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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.
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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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