertheless, it should be noted that these features may also be reflective of high-oxidation or domain-wall of a higher‐coercivity magnetite that was insufficiently demagnetized by the AF-procedure (Özdemir and Dunlop, 2010; Dunlop and Özdemir, 2018).
Three-Component Thermal Demagnetization of IRM
The response of the three IRMs acquired in different fields in relation to progressive thermal demagnetization for all five Paleosols in addition to the Surficial Soil (Figure 10) shows that the low-coercivity component in samples of Paleosols 1—5 was thermally unblocked by ∼580° to 600°C indicating the presence of a low-Ti magnetite/maghemite (Dunlop and Özdemir, 1997; Lattard et al., 2006; Karumuri et al., 2009). Minor maghemitization of magnetite is interpreted to be responsible for laboratory unblocking temperatures slightly above the traditionally accepted maximum unblocking temperature for magnetite (580°C) (Gehring et al., 2009). In contrast, the low-coercivity component of the Surficial Soil is not thermally unblocked until about 640°C indicating the presence of fine-grained, thermally-stable maghemite (Özdemir and Banerjee, 1984; Liu et al., 2010).
[image: Figure 10]FIGURE 10 | Three component IRM progressive thermal demagnetization (Lowrie, 1990) of six representative specimens from each of the five palesols in addition to the Surficial Soil of the BDF. The z-direction (blue line) represent the hard-coercivity (IRM2.9T) component, the y-direction (green line) represent the intermediate-coercivity component (IRM300mT), and the x-direction (red line) represent the low-coercivity component (IRM50mT).
Both the intermediate− and high−coercivity IRM components of Paleosols 4, 3 and 2, in addition to the intermediate−coercivity component of Paleosol 1, are thermally unblocked at ∼640°C, indicating that these components are also dominated by fine-grained maghemite (Özdemir and Banerjee, 1984; Dunlop and Özdemir, 1997; Liu et al., 2010). The intermediate− and high−coercivity component of Paleosol 5 were both thermally unblocked at ∼620°C indicating a thermally stable maghemitized-magnetite (Gehring et al., 2009). Finally, the intermediate− and high−coercivity IRM components of the Surficial Soil, in addition to the high−coercivity IRM component of Paleosol 1, lose a large percentage of remanence at ∼640°C, but are not completely unblocked until ∼675°C. This indicates the presence of both fine-grained thermally-stable maghemite and a sufficient concentration of hematite, the latter of which either originally existed within the sediment or potentially was formed by thermal inversion of maghemite (Özdemir and Banerjee, 1984; Dunlop and Özdemir, 1997; Liu et al., 2010). Nevertheless, the plethora of other positive hematite tests indicate that the hematite identified in Paleosol 1 and the Surficial Soil is natural, rather than laboratory induced.
ISOTHERMAL ROOM-TEMPERATURE BEHAVIOR
Hysteresis Data, and First-Order-Reversal-Curves
Hysteresis experiments (Figure 11A) conducted on six representative samples were carried out using a peak field of 500 mT. The paramagnetic contribution to the hysteresis curves varies throughout the section, with the maximum contribution associated with samples from Paleosol 2. After correcting for the paramagnetic contribution, all hysteresis loops are relatively narrow, with coercivity (Hc) values ranging from 5 to 10 mT. Moreover, all samples reach saturation between 300 and 400 mT. This behavior is consistent with other rock magnetic measurements, indicating that low to moderate coercivity ferrimagnetic minerals dominate the magnetic signal (Tarling, 1983; Thompson and Oldfield, 1986; Tauxe et al., 2002; Tauxe, 2010). Overall, the values of Hc, as determined by hysteresis measurements, appear to correlate with χ values in that samples with low χ values (e.g., Paleosol 2) typically have lower Hc values than those with higher susceptibility (e.g., Paleosols 4 and 5). This feature could potentially reflect differences in grain sizes and/or the increase in concentration of higher coercivity phases such as hematite (Tarling, 1983; Thompson and Oldfield, 1986; Evans and Heller, 2003; Tauxe, 2010; Özdemir and Dunlop, 2014).
[image: Figure 11]FIGURE 11 | Normalized hysteresis curves, after correction for any paramagnetic contribution, and First-Order-Reversal-Curves (FORC(s)) of representative samples from all five paleosols and the Surficial Soil. Figure 10A-F correlates respectively to Paleosols 5- Surficial Soil. For the hysteresis curves note the narrow loops and low coercivity values (5-10 mT), which indicate the dominance of low to moderate coercivity ferrimagnetic phases (Tarling, 1983; Thompson and Oldfield, 1986; Tauxe et al., 2002; Tauxe, 2010). For the FORCs, the weak magnetization of all 6 specimens resulted in (i.e., the vortex structures present over the central ridge in Paleosol 5 and the Surficial Soil). Nevertheless, all FORCs show a central ridge which indicates the presence of SD magnetic phases, while the spread of contours from the central ridge indicates the presence of PSD phases (Roberts et al., 2000, 2014; Muxworthy and Dunlop, 2002; Egli et al., 2010; Egli, 2013; Egli and Winklhofer, 2014; Ao et al., 2017).
In order to construct Day plots, the squareness ratio (Mrs/Ms) and the coercivity ratio (Hcr/Hc) were calculated using the parameters obtained from the hysteresis experiments for all the paleosols (Supplementary Datasheet S2 ) (Day et al., 1977; Dunlop, 2002a, 2002b). Overall, the ratios vary little regardless of paleosol with a squareness ratio average of 0.143208 ± 0.03588 (n=6 samples) and a coercivity ratio average of 2.68144 ± 0.298789 (n=6 samples), which correlate to a domination by PSD magnetite particles (Dunlop, 2002a, 2002b; Tauxe et al., 2002).
First-Order-Reversal-Curves (FORC(s)) were measured and analyzed for representative samples from all the soil units within the type section. All data display a central ridge that extends from the origin and descends past ∼30-40 mT (Figure 11B). Generally, closed contour density focuses at ∼10 mT, indicating the presence of low-coercivity-SD magnetite, although the slight spread along the Bu axis does indicate some grain-interaction (Roberts et al., 2000, 2014; Egli et al., 2010; Egli, 2013; Ao et al., 2017). The presence of PSD magnetite (or maghemite) grains is indicated by the divergence of the outer contours along the Bu axis (Muxworthy and Dunlop, 2002; Egli and Winklhofer, 2014), however this behavior may also be reflective of a magnetic vortex state as demonstrated by Roberts et al. (2017).
Stepwise IRM Acquisition, Backfield Curves, and Component Unmixing Analysis:
Representative whole-rock samples were selected from the BDF for step-wise IRM acquisition curves (to a maximum field of 2.9 T) and step-wise backfield analysis (to a maximum required opposite field of 45 mT) (Figure 12). Most specimens attained a near-saturation IRM value within 90% and 95% of that acquired at IRM2.9T between DC field values of 30 mT and 180 mT, respectively. This behavior further implies that relatively low coercivity magnetic minerals are the primary magnetic phases in the BDF (Dunlop, 1986). The only exception to this is Paleosol 2 which attained an IRM within 90 percent and 95 percent of the SIRM2.9T between DC field values of 220 mT and 500 mT respectively. This indicates the presence of some higher coercivity material such as SSD magnetite and hematite (Merrill, 1968; Robertson and France, 1994; Dunlop and Özdemir, 1997; Özdemir and Dunlop, 2014). Moreover, the fact that all samples show a further steady increase in IRM to 2.9 T (and likely beyond) indicates a relatively minor amount of high coercivity material (e.g., hematite and/or goethite) (Strangway et al., 1968; Dekkers, 1989a; Dunlop and Özdemir, 1997; Tauxe, 2010; Özdemir and Dunlop, 2014).
[image: Figure 12]FIGURE 12 | Coercivity analysis for specimens from representative samples of all five paleosols and the Surficial Soil in the BDF. Left side for each sample: Curves showing the acquisition of an isothermal remanent magnetization (IRM) and backfield direct field demagnetization of specimens. Right side for each sample: Corresponding magnetic component unmixing analysis results using the MAX UnMix protocol of (Maxbauer et al., 2016b) for IRM acquisition data. In terms of results of the unmixing analysis, Bh is the mean activating field (coercivity) of each component grain population and Bh.sd the standard deviation. Dp is the dispersion parameter, defined as one standard deviation in log space and Dp.sd the standard deviation. P is the optimum model parameter and P.sd the standard deviation. The IRM acquisition and backfield demagnetization data indicate the dominance of relatively low coercivity ferromagnetic phases in these intervals of the BDF and is supported by the results of the unmixing analysis that reveals two primary component: one dominant component with Bh values of about 35 mT (purple area –component 2) and a secondary component with Bh values ∼130-150 mT (light blue area –component 3). The unmixing analysis also indicates very minor contribution of a low coercivity phase with Bh values of ∼5−∼10 mT (darker blue area –component 1) and two much higher coercivity phases with Bh values of about 600-700 mT (red area –component 4) and ∼3000−∼6000 mT (green area –component 5)
After saturation or near-saturation at a DC field of 2.9 T, backfield demagnetization yields a steady decrease in intensity and Hcr values typically between about 35 and 45 mT. The Hcr values also indicate that relatively low coercivity magnetic minerals (magnetite or maghemite) are primarily responsible for the magnetic signal within the BDF, but that they are also influenced by the presence of higher coercivity phases (Dunlop, 1986; Dunlop and Özdemir, 1997; Tauxe, 2010).
