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ARTICLE INFO ABSTRACT

Handling editor: Mira Matthews Commonly used speleothem-based paleoclimate proxies such as §'80, 5'3C, and trace element ratios are capable
of high temporal resolution, but their interpretations are often ambiguous due to the conflated effects of multiple
forcings. This complexity motivates the development of targeted proxies that can track specific local hydrological
conditions. To this end, the concentration of ferromagnetic Fe-oxide particles in speleothem laminae has been
suggested as a potential tracer for local precipitation. Here we use the quantum diamond microscope (QDM) to
obtain a sub-annual resolution time series of ferromagnetic content in a Brazilian speleothem from a well-
ventilated cave environment covering the period between 1913 and 2016 CE. This high resolution allows us
to quantify the correlation between speleothem magnetic properties and an instrumental precipitation record for
the first time. We find that ferromagnetic content in the central column displays a modest but significant negative
correlation with rainfall (R?> = 0.35; p = 0.0027), while magnetism in the speleothem flanks shows a weaker,
statistically insignificant relationship. Rock magnetic analyses of the speleothem further reveal ultrafine,
pedogenic grains to be the dominant ferromagnetic carriers. Combining QDM and electron microprobe data, we
show that these pedogenic grains were likely developed in surface soils and delivered into the cave as part of
airborne, 10-200 pm silicate-carbonate soil agglomerates. Our results show that speleothem magnetism holds
strong potential as a targeted proxy for paleorainfall and demonstrate a method for identifying the mechanism of
magnetic enhancement, which sets the necessary foundation for any paleoclimatic interpretations.

1. Introduction immediate vicinity of prior to the sampled speleothem can affect the

ultimate observed §'%0 value (Lachniet, 2009). As a result, conflicting

Speleothems are rich archives of climate processes due to their
relatively continuous formation, low degree of post-depositional modi-
fication, and potential for high-precision U-series dating. The stable
oxygen isotope ratio in speleothem carbonates, expressed as 50, is the
most frequently used proxy for variations in temperature and in the
amount and source of precipitation over time. However, a wide range of
processes and conditions spanning the oxygen isotopic composition of
ocean surface water to calcite precipitation in drip water conduits in the

interpretations of speleothem 5'80 data are common in the literature.
Tropical South America, for example, hosts some of the largest speleo-
them 680 shifts in the tropics, but their implications remain contentious
(Cruz et al., 2009; Liu and Battisti, 2015; Wang et al., 2017; Pattnayak
et al., 2019; Ampuero et al., 2020; Kukla et al., 2023). Core to this
contention is the question of whether speleothem 580 is responding to
local or non-local change. Non-local effects, such as upstream moisture
recycling, may be prevalent in tropical 880 (Vuille et al., 2005;
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Ampuero et al., 2020), but identifying them at a single site is a challenge.

Partially in response to the challenge of interpreting 5'%0 records,
other speleothem proxies have been explored as alternatives to infer
local precipitation. These proxies generally posit a mechanistic link
between the measured value and water infiltration to the cave (Cruz
et al., 2006; Fairchild et al., 2006; Johnson et al., 2006; Partin et al.,
2013; Bernal et al., 2016). For example, the chemical and isotopic sys-
tematics of several trace elements have been shown to respond to cave
infiltration. In particular, variations in the Sr/Ca and Mg/Ca ratios in
calcite are commonly driven by prior calcite precipitation, which may in
turn be controlled by the flux of pore water entering the cave (Cruz et al.,
2007). Still, other factors such as cave ventilation can impact the degree
of prior calcite precipitation, while strong seasonal variations in this
effect can lead to a biased record of cave hydrology (Wong et al., 2011;
Oster et al., 2012, Strikis et al., 2024).

