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Insight Into Provenance and Variability of Atmospheric Dust in Antarctic Ice Cores During the Late Pleistocene From Magnetic Measurements












	 
	ORIGINAL RESEARCH
published: 30 June 2020
doi: 10.3389/feart.2020.00258





[image: image]

Insight Into Provenance and Variability of Atmospheric Dust in Antarctic Ice Cores During the Late Pleistocene From Magnetic Measurements

Luca Lanci1*, Barbara Delmonte2, Maria Cristina Salvatore3,4 and Carlo Baroni3,4

1Department of Pure and Applied Science, University of Urbino, Urbino, Italy

2Department of Environmental Science, University of Milano-Bicocca, Milan, Italy

3Department of Earth Science, University of Pisa, Pisa, Italy

4CNR-IGG, Institute of Geoscience and Earth Resources, Pisa, Italy

Edited by:
Sara Satolli, G. d’Annunzio University of Chieti and Pescara, Italy

Reviewed by:
Simo Spassov, Royal Meteorological Institute of Belgium, Belgium
Stefanie Brachfeld, Montclair State University, United States

*Correspondence: Luca Lanci, luca.lanci@uniurb.it

Specialty section: This article was submitted to Geomagnetism and Paleomagnetism, a section of the journal Frontiers in Earth Science

Received: 04 April 2020
Accepted: 09 June 2020
Published: 30 June 2020

Citation: Lanci L, Delmonte B, Salvatore MC and Baroni C (2020) Insight Into Provenance and Variability of Atmospheric Dust in Antarctic Ice Cores During the Late Pleistocene From Magnetic Measurements. Front. Earth Sci. 8:258. doi: 10.3389/feart.2020.00258

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.
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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.
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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.
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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).

[image: Table A1]
In 8 groups of samples out of 10, we have a minimum of 4 Hcr measurements that allowed to compute reliable mean Hcr values.



OPS/images/feart-08-00258-g007.jpg
125
Meteorite Type
(Suavet et al. 2009)
® BO
100
A CC
G
R-111896
~ 75 - W08
Antarctic Lithologies c A
(Brachfeld et al. 2013) = il
O
¢ Basement L WAL-001
90 -
@ Beacon Supergroup PRR-24668
© Ferrar Group PRR_10347 PRR-7363
o GHIC PRR-73786¢J{
& LG 25 PRR-26266 NBP07-02 ! PRR-23523" AL_0210.WA|__017
PRR-12732 PRR-26033 PRR-22956 wal 016 WAL-059
©  Neogene volcanic PRR-13627 pCF[z)R-wo?s QRR_6787 -
0.01 0.10 1.00 10.00

SIRM (Am¥kg)





OPS/images/feart-08-00258-g008.jpg
Magnetic alteration index Her (mT)

1.00 -
15, « =0
139 ® 40
116, &
0.75 1 ® = @ 50
> o’ %048 ®
x @ o
o
. 8
153 0.50 ® = ® o
10 149 19 ® =
’
x Site
o° 10
0.00 - @6 80 O ° EDC
2000 3000 ® VK

Depth (m)





OPS/images/feart-08-00258-g003.jpg
Dust concentration

Dust concentration

1500 -

1000 ~

500 1

1500 -

1000 -

500 1

Vostok
400 800 1200 1600 2000 2200 2400 2600 2800 3000 3200  Depth (m)
I L | | | |
2
6
8 10
‘ &
!»" ®
I°
o [
0 100 200 300 400
Age (kyr)
EPICA Dome-C
400 800 1200 1600 20002200 2400 2600 2800 3000 Depth (m)
" 6 8 12
4 10
18
16
14
|
| ® ‘
0 200 400 600 800

Age (kyr)






OPS/images/feart-08-00258-g004.jpg
Stage
e (Glacial

@ |Interglacial

Hcr (mT)
@® 40
@ -0
@ o
@
® -

(Am?/kg)

$1e-08 -

SIRM

Vostok ice magnetic properties

1e-07 A

1e-09 -

@) e
_7.— ®
11 11
e o

Insoluble Dust Concentration (mass)

Stage

e Glacial

® |Interglacial

Hecr (mT)

30
40
50
60
70
80

90

EPICA Dome-C ice magnetic properties

.12
"o
*
1€-07 - 3‘ PY ‘4 *
’ 11 18 1 ‘.6
1 1508 @10
5 1 Teg,g 4 00,
(= 7@y _ 1 ‘.7
€
] N et {F vg 8
2.$1e—08-
= P
%) 1
9.
1e-09 +
1e-08 1e-07 1e-06

Insoluble Dust Concentration (mass)





OPS/images/feart-08-00258-g005.jpg
Vostok aerosol magnetic properties EPICA Dome-C aerosol magnetic propertie