In order to further utilize the IRM acquisition data as a means to understand the magnetic mineralogy of representative parts of the BDF, magnetic component unmixing analysis was utilized based on the MAX UnMix protocol (Maxbauer et al., 2016b) for the IRM acquisition data (Figure 12). Although possibly unrealistic, we assume that the data for all specimens are best represented by a set of five magnetic components. Unmixing analysis reveals a dominant component with Bh values of ∼35 mT (magnetite/maghemite), and a secondary component with Bh values ∼130-150 mT (high-coercivity maghemite/magnetite). Although these two components contribute the most to the remanence, three very minor components could also be identified, which included: a very low coercivity component (Bh values between ∼5−∼10 mT) (low-coercivity maghemite/magnetite), a high coercivity component (Bh values between ∼600−∼700 mT) (hematite), and a very high coercivity component (Bh values between ∼3000−∼6000 mT) (goethite). The dominant and secondary coercivity components, Bh = ∼35 mT and Bh = ∼130-150 mT respectively, are well-defined in that the range of coercivities is quite narrow (standard deviation of Bh (Bh.sd) is less than 0.145 log units). The two higher coercivity components are associated with a range of typically higher standard deviation values than the primary and secondary components, nevertheless standard deviation values are typically lower than 0.145 log units (Figure 12).
DISCUSSION
Effects of Provenance and Varying Weathering Intensity on Magnetic Enhancement vs Magnetic Depletion in the Blackwater Draw Formation
Overall, each of the paleosols in the Blackwater Draw Formation (BDF) contains roughly the same magnetic mineralogy, consisting of fine (potentially SP/SD-sized) hematite, goethite, and partially maghemitized magnetite in a range of domain states (SP, PSD, and SD) (Figures 6-12). Furthermore, Mössbauer analysis indicates that regardless of the varying weathering intensities reported by (Stine et al., 2020), each paleosol is dominated, in terms of volume percent, by hematite. This observation alone is not completely unexpected, for many researchers have noted that hematite and/or goethite are often the dominant Fe-oxides in terms of weight/volume percent within paleosols (e.g., Maher, 2011). However, this implies that the geochemically determined Fe concentrations of the BDF (Stine et al., 2020), is primarily a reflection of the hematite concentration rather than maghemite or magnetite.
Furthermore, the relative scarcity of hematite identified via SEM inspection indicates that the typical grain size of the hematite population is at the submicron (potential nanometer) scale. Nanoscale hematite, potentially pedogenic in origin, could possess domain states that range from SD to SP, which would affect the frequency dependence of this material as well as shifting or muting morin transitions (Strangway et al., 1967b; Cornell and Schwertmann, 2006; Özdemir et al., 2008; Özdemir and Dunlop, 2014; Jiang et al., 2018). However, we note that this suggestion is purely speculative, and thus future studies of the Blackwater Draw paleosols should utilize techniques capable of imaging at the nanometer scale (e.g., transmission electron microscopy or scanning TEM).
Despite the dominance of hematite throughout the profile, the rock magnetic experiments utilized in this study are interpreted to indicate that the magnetic signal, as typically evaluated using parameters such as bulk χ, χARM, and IRM intensity as a function of depth, primarily reflects the variations in concentration of magnetite/maghemite throughout the BDF. This is of course a reflection of the high saturation magnetization of magnetite/maghemite. These phases have been noted to dominate the magnetic signal of other paleosols in eolian sequences, even if present as a very small volume/weight percent (Geiss and Zanner, 2006; Jordanova, 2016).
In spite of the general uniformity of the magnetic mineralogy, geochemical evidence, and granulometric evidence presented in Stine et al. (2020) indicates that the coarser-grained Paleosols 5 and 4, predominantly sand (Figure 2), are primarily sourced from the geographically closer Pecos River Valley area in the south. Moreover, the presence of titanomagnetite and ilmenite (Figures 6–9) indicates a potential influx of igneous material into the Pecos River Valley sediments. Likely sources for igneous material, include the volcanic areas in New Mexico (such as the Latir and Ocate volcanic fields) which are known to have provided sediment for the underlying Ogallala formation in the SHP (Eichler, 2020). Conversely, the finer-grained Paleosols 3, 2, and 1 constitute a mix of Pecos River sediments and wind-blown silt that may have had a northern derivation (Figure 2). When creating cross-plots of the various data sets, both Stine et al. (2020) and this study (Figure 13 a, b, and d) show that two distinct populations can be identified which correlate to the single-sourced Pecos sands (i.e., Paleosols 5-4) and the mixed sediments (i.e. Paleosols 3-1). The geochemical classification diagram by (Herron, 1988) (Figure 12A,B), shows that the mixed-source cluster possesses less quartz, implying a granulometric control. However, spider-plots of select elements normalized to the North American Shale Composite (NASC) from (Condie, 1993), reveal that Paleosols 3-1 are also substantially enriched in Zr, Nb, Hf, and Ta (Figure 13C). This suggests that Paleosols 3-1 contain more heavy minerals such as zircon or columbite, implying that the silt comes from a more felsic source compared to the Pecos sands (Parker and Fleischer, 1968; Armstrong-Altrin et al., 2013; Nagarajan et al., 2016). Indeed, SEM inspection noted that, compared to other soils, the most Zircon grains were present in the specimens from Paleosols 2-1, and the Surficial Soil (Supplementary Datasheet S5, S6).
[image: Figure 13]FIGURE 13 | Comparing the geochemical and rock-magnetic data set from (Stine et al., 2020) in order to determine change in provenance. Figure 13A,B are log10(Fe2O3/K2O) vs log10(SiO2/Al2O3) geochemical classifications based off of (Herron, 1988), with Figure 13B merely focusing in on the data-points. Note the clustering of the solely-pecos sediments (dark-grey circle: Paleosols 5-4) and the mixed-source sediments (light-grey circle: Paleosols 3-1), defined by (Stine et al., 2020). The few Paleosol 3 data-points that plot in the solely-Pecos region are from the basal-most section of the unit, and potentially represent a transitional zone from Paleosol 4 to 3. Figure 13C shows a spider-diagram of select trace element concentrations normalized to the North American Shale Composite (NASC) (Condie, 1993). Note how Paleosols 3-1 have substantially higher concentrations of Zr, Nb, Hf, and Ta, implying different provenance (Parker and Fleischer, 1968; Armstrong-Altrin et al., 2013; Nagarajan et al., 2016; Stine et al., 2020). Figure 12D is a cross-plot of χARM vs the Zr concentration, note how the clustering of solely-Pecos and mixed-source sediments, similar to Figure 13B. This implies that the change in provenance is partly responsible for the change in magnetic properties.
Ambiguity exists concerning the provenance of the Surficial Soil due to the lack of trace element data. However, SEM inspection of specimens from both Paleosol 1 and the Surficial Soil reveals the presence of monazite, a phase enriched in La and Ce, as well as zircon in both soils. This implies that the Surficial Soil has similarly high concentrations of rare earth elements and Zr as Paleosol 1, suggesting similar sources (Figure 13C) (McLennan, 1989; Stine et al., 2020). Therefore, the Surficial Soil is tentatively interpreted to consist of a mix of Pecos River sediments and wind-blown silt, similar to Paleosols 3-1.
Sand sourced from the southern Pecos river valley to the south of the study area likely contained coarser ferrimagnetic phases than the potentially northern derived silt. Indeed, relatively wider FORC distributions, low Hcr, and low χR values from this study (Figures 3, 11-12) coupled with the lower magnetic granulometry ratio (χARM/χlow, χARM /SIRM, and %χFD) values from Stine et al. (2020) (Figure 3) indicate that the sandier single-source Paleosols 5 and 4 are composed of a wider distribution of coarser magnetic phases than the finer mixed-source Paleosols 3, 2, and 1 (Figures 2,3,11) (Maher, 1988; Dunlop, 1995; Heider et al., 1996; Roberts, et al., 2000; Evans and Heller, 2003; Hrouda, 2011; Jordanova, 2016). The effects of changing provenance on the magnetic properties are also evident in cross-plots of rock-magnetic values vs immobile elements (e.g.: χARM to Zr, (Figure 13D). Thus, the higher and relatively consistent χ, χARM, and IRM intensity values for Paleosols 5 and 4 are tentatively interpreted to be due to a higher concentration of coarser ferrimagnetic phases singularly sourced from southern Pecos river valley sands as compared to the mixed-source Paleosols 3, 2, and 1.
Although shrinkage cracks are present in many detrital magnetite grains, the relatively low degree of alteration of magnetite grains in Paleosols 5-4 compared to other soils, as observed in the SEM (Figure 4), implies that weathering, and thus magnetic depletion, was minimal. Moreover, although the presence of maghemite, goethite and hematite (Figures 5, 7-10) implies some degree of alteration, in general the minimal presence of SP-SSD phases, inferred from the lower magnetic granulometry ratio (χARM/χlow, χARM /SIRM, and %χFD) (Figure. 3) (Supplementary Datasheet S1) (Stine et al., 2020), suggests little pedogenic neoformation of magnetite commonly attributed with increasing the magnetic signal of soils (Maher, 1988; Zhou et al., 1990; Dunlop, 1995; Heider et al., 1996; Soreghan et al., 1997; Liu et al., 1999, 2007b; Evans and Heller, 2003; Jordanova, 2016). Therefore, we interpret Paleosols 5-4 as being relatively magnetically preserved, i.e. experiencing minimal magnetic depletion and/or enhancement.