A challenge with many other cave infiltration proxies is that they rely
heavily on the cave environment and carbonate reaction pathways,
which are complicated, change over time, and often require assumptions
to interpret. As an example, recent studies have argued that phosphorus
(P) enrichment, once posited as tracking rainfall at least in regions
where it is rapidly transported through soil (Treble et al., 2003), can
differ by location based on the extent of microbial mediation (Frisia
et al., 2012). As another example, lead (Pb) isotopic variations may
respond to infiltration changes, as enhanced erosion of overlying
Pb-bearing minerals results in speleothem radiogenic Pb enrichment
(Yang et al., 2015). Although robust for the studied cave, this inference
relies on the occurrence of multiple, isotopically distinguishable sources
in the cave vicinity.

The complications with existing rainfall proxies described above
have motivated the exploration of speleothem magnetism as a proxy for
past cave hydrological conditions. Decades of environmental magnetism
investigations have shown that climatic variations can lead to measur-
able responses in the magnetic properties of sediments through their
control on sediment source, deposition rate, and intensity of chemical
alteration, (Verosub and Roberts, 1995). As a well-studied example, soil
magnetism has been demonstrated as a robust proxy for precipitation
amount in a wide range of settings where soil moisture cycling results in
magnetite precipitation (Balsam et al., 2011; Maher and Possolo, 2013;
Mabher, 2016; Fu et al., 2023).

Critically, rock magnetic analysis can retrieve multiple dimensions of
data, helping to mitigate ambiguities inherent to interpreting a single
measurement. For example, a basic speleothem rock magnetic dataset
may record magnetization intensities over time which, like 5'%0, can
reflect multiple forcings. These forcings can potentially be disentangled
using well-established rock magnetic techniques. Magnetic analyses of
relevant properties such as grain composition and size distribution can
help to pinpoint the source and delivery mechanism of magnetic parti-
cles, strengthening the interpretation of a magnetization intensity
record.

These related analyses are becoming more applicable to speleothems
with advances in magnetic field mapping technology, particularly the
quantum diamond microscope (QDM), which permits spatial resolutions
as fineas 1 pm (Glenn et al., 2017; Fu et al., 2020). For comparison, laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS),
which is commonly used for generating high-resolution time series of
trace element concentrations and isotopic ratios, are typically restricted
to ~100 pm spot sizes. Although adequate for many purposes, 100 pm is
often too coarse to resolve individual speleothem laminae. As another
difference compared to LA-ICP-MS measurements, QDM magnetic field
mapping produces a two-dimensional image. Such spatially resolved
data can reveal grain-scale associations of ferromagnetic particles with
other features and inclusions, providing further insight into the mech-
anism of particle enrichment and building confidence in how magnetic
data are interpreted.

These potential advantages of applying rock magnetic methods to
speleothems have accelerated interest in identifying links between
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speleothem magnetism and past hydrological conditions. In their pio-
neering studies, Lascu and Feinberg (2011) and Strauss et al. (2013)
used rock magnetic and electron microscopy techniques to illustrate that
the dominant populations of ferrimagnetic minerals in their studied
speleothems are detrital Fe-oxides and Fe-oxyhydroxides, which may in
turn be controlled by cave infiltration.

A later study demonstrated a clear climatological control on spe-
leothem magnetism by finding a robust positive correlation with §'%0
and §'3C in a West Virginia speleothem (Bourne et al., 2015). The au-
thors concluded that the production of pedogenic magnetite in the
overlying soil increased during intervals of strong summer precipitation,
which is associated with more enriched §'80 than winter precipitation.
Following this work, Zhu et al. (2017) found a similar positive correla-
tion between magnetism and inferred ancient rainfall in a speleothem
from central China. In this case, the authors interpreted the enhance-
ment of pedogenic magnetite flux as a consequence of increased
paleo-floods during periods of strong El Nino—Southern Oscillation
(ENSO) activity.