100 - 100 1
Stage
Stage
e Glacial
80 - e Glacial 80 -
@ Interglacial
@ |Interglacial
~~~ 4 —_~
IDC (ng/ = O = 1
(hgfa)  E ol 7 6, IDC (nglg) £ 60 ®
® 50 5 108 e °1 S 9 18
T 8 e @ 50 T
@® 100 5 e 1€ 19
@ 200 P o 7 ® 200 2 18 17 RE o
@ 400 40 - e o9 ® e o 40 - 14%®19 ® ‘o ®
11 o | 7 9 @ o o@ell o 17 11

o 15 ) °

@ s00 11 9 10 8@ @ 5 15
18
2
201 20 1 ‘
0.1 ' 10.0 0.1 ' 10.0

1.0
SIRM,_, (Am?/kg)





OPS/images/feart-08-00258-g006.jpg
Hcr (mT)

400 -

200 -

PSA — overview

A

1e-01 16401
SIRM (Am2/kg)

Hcr (mT)

100 -

50 -

PSA - details A )
EOL-3  IH-1
PD.4 Léz

A-0

PNP/ ‘
A-10 AAODE

D
Vostok

EPICA—DGc%me C

0.10 1.00
SIRM (Am2/kg)

10.00

@® South America
A New Zealand

Antarctic PSA

@  Bunger Hills
Dry Valleys
Ferrar Dolerite

Mc Murdo

@ ®© 0 0O

Northern Victoria Land

Southern Victoria Land

Terra Nova Bay





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Insight Into Provenance and Variability of Atmospheric Dust in Antarctic Ice Cores During the Late Pleistocene From Magnetic Measurements



		INTRODUCTION



		MATERIALS AND METHODS



		Ice Samples



		Possible Source Area Samples







		RESULTS



		Ice Samples



		Possible Source Area Samples







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES



		APPENDIX



		Integration With Previous Data From Vostok





















OPS/images/cover.jpg
frontiers
in Earth Science

Insight Into Provenance
and Variability of Atmospheric
Dust in Antarctic Ice Cores
During the Late Pleistocene
From Magnetic Measurements









OPS/images/feart-08-00258-t002.jpg
Depth
(m)

225.15
292.85
323.18
351.19
377.42
402.4

429.5

447 .55

NN NN = 4 4

Mean H,
(mT)

56 + 8.7
62 +£13.4
76 + 14.1
79+ 6.4
94+ 11.7
85+ 4.5
85+ 15.6
93 + 10.8

a M OO M ON BN

Mean SIRM g5t
(A m2/kg)

0.1400
0.2046
0.1630
0.1242
0.1112
0.1367
0.1706
0.1106

—
o XY

o ©O© o 0~ ©

The mean SIRMg,st measurements are from Lanci et al. (2007), Hqr data are
computed from unpublished measurements. The errors (s) of the mean Her
represent the variability within each group of samples, not the measurement error.





OPS/images/logo.jpg
’ frontiers
in Earth Science





OPS/images/feart-08-00258-g001.jpg
270°

225°

315° 0° 45°

D
Vostok

EPICA—Dec%me C

180°

900

PSA Group
¢ Bunger Hills
¢ Dry Valleys
¢ Mc Murdo
¢ Northern Victoria Land
¢ Southern Victoria Land

¢ Terra Nova Bay





OPS/images/feart-08-00258-g002.jpg
IRM (Am?/kg)

Vostok

1.5e-07 -

1.0e-07 -

5.0e-08 -

0.0e+00 -

Field (mT)

Sample ID

——

rr7T T rITPRYETEYOPOEOYOY

VK1803A
VK1815A
VK183A
VK183Abis
VK1975A
VK1982A
VK246Abis
VK2756A
VK2756Abis
VK2762A
VK2804A
VK2903Abis
VK3112A
VK3178A
VK3288A
VK3300A
VK370A
VK376A
VK475A
VKO930A

EPICA Dome-C

3e-07 A

2e-07 1 . - °
o)
~
&
<
=
o
~ 1e-07 A

06+00 -

0 250 500 750 1000
Field (mT)

Sample ID

—o—

EESEEEEEEE N,

edc_4162
edc_4184
edc_4264
edc_4300
edc_4674
edc_4694
edc_4744
edc_4796
edc_4960
edc_5022
edc_5086
edc_5104
edc_5180

IEENEEEEE RN

edc_5194
edc_5316
edc_5502
edc_5512
edc_5534
edc_5554
edc_5620
edc_5642
edc_5722
edc_5730
edc_5730B
edc_5768
edc_5782





OPS/images/feart-08-00258-t001.jpg
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.





OPS/images/feart-08-00258-e000.jpg
SIRM g, — SIRM pistine
T SIRMgw