In contrast to Paleosols 5-4, pedogenic modification is interpreted to be far more consequential for the magnetically depleted Paleosols 3-2 and the magnetically enhanced Paleosol 1-Surficial Soil, all of which are inferred as mixed southern and northern sources (Stine et al., 2020). Indeed, Figure 14, shows that Paleosols 3-1, have a moderate negative correlation with CIA values, suggesting that the magnetically depleted soils are a result of weathering intensities higher than what the magnetically enhanced soils experienced. Paleosols 3 and 2 also contain a relatively higher percentage of goethite as indicated by the ZFC/FC experiment (Figure 8), the low-temperature hematite-goethite experiment (Figure.10) (Supplementary Datasheet S3), relatively high Hcr (Figure 12) and L-ratio values (reported here; Figure 3), as well as low S-ratio values (from Stine et al., 2020; Figure 3) (Stober and Thompson, 1977, 1979; Bloemendal et al., 1992; Maxbauer et al., 2016a).
[image: Figure 14]FIGURE 14 | Scatter-plots comparing χ1, χARM, and SIRM2.9T to the Chemical Index of Alteration (CIA) calculated by (Stine et al., 2020). Note how each scatterplot results in two clusters. The cluster associated with the mixed sediments (Paleosols 3-1), shows a moderate negative correlation between rock-magnetic values and weathering intensities. This implies that the magnetically depleted values are related to the degree of weathering. The cluster associated with the Pecos-derived sediments (Paleosols 5-4), shows a low correlation between the high-magnetic values of those paleosols and the calculated weathering intensities. Nevertheless, it should be noted that the CIA values for Paleosols 5-4 are suspect due to high quartz content (Stine et al., 2020).
Goethite is thermodynamically stable at surface conditions, therefore its presence is expected, even in minute quantities, for most soils on the planet (Schwertmann, 1971; Schwertmann and Taylor, 1972, 1989; Scheinost, 2004). Soils characterized by greater abundances of goethite are typically associated either with more humid climates (Thompson and Oldfield, 1986; Schwertmann, 1988) or those surface environments that experience less variation in precipitation seasonality (Balsam et al., 2004; Zhang and Nie, 2017). A truly humid climate is unlikely for the BDF due to the pervasive occurrence of pedogenic carbonate (Machette, 1985), and thus variation in precipitation seasonality is likely a factor.
Regardless, the relatively higher chemical index of alteration values (CIA) for Paleosols 3 and 2 coupled with increased presence of goethite indicates that these soils were subjected to more intense weathering conditions than the older paleosols, likely due to the increased presence of water (Chebykin et al., 2002; Sheldon et al., 2002; Wang et al., 2020). Magnetic depletion would have followed as both northern and southern-sourced aeolian magnetite/maghemite grains were converted into magnetically-weaker and/or non-magnetic phases (Santana et al., 2001; Jiang et al., 2018).
It should be noted that Paleosol 2 also displays higher %χFD and χARM/SIRM2.9T values (Figure 3), and a relatively narrower FORC distribution (Figure 11D), suggesting the presence of finer magnetic SP and SD phases within this soil (Maher, 1988; Dunlop, 1995, Heider et al., 1996; Roberts, et al., 2000; Evans and Heller, 2003; Hrouda, 2011; Jordanova, 2016). However, the low χ, χARM , and IRM values suggest that these finer magnetic phases likely take the form of the magnetically weaker hematite or goethite rather than magnetite, as suggested by the high Fe-content, high L-ratio, and low S-Ratio values (Liu et al., 2007b; Chaparro et al., 2020; Stine et al., 2020) (Figures 2,3). The presence of SP phases within a magnetically depleted soil can be explained as an initial process of pedogenic formation of SP-magnetite grains, most of which are sequentially converted (oxidized) into a magnetically weaker phase with increasing weathering intensity, potentially due to relatively high soil temperature (Schwertmann, 1958; Liu et al., 2012; Wang et al., 2013; Jiang et al., 2018). Indeed, the detrended RTSIRM-LTD warming curves for these specimens show a notably muted Verwey transition indicating a high degree of oxidation (Paleosol 2 in Figure 7C) (Özdemir and Dunlop, 2010).
The magnetically enhanced Paleosol 1 is similar to the magnetically depleted Paleosols 3 and 2 in that all three are characterized by high environmental magnetic granulometry ratio values, indicating the presence of finer ferrimagnetic (sensu lato) phases (Evans and Heller, 2003; Jordanova, 2016). Furthermore, high χR values for Paleosols 3, 2, and 1 indicate that all three paleosols have similar distributions of fine ferrimagnetic phases (Hrouda, 2011), implying that Paleosol 1’s higher χ, χARM, and IRM intensity values are likely not the result of a higher proportion of southern- vs northern-sourced sediment. Instead, weathered magnetite grains, high frequency dependence, low Hcr, narrow FORC distributions, low L-ratio, and high S-ratio values (Figures 3,4,11,12) all imply that the magnetically enhanced values of Paleosol 1 are the result of the neoformation and preservation of SP/SD pedogenic maghemite/magnetite grains (Zhou et al., 1990; Soreghan et al., 1997; Liu et al., 1999, 2007b; Evans and Heller, 2003; Jordanova, 2016) (Figures 3,12). Lower CIA values for Paleosol 1 (Stine et al., 2020) (Figure 2) imply an intermediate degree of weathering intensity is the cause of magnetic enhancement. In other words, a moderate degree of weathering is required for pedogenesis to begin and ultrafine maghemite/magnetite grains to form, but weathering would not be so intense as to result in the complete conversion of this new material into hematite or goethite (such as what occurred in Paleosols 3 and 2).
The neoformation and preservation of SP/SD pedogenic maghemite/magnetite grains are also interpreted to be responsible for the high χ, χARM, and IRM intensity values of the Surficial Soil (Eyre and Shaw, 1994; Evans and Heller, 2003; Liu et al., 2004a; Orgeira et al., 2011; Jordanova, 2016). Nevertheless, the lower χR values imply some contribution from coarser phases (Hrouda, 2011). This, in conjunction with the lack of geochemical data for this paleosol, means that an increased contribution from southern sources cannot be completely ruled out as a partial cause of the high magnetic values for the Surficial Soil.
Finally, it should be noted that both the magnetically depleted and enhanced soils seem to possess a slightly higher and narrower FORC distribution along the Hc axis than the magnetically preserved section (Figure 11). Coupling this observation, which implies the presence of pedogenic SD magnetites (Egli, 2004), with the dominance of hematite (Figure 5), suggests that magnetic enhancement and depletion are competing processes during soil development. However, as above, which process ultimately dominates appears to correlate to weathering intensity (Figure 14). The paleoenvironmental implications of this observation are discussed in more detail in the following section.
Combining Geochemically-based Climofunctions with Rock-Magnetic Data to Identify Changing Paleoenvironmental and Paleoclimatic Conditions
Through the use of geochemical data from modern soils under varying climate conditions, regression equations have been derived that estimate mean annual temperature (MAT) and mean annual precipitation (MAP) conditions that can be applied to paleosols (Sheldon et al., 2002). The calculations for determining these climofunctions are summarized in Supplementary Datasheet S4. The high SiO2 (typically 88-90%) content of Paleosols 5 and 4 provide misleading calculations of MAT and MAP because there is not enough weathered product in the profile, and these paleosols were inferred to be predominantly quartz sand deposited as eolian sand sheets (Stine et al., 2020). Moreover, the Surficial Soil does not have any geochemical data. Thus, calculations of MAT are not possible for the Surficial Soil and Paleosols 5 and 4, whereas, MAP calculations are reserved only for the Surficial Soil and Paleosol 4, which contain a Bk horizon and through use to the depth to that horizon (Retallack, 2005) it is possible to provide rough estimates of MAP. This allows for the determination of relative MAT and MAP values for Paleosols 4-Surficial Soil (Figure 15). As above, Paleosol 5 consists solely of a well-developed Btk horizon, therefore no MAT or MAP values could be calculated.
[image: Figure 15]FIGURE 15 | Summarizing MAP (right) and MAT (left) for Paleosols 4-1 and the Surficial Soil. No MAT or MAP were determined for Paleosol 5 due to inadequate data, discussed in text. The modern record of MAP for the SHP, represented by the blue bar, ranges from 310-560 mm/yr (Bomar, 1983). In general, the paleosols appear to record an increasing in precipitation from Paleosols 4-2 and a decreasing trend in precipitation from Paleosols 2-1. The implications of these MAP calculations for paleoenvironmental reconstruction are discussed in the text. The modern record of MAT for the SHP, represented by the yellow bar, is 14°C and 18°C (Bomar, 1983), however the error bars are high, and thus more studies are recommended in order to confirm our initial findings.
Through the combined use of these proxies with the remainder of the data set, we tentatively model three paleoenvironmental phases which correspond to the magnetically preserved, depleted, and enhanced sections of the type-section respectively.
Phase I: Arid Environment leads to Magnetic Preservation of Pecos River-Valley Sands [Paleosols 5-4]
The first environmental phase, recorded by the basal two Paleosols 5 and 4, is characterized by a coarser set of eolian sediments, consisting of MD and PSD magnetite phases, primarily sourced from the Pecos River valley region in the south. Relatively warmer temperatures likely resulted in the development of maghemite rims around the eolian-sourced magnetite through oxidation in addition to the development of ultrafine hematite. Using the depth to Bk method, the MAP is calculated to be about 650 mm/yr for Paleosol 4, and no MAT was calculated. It should be noted that the error range of the calculated MAP coincides with what has been recorded for the SHP in modern times, measured at 310 to 560 mm/yr (Bomar, 1983). Therefore, Paleosol 4 is tentatively interpreted to have experienced precipitation at levels more similar to contemporary times than different. Although neither MAP or MAT values were calculated for Paleosol 5, the presence of well-developed carbonate horizons in both paleosols indicates that Paleosols 5-4 formed in similarly arid conditions (Machette, 1985; Holliday, 1989; Gustavson and Holliday, 1999; Stine et al., 2020). These observations, in conjunction with the general lack of frequency dependent SP phases and minimal goethite implies that the environment characteristic of Phase I was sufficiently arid such that neither magnetic enhancement nor magnetic depletion occurred (Balsam et al., 2011). Therefore, we define Phase I as being relatively magnetically preserved (Figure 2).