More recently, Feinberg et al. (2020) used the superconducting
quantum interference device (SQUID) microscope to obtain ~ 200 pm
spatial resolution maps of a speleothem from Spring Valley Caverns,
Minnesota. These measurements revealed highly magnetized
flood-associated layers, demonstrating the potential for speleothem
magnetism to serve as an extreme precipitation archive. Among spe-
leothems without a history of flooding, a multiproxy study from the
Italian Alps concluded that magnetization intensity correlated with
enhanced delivery of pedogenic magnetite during wetter intervals,
although this pattern was observed only during the late Holocene
(Meghalayan) around ~1000 BCE (Regattieri et al., 2019). Other ana-
lyses of speleothem magnetism have cited these results to justify inter-
pretation of stronger magnetization intensity as a proxy for higher
rainfall (Chen et al., 2019).

However, several studies have shown the opposite relationship be-
tween speleothem magnetism and precipitation. Jaqueto et al. (2016)
used correlations between magnetization and 5'%0 and 5'3C values in a
Brazilian speleothem over multi-decadal to centennial timescales to
argue that magnetic particles concentrations were higher during rela-
tively dry intervals for the last 2000 years. Here the authors proposed
that vegetation retreat during such intervals would result in enhanced
soil mobility and erosion, leading to increased washdown into the cave.
Finally, a study of the Soreq cave in Israel showed complex variations in
the magnetization - rainfall relationship in a single speleothem (Burstyn
et al.,, 2022). Low magnetic content during the early Holocene was
interpreted to be the result of high rainfall and rapid erosion suppressing
soil development while a time-offset, positive correlation with 880 and
5'3C after 7 thousand years ago (ka) may indicate enhanced pedogenesis
during moderately wetter intervals.

These previous studies demonstrate that, in every studied case,
speleothem ferromagnetic content responds in some form to hydrolog-
ical conditions. However, the physical driver and therefore the quanti-
tative relationship underlying the response varies among study
localities. This diversity of possible magnetic enhancement mechanisms
is perhaps the central challenge preventing more widespread use of
speleothem magnetism as a paleoclimatic proxy. A method or methods
must be found to identify the magnetic enrichment mechanism(s) for
each specific speleothem sample before any paleoclimatological infor-
mation can be reliably inferred.

Here we used the QDM to characterize the environmental magnetic
record of a speleothem from Central-Eastern Brazil. We first compared a
sub-annual resolution time series of magnetic particle concentration to
nearby rain gauge measurements to directly quantify, for the first time,
the magnetization - rainfall relationship over a 103 y interval up to 2016
CE. This stands in contrast to most speleothem magnetism studies that,
due to resolution limits, have relied on correlations to other paleo-
climate proxies over multi-decadal to millennial timescales to infer hy-
drological conditions during intervals of enhanced magnetization. To
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further assess the reproducibility of any observed correlation, we
compared the magnetization time series from both the speleothem
central column and sections of the speleothem flank over the same
interval.

Finally, we use QDM magnetic field and electron microprobe maps to
identify distinct ferromagnetic mineral populations in the speleothem
and retrieve information about their grain composition and size distri-
bution. Accumulated data from environmental magnetism studies show
that ferromagnetic grains eroded from bedrock or formed authigenically
in different settings display distinct behavior during laboratory rema-
nence acquisition and demagnetization, even when composed of the
same mineral (Egli, 2004). We therefore use the lamina-scale rock

A
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magnetic information to infer the probable mode of formation and de-
livery mechanism for ferromagnetic grains. When applied to speleothem
samples beyond the instrumental record, such rock magnetic analyses
can yield self-contained information about the magnetic particle
enrichment pathway that is critical to interpretation of their paleo-
environmental record.