In order to better understand the paleoenvironmental causes, it is useful to use the contemporary SHP as an analog. Indeed, many remote sensing studies (Lee et al., 2009, 2012; Ginoux et al., 2012; Li et al., 2018; Achakulwisut et al., 2019; Kandakji et al., 2020) have noted that the Pecos River Valley region appears to be a significant source of dust for the numerous dust-storms that afflict the SHP. These dust storms are noted to occur most frequently during the late winter/early-spring which is typically when precipitation is lowest in the region, thus providing sediment that might otherwise be stabilized by vegetation cover (Chepil, 1957; Lee et al., 1994; Stout, 2001; Crabtree, 2005; Novlan et al., 2007). The similarities particularly in provenance imply that the Phase I paleosols were likely influenced by similar environmental conditions as the contemporary SHP, therefore this setting is best described as an arid to semiarid environment.
Phase II: Subhumid to Semiarid Environment leads to Magnetic Depletion of Pecos Sands and Northern Loess Mixture [Paleosols 2 and 3]
The magnetically depleted Paleosols 2 and 3, were deposited within the second environmental phase, which is differentiated from the previous phase by a mixed provenance and higher precipitation. Error weighed average of MAP is about 910 (mm/yr) for Paleosol 3 and about 1020 (mm/yr) for Paleosol 2. These values indicate that Phase II represents a distinctly wetter period than what has been recorded for the SHP in modern times (Figure 15), the latter of which ranges from 310 to 560 mm/yr (Bomar, 1983). The presence of goethite also implies relatively less seasonality than what may have occurred in the previous phase (Balsam et al., 2004; Zhang and Nie, 2017). Increasing both the frequency and total amount of annual precipitation would have resulted in the increased chemical weathering of the parent material, including the conversion of eolian magnetite into lesser magnetic phases. This general correlation of relatively high MAP and magnetic depletion agrees with Balsam et al. (2011) observation that modern surficial soils which experience higher rainfall have a corresponding decrease in magnetic susceptibility. Due to these factors, Phase II is tentatively interpreted to represent a subhumid-semiarid environment
A MAT of 10.9°C for Paleosol 3 and 10.7°C for Paleosol 2 was also calculated using the methods outlined in Supplementary Datasheet S3. This is notably cooler than the modern SHP MAT of 14°C to 18.6°C (Bomar, 1983), nevertheless the higher error bars does cast some doubts on the accuracy of our MAT calculations. A colder SHP in conjunction with the addition of wind-blown silt to the sediment budget that was potentially northerly derived is consistent with glacial influence from the north as larger ice sheets developed during the mid-Pleistocene transition. However, this would require future studies to confirm our MAT measurements.
Phase III: Semiarid to Arid Environment leads to Magnetic Enhancement of Pecos Sands and Northern Loess Mixture [Paleosol 1 and Surficial Soil]
The third and final phase consists of the uppermost layers, Paleosol 1 and the Surficial Soil, the latter of which was paired with Paleosol 1 due to similar characteristics in the rock-magnetic data set and similarities in SEM observations. MAT and error weighted average MAP are 9.45°C and about 790 mm/yr respectively for Paleosol 1. MAP values of about 570 mm/yr are calculated for the Surficial Soil, initially implying that this soil was deposited during environmental conditions more similar to Phase I and the modern era (Bomar, 1983). However, similar rock-magnetic characteristics and SEM observations imply that Paleosol 1 and the Surficial Soil share similar provenance and weathering intensities. Therefore, we tentatively interpret Paleosol 1 and the Surficial Soil as having formed in similar environmental conditions. Moreover, the presence of SP-magnetic phases suggests a higher degree of pedogenesis, and in turn precipitation, than what occurred in Phase I (Evans and Heller, 2003; Maxbauer et al., 2016a; Jordanova, 2016). Incidentally, we interpret the soils of Phase III to represent environmental conditions which were distinct from the contemporary SHP and Phases I and II.
Overall, Phase III is interpreted to represent a semiarid to arid environment, relatively drier than Phase II, yet wetter than what was experienced in Phase I or the modern SHP. Moreover, it should be noted that Phase III is estimated to be a colder environment than Phase II and this, coupled with the continued presence of loess, indicates a possible relationship between larger northern hemisphere ice sheets and regional temperatures in the SHP. Although this later point is purely speculative until: (1) magnetic data from more sites are collected; (2) and future studies confirm our MAT results.
Phase III represents an intermediate position in terms of precipitation levels, and the correlation between intermediate MAP and magnetic enhancement implies that pedogenic ultrafine SP/SD magnetite require specific conditions in order to develop in the SHP. In short, precipitation levels need to be greater than what occurred in Phase I in order for pedogenesis to take place and nanomagnetites to form (Balsam et al., 2011), yet not so intense as to result in the dissolution of magnetic material (Balsam et al., 2011; Liu et al., 2013), as was the case for Phase II
Comparing magnetic data sets from modern surficial soils throughout the northern hemisphere and equatorial regions, Balsam et al. (2011) observed that magnetic enhancement generally only occurred in soils experiencing MAP from 200 mm/yr to 1000-1200 mm/yr. Any soil subjected to precipitation greater/less than 1200 / 200 mm/yr would experience magnetic depletion or no magnetic change, respectively (Balsam et al., 2011). Although our calculated MAP does not perfectly agree with Balsam et al. (2011) observations; the seeming correlation between low, intermediate, and high precipitation respectively with magnetic preservation, enhancement, and depletion is worth noting. This nonlinear relationship between magnetic properties and precipitation, complicates the use of magnetic parameters as a paleoprecipitation proxy, therefore it is highly recommended that future studies take a more holistic approach by incorporating both geochemical and rock-magnetic datasets to avoid ambiguity.
Correlation of Environmental Models to Previously Established Age Models: Effects of the Laurentide Ice Sheet and the Middle Pleistocene Transition?
Fundamental questions remain concerning the forcings responsible for: (1) changing provenance from southerly derived Pecos River Valley sands in Phase I to a mix of Pecos sands and wind-blown silt for Phases II and III; and (2) changing MAT and MAP values from Phase II to III. However, correlation of these results to established paleoclimatic shifts, i.e., the Middle-Pleistocene Transition (MPT), is problematic due to the lack of precise age control at the BDF type site.
Nevertheless, previous magnetic polarity stratigraphy work (Patterson and Larson, 1990), the presence of stage IV calcisols, in addition to age estimates derived at other sites, all imply that the BDF as a whole is likely no older than ca. 1.4 Ma (Izett et al., 1972; Gustavson and Holliday, 1999) and that the base of the type-section in particular is at least older than ca. 773 ka (Holliday, 1989; Patterson and Larson, 1990; Coe et al., 2004; Singer, 2014; Channell et al., 2020; Ogg, 2020). Within the context of these rough age constraints, it is highly likely that the MPT is recorded within the type-section of the BDF.
As above, the MPT is a time interval between ca. 1.2 and 0.7 Ma during which the frequency of glacial-interglacial cycles shifted from a ∼41 ky cycle to a ∼100 ky cycle (Imbrie et al., 1993). Within North America, the MPT coincided with the coalescence and expansion of the Laurentide Ice sheet as the longer ∼100 ky cycles led to enhanced ice growth (Mudelsee and Schulz, 1997; Head and Gibbard, 2005; Clark et al., 2006; Batchelor et al., 2019). Moreover, magnetic polarity data (Balco et al., 2005; Balco and Rovey, 2010; Jennings et al., 2013) and numerical models (Batchelor et al., 2019) imply that the Laurentide ice sheet first reached a geographic extent comparable to the last glacial maximum (LGM) at ∼0.9 Ma, when 100 ky cycles first become dominant in the Marine Isotope Stage (MIS) records (Hughes and Gibbard, 2018, and references therein).
MPT-influenced expansion of the Laurentide ice sheet in turn led to a change in river drainage patterns (Lemmen et al., 1994; Wickert et al., 2013; Wickert, 2016) weakening of the North American Monsoon (NAM) (Bhattacharya et al., 2017, 2018), and the deposition of vast amounts of loess on the continental interior (Muhs, 2018; Muhs et al., 2018; Li et al., 2020). Although the mechanisms are still debated, it has been hypothesized that the expansion of the Laurentide Ice sheet likely affected regional atmospheric circulation and subsequent weather of adjacent regions such as the SHP (Bromwich et al., 2004, 2005; Löfverström and Lora, 2017). If future studies confirm our MAT measurements for Phases II and III, then this could potentially be explained as the migration of the polar jet stream to much lower latitudes which in turn could have brought colder air to the SHP (Munroe and Laabs, 2013). Moreover, it also likely that the presence of the Laurentide ice-sheet substantially affected wind direction (Broccoli and Manabe, 1987; Klink, 1999; Bromwich et al., 2004, 2005; Löfverström and Lora, 2017). In modeling surface-wind directions during the LGM (∼20 ka to ∼12 ka), Löfverström and Lora (2017) determined that a more expansive Laurentide ice sheet (at ∼20 ka) and a diminished Laurentide ice sheet (at ∼12 ka) corresponded to mean surface wind directions that primarily flow from north to south and west to east, respectively, for the SHP during the winter. Using data from 1961 to 1990, Klink (1999) calculated that the SHP has a mean winter wind direction which flows from the southwest to the northeast. The combination of historical and modeled data sets suggests that the single-Pecos-sourced sediments of Phase I likely represent a time period when the Laurentide Ice sheet was substantially diminished, resulting in more winds from the southwest to carry Pecos sand. Moreover, this style of southerly derived material from the Pecos River Valley likely extended back into the late Miocene as recorded in the upper part of the underlying Ogallala Formation on the SHP (Gustavson and Holliday, 1999). A sole source is in contrast to the mixed sediments of Phases II and III, both of which likely represent periods where a larger Laurentide ice sheet resulted in a stronger north to south wind, which would have carried northerly derived silt to the SHP (Stine et al., 2020).
Gustavson and Holliday (1999) hypothesized a minimum age of at least ∼0.910 Ma for our Phase I strata based on: (1) the stratigraphic position below the consistently reverse polarity Paleosol 2, indicating a minimum age greater than ∼0.773 Ma (Patterson and Larson, 1990; Channell et al., 2020) ; and (2) the presence of well-developed Stage III-IV calcic horizons, which require a minimum of ∼50 ky to ∼100 ky to develop (Bachman and Machette, 1977; Machette, 1985). Moreover, the minimal weathering intensities indicated by our data set imply a minimal degree of soil welding, suggesting that the calcic horizons of Phase I did not develop contemporaneously. With these admittedly rough age controls, we tentatively interpret the lack of glacial loess and arid conditions of Phase I to be the result of having occurred prior to the onset of strong, well-developed 100 ka climate cycles in North America. However, until better age control is established, ambiguity exists on whether this correlates to a period prior to the MPT (at a time prior to ∼1.2 Ma) (Imbrie et al., 1993); or simply when the Laurentide ice sheet first demonstrated 100 ka cycles (at about 0.9 Ma) Balco and Rovey, 2010.
Using similar criteria as above, Phase II is interpreted to have occurred at about the time of the MPT (1.2 Ma–0.7 Ma). Marine isotope records from this period indicate the inception of 100 ka climate cycles as well as a general decreasing trend in stable isotope values, likely corresponding to a decreasing trend in global temperatures during this time period (Lisiecki and Raymo, 2005; Lowe and Walker, 2015). This implies that the onset of the MPT (1.2 Ma – 0.7 Ma) was a warmer time period than Post-MPT times (0.7 Ma – Modern) (Imbrie et al., 1993). On a regional scale, slightly warmer 100 k.y. glacial cycles may have resulted in different environments than colder counterparts in more recent times. If our initial MAT measurements prove to be correct than this could potentially provide an explanation for the change in precipitation in the SHP during the MPT. Rainfall can often result during weather fronts, which is when large hot and cold air masses interact (Barry and Chorley, 2010). Therefore, it is possible that the interaction between the colder air of the Laurentide ice sheet and the relatively warmer air of the SHP region could have resulted in an initial increase in precipitation during the MPT, although more sites and numerical models are needed in order to confirm this hypothesis. Alternatively, the increase in precipitation in the SHP during the MPT, could have been the result of either “squeezing” (Oster et al., 2015; Putnam, 2015) or “splitting” (COHMAP Members, 1988) of the westerlies jet stream, both of which have been cited as explanations for why other North American regions (i.e. Great Basin) were similarly more humid during glaciations (Putnam, 2015; Wang et al., 2021).
Finally, Phase III is interpreted to have occurred after the cessation of the MPT, and younger than ca. 0.773 Ma, when climate change was dominated by 100-ka cycles. Moreover, the lowering of MAT and MAP in this phase also agrees with post-MPT global climatic trends of lower global temperatures and more arid climates (Rea, 1994; Werner, 2002; Winkler et al., 2002; Martin, 2006; Sun et al., 2012; Yann et al., 2013; Lang et al., 2014). Assuming that future studies confirm our initial MAT results, then a regional decrease in annual temperature could provide a potential explanation for the increase in aridity. Colder air masses contain less moisture than their warmer counterparts, which results in less precipitation (Barry and Chorley, 2010). Therefore, it is possible that any weather front due to the interaction of Laurentide- and SHP- sourced air masses, could have resulted in less precipitation during Phase III than in Phase II, though once again confirmation of this hypothesis would require more sites and numerical models.
Despite the increase in aridity, climate models for the time of the LGM (Bromwich et al., 2004, 2005) have suggested that large post-MPT ice sheets would have resulted in relatively enhanced levels of precipitation for the SHP during the summer. Throughout the SHP and adjacent regions, increased seasonality is also evident in the proliferation of C4 plants, which preferentially develop in arid and semi-arid regions with wetter summers (Ehleringer et al., 1997; Huang et al., 2001; Edwards et al., 2010; Strömberg, 2011; Cotton et al., 2016; Green et al., 2017). Correlation of this numerical model and regional distribution of C4 plants with our observation of ultrafine SP/SSD magnetite in Phase III soils, could explain how precipitation became great enough in an otherwise arid environment to result in magnetic enhancement. Moreover, if Bromwich et al. (2004, 2005) ideas are indeed correct this would also support the hypothesis that the formation of magnetically enhancing, pedogenic magnetite is the result of increased seasonality as suggested by Balsam et al. (2004) and Zhang and Nie (2017).
CONCLUSIONS
Representative samples from all paleosols and the overlying Surficial Soil from the type-site of the BDF subjected to a range of both non-magnetic and magnetic experiments provide an improved understanding of the magnetic mineralogic cause of magnetic enhancement and magnetic depletion within the formation profile, observations which might be applied to similar sites. Results show a relatively uniform mineralogy, where the magnetic signal is dominated by partially maghemitized magnetite grains, despite the fact that the magnetic mineralogy is dominated by hematite, potentially sub-micron in size, in terms of weight/volume percent. Moreover, the presence of fine-grained hematite within all the samples, regardless of weathering intensity, as reported by (Stine et al., 2020), implies that the intensity of the magnetic signal (χ, ARM, IRM) with that magnetic enhancement and magnetic depletion are competing processes during soil development of the BDF. The dominating process is related to weathering intensity, which in turn is tentatively interpreted to be caused by MAP.
For the BDF at its type section, we have identified three environmental phases (I-III) which we tentatively correlate to the Middle-Pleistocene transition (MPT), a time period when the frequency of glacial-interglacial cycles shifted from a ∼41 k.y. cycle to a ∼100 k.y. cycle, between about 1.2 and 0.7 Ma (Imbrie et al., 1993). Phase I represents a relatively arid environment which occurred prior to the onset of the MPT. During this phase the dominance of ∼41-k.y cycles limited the growth of the Laurentide ice sheet, which allowed southwest to northeast winds to carry Pecos river sands to the SHP. Coarse magnetite grains were carried with the Pecos sands and preserved by the arid environment, resulting in a relative preservation of the magnetic signal.
Phase II represents a relatively subhumid to semiarid environment, which occurred during the onset of the MPT. During this phase the onset of ∼100-k.y. cycles allowed for the expansion of the Laurentide ice sheet. The presence of the ice sheet so far south resulted in stronger to south winds which deposited newly created loess onto the SHP, where it mixed with Pecos sands. An increase in precipitation levels resulted in the dissolution of eolian magnetic material and thus magnetic depletion. Though the source of this precipitation increase is difficult to explain, we tentatively propose that it is higher regional mean annual temperatures (MAT) and the larger Laurentide ice sheet. Nevertheless, the high error bars of our MAT calculations implies that future research should attempt different methods in order to determine MAT and confirm or deny our results.
Finally, Phase III represents a semiarid to arid environment, which occurred after the MPT was completed and ∼100-k.y. glacial-interglacial cycles dominated. Phase III is similar to Phase II, in that it is a mix of Pecos river sands and northern loess, likely due to the enhanced Laurentide ice sheet. Phase III represents a relatively intermediate level of precipitation; in that it is less than Phase II but greater than Phase I. This moderate level of precipitation resulted in the pedogenic neoformation of ultrafine SP and SSD magnetite which enhanced the magnetic signal.
The results of this research show that the magnetic signal of the SHP is the result of a complicated interaction between changing provenance and precipitation levels. Therefore, we recommend that, at least for the SHP, a holistic approach be taken in reconstructing paleoenvironment which incorporates rock-magnetic, geochemical, and microscopy observations.
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Type
Type 1
Type 2
Type 3
Type 4