2. Material and methods
2.1. The Ooncenga 1 stalagmite sample

The stalagmite investigated in this study, designated Onca 1, was
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sampled from the Onca Cave system located in Peruacu National Park in
northwestern Minas Gerais State, Brazil (15°05'19.86"S -
44°14'41.39"W, Fig. 1A and B). The cave is part of the largest karstic area
in Central-Eastern Brazil and formed in the Bambui Group limestone
within the Proterozoic cover sequence on the Sao Francisco Craton
(Auler and Farrant, 1996). The cave is fed by the Peruacu River, a
perennial left-bank tributary of the Rio Sao Francisco (IBAMA, 2003)
and is situated at the base of a karst wall of approximately 100 m in
height. The karst landscape of the surrounding area is characterized by
valleys carved by steep slopes and towering walls of limestone. The top
of limestone massif presents exposed epikarst with different karren
forms. The climate in the region is tropical savanna-like with dry winters
(Aw in the Koppen classification system; Peel et al., 2007). The mean
annual precipitation regionally is 930 mm, with 90% falling in the
spring and summer months (ONDJF) (Vera et al., 2006; Godoy-Veiga
et al., 2021).

45 km southwest of the Onca Cave system is a precipitation station
from Instituto Nacional de Meteorologia (INMET), located in the city of
Janudria, that began collecting data in 1913 and has maintained a
reliable record since (Station OMM 83386). This record shows that, from
1913 to 2016, precipitation averaged 911 mm per calendar year with
extremes of 2001 mm in 1945 and 370 mm in 1934. We selected the
Onga 1 sample primarily because its age of deposition overlaps with this
nearby instrumental precipitation record. When collected in 2016, Onca
1 was a 481 mm long, an actively depositing stalagmite located at a
relatively short distance of only 10 m from the cave entrance and 1.6 m
from surrounding cave walls (Fig. 1A). For comparison, the width of the
Onca cave opening is approximately 30 m.

A cave monitoring program over the past five years has shown that
cave temperature varies seasonally, oscillating from 23 °C during the
warm season from October to March to 18 °C between June to August.
Meanwhile, relative humidity ranges between 60% and 90% from the
dry to the wet season (Strikis et al., 2024). The Onca cave system does
not have a recorded history of flooding during the deposition of our
sample, supporting the assumption that particles accumulating on our
sample likely entered the cave through drip water, as airborne partic-
ulates, or both. Additional cave and sampling site images are included in
the supplement.

We dated the Onca 1 stalagmite using U-Th geochronology by micro-
milling powders from ten laminae with low apparent detrital content.

Magnetization Precipitation
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These powders were measured using ICP-MS at the Institute of Global
Environmental Change, Xi’an Jiaotong University, China laboratory.
Three of the U-Th samples yielded precise ages with uncertainties below
2 yrs with the most recently deposited surface having an uncertainty of 4
years — however the sampling date is known. Focusing on the four valid
U-Th tie points and the active surface age between 1896 and 2016 CE,
the implied mean depositional rates between tie points are relatively
constant, varying between 0.97 and 1.25 mm y ' based on a York linear
regression (Fig. 1C) (York et al., 2004). It is important to note that for the
statistical analysis we only used the portion of the speleothem that
covered the 1913-2016 timeframe due to the limitations of the precip-
itation record. We therefore adopted a simple age model where we
applied linear interpolation in each of the three intervals between the
four U-Th dated tie points. Attempts to apply layer counting as an
additional age constraint were unsuccessful due to weakly and incon-
sistently defined layer boundaries within the sample.