Type 5

Type 6

Type 7

Type 8

Morphology

Irreguiar, angular

Well-defined
octahedral
Elongated octahedral

Irreguiar, octahedral,
cubo-octahedral
Dendrite-like

Octahedral
magnetofossils
Prismatic
magnetofossils
Bullet-shaped
magnetofossils
Imeguiar

Irreguiar

Size

Several hundred nm to a
few microns
367.8 + 449 nm

52.9 + 10.9 nm (ength);
439 £ 9.2 nm (width)
Tens to hundreds of
nanometers

Tens to hundreds of
nanometers

53.0 + 5.7 nm (ength);
50.6 + 5.9 nm (width)
103.3+21.2 nm (length);
81.9 + 15.8 nm (wicith)
1165+ 13.7 nm (length);
41.1 + 1.3 nm (width)
Afew nanometers

A few nanometers

Spatial arrangement

Loose aggregates,
isolated

Loose aggregates,
isolated

Random aggregates
Hosted within silicates

Hosted within siicates

Short chain
Short chain

Loose aggregates,
isolated

Random aggregates of
many single crystals

Aggregates of single
crystals with defects

Chemistry
Titanomagnetite,
magnetite
Titanomagnetite
Titanomagnetite,
magnetite
Titanomagnetite,

magnetite
Titanomagnetite

Magnetite
Magnetite
Magnetite

Magnetite

Magnetite

Domain state
Vortex state

Vortex state

Single domain

Single domain, vortex state,
superparamagnetic

Vortex state, single domain
Single domain

Single domain

Single domain
Superparamagnetic

Superparamagnetic

Origin
Detrital

Hydrothermal o igneous
Hydrothermal or igneous

Exsolved microstructures
from precursor minerals
Formed early and
incorporated into host
siicates

Local magnetotactic
bacteria

Local magnetotactic
bacteria

Local magnetotactic
bacteria

Unknown

Unknown
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Tensor v3 V3.dec V3inc v2 V2dec V2inc vi Vi_dec Vi_inc

099 701 676 099 1752 61 102 267.6 214
098 701 676 098 1752 61 104 267.6 214
097 701 676 097 1752 61 106 267.6 214
096 701 676 096 1752 61 108 267.6 214
095 701 676 095 1752 61 11 2676 214
094 701 676 094 1752 61 112 2676 214

L e e

The eigenvector are oriented as the average eigenvector of the anisotropy of magnetic
susceptibilty (AMS), shown in Figure 8B. The eigenvalues used for the “unstraining”
process are indlicated as v, vz, and vs, with the orientation (V,_dec, V,_inc. = dedlination
and inclination) of the associated eigenvector.
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In situ coordinates Bedding Tilt corrected coordinates

Set Dec () Inc () k 95 () Dec () Inc () Dec () Inc () E E() E()
AILO 188.70 51.80 20.70 3.40 56.40 3050 141.40 62.60 1562 1155 2.563
A1 189.60 51.80 20.40 3.40 56.89 20.86 143.40 62.90 1529 1.209 2.548
All_2 190.50 51.80 20.20 3.40 57.36 29.24 145.50 63.20 1.506 1.157 2.405
AIL3 191.50 51.90 20.00 350 57.84 2861 147.60 63.50 1.489 1.166 2.469
AIL4 192.50 51.90 19.70 350 58.30 27.97 149.70 63.70 1.480 1.153 2.466
AILS 193.50 51.90 19.50 350 58.77 27.34 151.90 63.90 1.481 1471 2.475
AILS 194.40 51.90 19.30 350 59.23 26.70 154.20 64.10 1.489 1.178 2.562
Filtr_O 188.20 53.20 30.70 2.90 56.40 30.50 138.40 63.20 1.743 1.351 2.728
Fitt_1 189.20 53.20 30.10 290 56.89 20.86 140.50 63.50 1772 1.342 2.716
Filtr_2 190.20 53.30 29.50 300 57.36 20.24 142.60 63.90 1815 1.350 2.886
Filtr_4 192.20 53.30 2850 300 58.30 27.97 146.90 64.50 1913 1.376 3.113
Filtr_6 194.20 53.30 27.50 310 50.23 26.70 151.50 65.00 2036 1.419 3.287

AIOt0 6 refer to the completed directional dataset (88 direction) without filtering, while Filtr_Oto 6 refer to the fitered dataset (80 directions) as specified'in the text; Dec, Inc. = declination
and inciination; k and ags = precision parameter and 95% of Fisher, 1953. The bedding, expressed as declination and inclination of the plunge, is also “unstrained” before applying the
bedding correction to the paleomagnetic directions. The derived it corrected directions are given with the associated elongation () of the distribution andthe 90% conficence boundaries
determined by repeating the analysis on 1,000 bootstrapped sets of directions; (-}and (+) are respectively the lower and the higher confidence margins. The complete sets of directions are
given in supporting Supplementary Table S2 available online.





OPS/images/feart-08-592277/math_1.gif





OPS/images/feart-08-592277/feart-08-592277-g008.gif
@ =160 droctons

s2e0_jrze
0% % % % 0 2 6 6 6
ciosion ()

c






OPS/images/feart-08-592277/feart-08-592277-t001.jpg
Set Dec () Inc () k a95() E

10N 04 207 35.2 22 2451
18°N 359.7 284 28.7 24 2199
20N 360 37 30.2 24 2136
30N 359.6 49 27.2 25 1.688
40N 08 56.4 20.6 28 1.554
50'N 357.1 659 243 27 1.290

The sets are defined by their (approximated) latitude, as ilustrated in Figure 3. Dec.,Inc.
- average deciination and inclination; k, ags = precision parameter and 95% confidence
angle (Fisher, 1953); E = elongation of the distribution, defined as the ratio of the
intermedate and minimurm eigenvalues of the directions distribution matrix (Scheidegger,
1965). All simulated sets are listed in supporting Supplementary Table S1 avaiable
Autiia
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Matrix s11

F 1.15385
C 0.50000
C (455 0.87500
Sw 0.69333
Sw (45°E) 0.95333
St 0.43333

St4s’E 078000

s22

1.15385
1.25000
0.87500
1.21333
0.95333
1.12666
0.78000

s33

0.69230
1.25000
1.25000
1.15557
1.15557
1.73335
1.73335

s12, 521

0.00000
0.00000
-0.37500
0.00000
-0.26000
0.00000
-0.34667

513, s31

0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

S; = elements of the matrix of Eq. 2; F = flattening matrix; C and C (45°E) = shortening
matrices applied to the pure circular distributions, directed respectively N-8 and NE-SW;
S and S, = matrices of Eqs 3, 4 simulating respectively the weak cleavage and the

strong cleavage state; S, (45°E) and S, (45'E) = same as before but simulating shortening

oriented NE-SW.
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s1

1.05
1.075
R
1.126
115
1.176
1.2
1.225
1.25
1.275
13
1.326
1.35
1.375
1.4

s2

1.05
1.075
1.1
1.126
1.15
1.176
1.2
1.225
1.25
1.275
13
1.326
1.35
1.375
1.4

s3

09
0.85
0.8
0.75
07
065
06
0.55
05
0.45
04
0.35
03
0.25
02

S1, 52, and s are the maximum, intermediate, and minimum eigenvalues; eigenvector S
s assumed verticalin allsimulations, whi S has a decination of 0°, 5, 10', 15", and 20°

as described in the main text
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Km x 10-6 [SI] P T
Field Location / No of AMS data Scalar mean Stand. dev Tensorial mean Scalar mean Stand. dev Tensorial mean Scalar mean Stand. dev

Dorminguez Canyon, CO

BP-2umt 25 14.80 1.52 1.077 1.088 0.028 0.460 0.346 0.381
BP-1Jmt 18 19.50 1.69 1.027 1.029 0.005 0.306 0.241 0.283
BP-2Jw 15 20.20 1.95 1.050 1.052 0015 0.570 0.322 0.202
BP-1Jw 18 26.20 1.42 1.020 1.020 0.003 0.110 0.060 0.266
BP-2Jes 16 13.29 1.92 1.072 1.082 0014 0.042 0.045 0342
BP-1Jes 20 9.70 1.50 1.154 1.181 0.044 0215 0.081 0.272
Escalante Canyon, CO
EC-2mt 20 23.60 1.84 1.017 1.021 0.007 0.408 0.281 0.332
EC-1Jmt 20 26.91 1.78 1.053 1.063 0011 0.438 0.189 0.213
EC-1dw 6 8.14 0.86 1.108 1.123 0.023 0.154 0.168 0.431
EC-2Jes 12 25.10 3.89 1.025 1.036 0011 0.086 0.195 0.318
EC-1Jes 13 30.50 201 1.020 1.029 0.0068 0.297 0.203 0.451

Kim, magnetic susceptibily; P, degree of anisotropy; T, shape factor; K1, K2, and K3 are the maximum, intermediate, and minimurm magnetic susceptibilty axes, respectively. The mean
direction and confidence eligses of the suscepiibilly axes are calculated using the Jelnek statistics in Anisolt 4.2 software.
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Scientific name

Alchemilla alpina
Athyrium felix-femina
Avenula pubescens
Betula pubescens
Carex nigra
Deschampsia cespitosa
Equisetum sylvaticum
Juniperis communis
Leymus arenarius
Picea sitchensis

Pinus contorta
Populus trichocarpa
Ranunculus repens
Rumex longifolius

Salx caprea

Sorbus decora
Tritolium pratense
Lupinus nootkatensis
Calamagrostis epigejos
Zea mays

Fagus sylvatica
Festuca arundinacea
Cirsium arvense
Phaleris arundinacea

Sampling location

Reykavik Botanical Garden, Iceland
Reykavik Botanical Garden, Ioeland
Reykavik Botanical Garden, Icetand
Reykavik Botanical Garden, loeland
Reykavik Botanical Garden, Iceland
Reykavik Botanical Garden, Icetand
Reykavik Botanical Garden, lceland
Reykavik Botanical Garden, Icetand
Reykavik Botanical Garden, Iceland
Reykavik Botanical Garden, Icetand
Reykavik Botanical Garden, lceland
Reykavik Botanical Garden, Icetand
Reykavik Botanical Garden, lceland
Reykavik Botanical Garden, Icetand
Reykavik Botanical Garden, Iceland
Reykavik Botanical Garden, Iceland
Reykavik Botanical Garden, Iceland
Fossatun valley, wester Icetand