To prepare the speleothem for magnetic imaging, we first cut six
approximately 20 x 5 x0.5 mm thick sections along the vertical central
column (Fig. 2, dashed CC line). To ensure there were no gaps in the time
coverage of these sections due to kerf loss, we used a non-magnetic wire
saw to cut obliquely to the laminae such that all depositional times are
represented in at least one thick section. We also cut five thick sections
from the flank of the speleothem that partially overlap each other in
time and span the same period covered by the central column samples
(Fig. 2, lines A-E, S1, S3). Here, precise relative age correlation between
the central column and flank sections can be achieved by tracing visible
laminae. Taking magnetic field data from both the central column and
the flank of the speleothem allowed us to perform a magnetic version of
the Hendy test (Hendy and Wilson, 1968) for internal reproducibility of
the environmental magnetism record. We polished all thick sections
using 1 pm alumina grit to obtain a flat surface for QDM magnetic field
imaging. Fitting dipole models for observed magnetic sources reveals
that even the weakest detectable sources with moments ~ 1 x 10716 A
m? are at least 2 ym away from the 1 pm-thick magnetic field sensing
nitrogen vacancy layer, implying that they are buried at least 1 pm in the
sample (Fig. S4). Stronger sources exhibit even deeper locations. This
suggests that all but the very smallest grains with moments <~ 1 x
10716 A m? are located under the speleothem surface and are therefore
not affected by the polishing procedure. Additional sample preparation
images can be found in Fig. S3.
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Fig. 2. Locations of magnetic profiles and time series for magnetic fields over the center column and flank of Oncal speleothem, instrumental precipitation (INMET
Strikis OMM: 83,386) and stable isotopes (raw isotope data can be found in Fig. S2) from Onca2 (Strikis et al., 2024). Left panel shows image of the Onga 1 sample
with U-Th ages 2016, 2008, 1963, 1896 (not included in this figure) referring to the visible dark segments where powder was extracted using micro milling tools. Red
dashed lines represent the location of the central column (“CC”) and flank sectioning (“A” through “E”) measured for magnetism (see Fig. S3 for further sample
preparation details). All magnetometry samples were taken from the mirror cut of the image shown and are not affected by the location of the U-Th extractions. Right

panels show the indicated time series after penalized spline smoothing (see text).
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2.2. Magnetic microscopy

To obtain the highest signal-to-noise ratio for the magnetic signals
preserved within the speleothem, we first applied a pulsed 1 T DC
magnetic field to each central column thick section pointing into the
plane of section, thereby imparting a negative signed near-saturation
isothermal remanent magnetization (IRM). Previous speleothem
magnetism studies and our rock magnetic experiments described below
show that this applied magnetic field should result in a near-saturation
magnetization carried by all grains except for a small subset of goethite
or fine-grained hematite (Strauss et al., 2013).

We produced the central column and flank magnetic field time series
using, respectively, 65 and 42 tiled QDM fields of view, each of which
had dimensions of 2.25 x 1.40 mm and took 35 min to acquire. All
magnetic field maps were acquired under a 0.9 mT bias field that
reversed twice during each imaging step, resulting in a residual effective
bias field up to 400 nT. We corrected for internal reflections of global
fluorescence using a factor of 0.4 appropriate for high albedo samples
(Fu et al., 2020). Data was taken at 1.17 pm per pixel resolution then
binned to 4.7 pm per pixel for analysis. As usual for QDM datasets, each
magnetic field map was accompanied by a visible light map that is
registered to the magnetic field features at pixel accuracy. This is
because the same optics and camera setup is used for both magnetic field
and visible light imaging while the sample remains fixed in position.

To reduce the two-dimensional QDM maps to a time series, we first
manually traced visible laminae in the visible light maps using MATLAB
to obtain tie points of equal age and used linear interpolation to assign a
reference depth-from-top value for each pixel in the magnetic field
maps. We then calculated the mean magnetic field along each group of
pixels in the lamina-parallel direction to generate a single series of
magnetic field values as a function of depth along the speleothem. We
set all positive field values to zero to reduce the contribution from
backfields produced from the strong, unidirectional IRM. To calibrate to
an absolute age model, we used QDM-produced optical images regis-
tered to the magnetic field maps with pixel accuracy to whole-
speleothem images that contain the radiometrically-dated tie points.
This resulted in a magnetic field intensity time series containing 24,076
points, corresponding to a nominal resolution of ~1.5 days. In practice,
the finite width of magnetized laminae and, more importantly,
geochronological uncertainties due to uneven growth rate result in
much lower effective resolution (Fig. 1C and 3, S1). We therefore per-
formed annual binning and penalized spline smoothing of the time series
prior to further data analysis, as described below in Results. We followed
this procedure for both the central column and the flank sections of the
speleothem. Due to the presence of traceable laminae, age calibration
errors between the central column and flank time series are, for most of
the time interval, limited only by the approximately annual accuracy of
lamella tracing while comparisons to the instrumental rainfall time se-
ries are subject to the larger errors in radiometric ages.

As a final step in the QDM imaging process, we obtained duplicate
maps of two fields of view from the speleothem central column with age
~1992-1997 using a high-sensitivity mode on the QDM that uses mi-
crowave mixing to simultaneously resonate with the two fluorescence
peaks of 1°N nitrogen-vacancy centers, which are split by ~3 MHz due to
hyperfine interactions (Felton et al., 2009; Levine et al., 2019). This
increases the contrast of fluorescence peaks and lowers the
root-mean-squared noise of the QDM maps by a factor of ~3. These
maps were able to reveal a larger proportion of dispersed magnetic
sources with moments as low as 1 x 10716 A m? (Fig. S4). We used these
maps to assess the impact of these dispersed grains to the overall mag-
netic signal.

2.3. Rock magnetism and other complementary datasets

Another potential observable that may correlate with measured
rainfall is the variably reddish hue of laminae, which may also track the

Quaternary Science Reviews 330 (2024) 108598

concentration of detrital material (Martinez-Pillado et al., 2020). To test
whether red coloration could be used as an alternative proxy for pre-
cipitation, we calculated the “excess redness” in each pixel from the red
and green color values (r and g, respectively) in stitched polarized op-
tical images of the speleothem using the expression (r — g)/g. As with the
magnetic timeseries, we calculated mean values of this parameter within
each lamina.

To better understand how magnetic content can relate to rainfall, we
sought to infer the most likely provenance of ferromagnetic phases using
rock magnetic and morphological properties of Onca 1. Using both the
QDM and a 2G Enterprises model 755 DC-SQuID Superconducting Rock
Magnetometer (hereafter 2G SRM) at the Harvard Paleomagnetics
Laboratory, we measured the anhysteretic remanent magnetization
(ARM) ratio, which is defined as the saturation IRM-normalized sus-
ceptibility of ARM (karm /SIRM), and the mean destructive field (MDF)
of grain populations resolved in the QDM. A range of previous envi-
ronmental magnetism studies have shown that these two parameters,
when characterized for a single grain population, can be used to
fingerprint its formation environment (Maher and Stevenson, 1988;
Egli, 2004).

To retrieve the ARM ratio, we first applied an ARM with 300 mT AC
and 300 pT DC fields to a speleothem flank sample and obtained a QDM
magnetic field map of an area with age between 1991 and 2000 CE. We
then isolated several magnetized sub-regions of this map, hereafter
referred to as FLANK-FOV18, and quantified the magnetization of each
sub-region using a least-squares based dipole-fitting algorithm (Fu et al.,
2020). The same analysis procedure was then repeated after applying a
1 T saturation IRM to obtain the ARM ratio. To obtain the MDF of ARM,
we conducted stepwise three-axis alternating field (AF) demagnetization
in steps of 5-10 mT up to 80 mT after application of the same 300 mT AC
field, 300 pT DC field ARM. At each AF step, we obtained a QDM
magnetic field map of the same FLANK-FOV18 area and computed the
magnetic moment for the same four sub-regions of interest. The MDF
was then calculated by fitting a normalized AF demagnetization
sequence and evaluating the AF value where the fitted magnetization
falls to 0.5.