Russendamm, Lower Odra Valley, Germany

Dedelow, Germany
Beerenbusch, Germany

Pauinenaue, Germany

Painenaue, Germany

Criewen, Lower Odra Valley, Germany

Plant parts collected

Dead leaves and flowers
Green and dead leaves and stems

Dead leaves and seeds

Lea litter

Dead leaves

Dead leaves and seeds

Dead leaves and stems

Needles and woody litter

Green and dead leaves and seeds
Needles, cones, and woody litter

Needles, cones, and woody litter

Green leaves and leaf and woody litter
Green and dead leaves

Seeds and stems

Leaf litter

Leaf ltter

Green and dead leaves, stems and flowers
Fresh and dead leaves, flowers, seeds, and stems
Green leaves

Stover

Leaf litter

Green leaves

Green leaves and flowers

Green leaves
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Vostok EPICA Dome-C
M.LS. N Mean Her Mean SIRMgyst I1.D.C. M.LS. N Mean Her Mean SIRMgyst I1.D.C.
(mT) (A m?/kg) (ng/g) (mT) (A m?/kg) (ng/g)
1 7 63 + 13.1 0.167 £ 0.029 64.9 1 8 46 + 3.7 0.733 £ 0.462 701
2 8 79 +£14.7 0.119 £ 0.026 775 2 8 85 +12.2 0.086 + 0.040 567
3 — — 3 7 66 +7.7 0.203 + 0.140 130
4 2 68 +0 0.108 + 0.030 264 4 3 82 +11.7 0.088 + 0.002 342
5 2 52 +15 0.426 + 0.101 12.5 5 7 46 £ 5.0 0.689 + 0.521 18.3
6 2 65+ 1.0 0.122 +£ 0.027 492 6 9 82 + 16.0 0.110 + 0.058 253
7 3 46 £ 9.5 0.763 + 0.595 16.5 7 2 41 +£0.9 0.738 + 0.567 80.1
8 3 58 + 16.7 0.102 + 0.045 303 8 2 39+6.5 0.324 +0.186 121
9 3 38 +£3.5 2.568 + 2.032 16.9 9 2 40+2.0 0.175 + 0.002 51.6
10 2 69 + 13.0 0.107 £ 0.020 712 10 2 50 +£156.7 0.204 £+ 0.048 159
11 2 38425 0.481 £ 0.293 36.8 11 3 38 +4.8 3.725 + 3.628 41.9
12 — — 12 2 30+ 9.6 0.718 + 0.505 231
13 2 36 + 3.2 3.161 + 1.007 20.8
14 2 434+£2.0 0.165 + 0.006 281
15 2 36 £ 0.7 4.956 + 4.056 28.4
16 2 94 +£53 0.092 + 0.001 582
17 2 39+1.9 1.162 + 0.097 18.1
18 3 41 + 91 0.517 £ 0.291 104
19 2 41+44 0.276 £ 0.019 47.5

Magnetic data from EDC, MIS 1-6 are taken from Lanci et al. (2008a), VK data from MIS 1-2 are integrated with data from Lanci et al. (2007). The errors (s) represent the

sample variability within each group, not the measurement error.
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18.15-19.80 m 16.89-18.15m 9.27-16.89 m 9.27-14.00m 7.30-9.27 m 450-7.30m 2.52-4.50m

MZ ()

Min 15.4 212 89 89 87 95 100

Max 104.2 44.7 26.7 122 10.1 104 103

Mean 59.8 330 137 106 95 10.1 10.1

sD - - 56 10 06 04 02

n 2 2 14 8 4 6 3
TOC (%)

Min 0.1 04 04 05 06 07 06

Max 07 o7 13 13 08 0.9 08

Mean 0.4 05 06 07 o7 07 07

sD 03 o1 01 01 o1 01 01

n 8 6 36 22 9 14 7
kira (1 S)

Min 1725 80.5 185 185 245 425 750
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Mean 358.1 166.1 1232 936 173 1262 1383

sD 165.5 790 702 423 458 36.3 37.7

n 14 13 60 34 18 27 20
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sD - 1088 - - 2845 - -

n 2 3 0 0 3 2 2
Xot/ Xt
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n 2 3 0 0 4 2 3
kep (%)
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Mean 31 36 77 109 55 9.2 73

sD 16 40 9.1 108 58 6.7 6.1

n 14 12 52 28 15 21 19
Be (mT)

Min 54 6.1 59 6.1 54 1.2 100

Max 7.0 87 162 88 17 121 213

Mean 62 76 8.1 7.4 86 16 154

sD - 1.3 21 08 24 05 46

n 2 3 22 10 5 3 4
Ber (mT)

Min 36.9 334 255 255 238 375 250

Max 37.0 37.6 476 35.3 367 449 440

Mean 37.0 352 335 313 290 4138 368

sD - 22 45 30 50 38 88

n 2 3 22 10 5 3 4
Bu/Be

Min 52659 3.8587 29388 3.6797 2.4351 3.3578 11761

Max 6.8226 6.1407 5.4386 5.2003 47712 37130 35075

Mean 6.0442 47762 4.2493 4.2404 3.5069 35914 2.6062

sD - 1.2048 0.6445 0.4748 0.8668 02024 1.0058

n 2 3 22 10 5 3 4
MM,

Min 00715 0.0754 0.0602 0.0644 0.0583 0.1536 0.0594

Max 00761 0.0924 0.1763 0.0993 0.1848 0.1629 0.2966

Mean 00738 0.0867 0.0889 0.0803 0.1263 0.1589 0.1593

sD - 0.0098 00254 00124 0.0511 0.0047 0.1038
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3760 + 50
4130 + 50
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7370 + 60
7350 + 60
7520 + 60
7600 + 60
8130 + 70

Age 2 (cal. yr

BP)

4114 £179
4677 + 153
5091 + 206
5447 + 134
6318 + 122
7456 + 120
8016 + 155
8185 + 151
8193 + 157
8181 + 150
8175 + 152
8302 + 109
8381 + 163
9088 + 310

Lab. code

Twd 110230
Twd110281
Twd110170
Twd110172-1
Twd110266
Twd110174-1
Twd110176-1
Twd110178-1
Twd110239
Twd110240
Twd110180
Twd110241
Twd110182-1
Twd110267





OPS/images/feart-09-593332/feart-09-593332-g012.gif





OPS/images/feart-09-593332/feart-09-593332-g011.gif





OPS/images/feart-09-593332/feart-09-593332-g010.gif
SR G e}





OPS/images/feart-09-593332/feart-09-593332-g009.gif
o






OPS/images/feart-09-593332/feart-09-593332-g008.gif
S
¢ 2
{ 2
\
¥

PR Ry P A I R )
o,

o3 Compt
) o) oot a9 § 3

412 m-depth (extract) 7.8 m-depth (extract)

<
B






OPS/images/feart-08-592557/feart-08-592557-g010.gif





OPS/images/feart-08-592557/feart-08-592557-g011.gif





OPS/images/feart-08-592557/feart-08-592557-t001.jpg
Sr.No.  Authigenic carbonates ref.  Depth (cmbsf) ~ Other details

no.
1 = 74 Shells
2 AGC-01 45 =
3 AGC-02 49 -
4 AGC-03 51 Shells + AGC
5 AGC-04 53 =
6 AGC-06 55 —
7 AGC-06 57 -
8 AGC-07 59 =
9 AGC-08 61 -
10 AGC-09 63 =
1" AGC-10 65 -
12 AGC-11 67 -
13 AGC-12 69 -
14 AGC-13 7 -
16 AGC-14 73 =
16 AGC-156 75 -
17 AGC-16 77 —
18 AGC-17 9 -
19 AGC-18 81 =
20 AGC-19 83 -
21 AGC-20 87 -
22 AGC-21 89 =
23 AGC-22 91 -
24 AGC-23 93 =
25 AGC-24 95 =
26 AGC-26 99 -
27 AGC-26 101 =
28 AGC-27 103 -
29 AGC-28 105 =
30 AGC-29 107 i
31 AGC-30 m -
32 AGC-31 113 -
33 AGC-32 115 =
34 AGC-33 17 =
36 AGC-34 119 =
36 AGC-35 121 =
37 AGC-36 123 -
38 AGC-37 137 -
39 AGC-38 139 -
40 AGC-39 141 e
41 AGC-40 143 —
42 AGC-41 145 -
43 AGC-42 147 -
44 AGC-43 149 -
45 AGC-44 197 =

46 AGC-45 219 =
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