As a complementary technique to estimate grain size distributions,
we used repeated ARM applications to quantify the variance in the ac-
quired magnetization directions. For ensembles of fewer than approxi-
mately 10° single domain magnetite grains, repeated applications of a
thermoremanent magnetization or slowly ramped ARM should result in
measurably different directions due to the finite number of recording
grains (Berndt et al., 2016). A recent study of modern soils used repeated
ARM directions to estimate the number of grains and, combined with the
saturation IRM intensity, obtained the average size of individual grains
in a several 100 pm scale regions (Fu et al., 2023). We applied a series of
six ARMs with AC and DC fields of 50 and 0.3 mT, respectively, to
FLANK-FOV18. This AC field level, although lower than typical for an
ARM, is sufficient to saturate the fine particle population (see Results)
and allowed for a slow ramp rate of 5 mT per second, which is sufficient
for >80% of <50 nm diameter grains to experience multiple probabi-
listic flips and approach thermal equilibrium during ARM acquisition,
see Fu et al. (2023) for derivation.

In addition to the rock magnetic experiment on FLANK-FOV18, we
conducted thermal demagnetization to identify the few observed high
coercivity grains. The two likely high-coercivity minerals in the cave
environment are goethite and hematite, which have Néel temperatures
of 120 °C and 670 °C, respectively (Dunlop and Ozdemir, 1997; Lascu
and Feinberg, 2011). We therefore distinguish between them by heating
the speleothem thick section up to 130 °C for 15 min in a Magnetic
Measurements MMTDSC oven with <10 nT ambient field. We imaged
the same field of view in the QDM after each heating to look for evidence
of remagnetization. In case the high-coercivity sources were single
domain or single vortex grains with a limited number of easy axes, we
conducted the heating and mapping experiment three times to verify the
occurrence or non-occurrence of remagnetization.
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Finally, we conducted the same ARM ratio and demagnetization
experiments using a 2G SRM on a 25 x 5 x 0.5 mm sample from Onga 1
flank that contains FLANK-FOV18 and is designated transect “D” in
Fig. 2 (Fig. S3). We obtained this bulk sample measurement to assess the
contribution of any magnetic particle populations not captured in the
QDM map used for rock magnetic characterization as described above.
In addition to the ARM and IRM acquisition and demagnetization steps
described above, we applied additional high field, three-axis AF
demagnetization up to 28 mT in steps of 1-2 mT due to the presence of
some higher coercivity phases in the bulk sample.

To complement our QDM-based magnetic field microscopy, we used
a JEOL JXA-8230 Superprobe at the Harvard Isotope Research Geo- and
Cosmochemistry Laboratory to obtain high-resolution backscatter elec-
tron maps, semi-quantitative energy dispersive spectroscopy (EDS) an-
alyses, and wavelength dispersive spectroscopy (WDS) element maps of
magnetic particle concentrations in the FLANK-FOV18 region.

2.4. Farmed calcite experiment

To monitor the calcite formation and determine the main sources of
detrital particles in the surface of Onga 1 stalagmite we performed an
experiment of calcite formation using concave glass surfaces (watch
glasses) as an artificial substrate. To aid the nucleation of calcite crystals
the concave surface of the watch glasses was pre-treated by sand-
blasting. The substrates were replaced periodically every 1-2 months for
9 month June 2021-June 2023.

3. Results
3.1. An empirical magnetism-rainfall relationship
The magnetic field time series derived from both the central column

and flank of Onca 1 revealed that magnetic enrichment is enhanced
during years with lower measured rainfall amount (Figs. 2-4). To
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quantify this relationship, we first binned the magnetic field and rainfall
time series annually and smoothed using a penalized spline algorithm
with spline parameter p = 0.12. Penalized spline smoothing has the
advantage of preserving amplitude and phase information better than a
simple moving average, but the strength of smoothing can be difficult to
interpret in physical time units. We therefore applied the same filter to a
synthetic time series with 10, 5, and 3 y periodicities, finding that the
effective smoothing window is approximately 4 or 5 y (Fig. S9). All
points in the data were given equal weight in the smoothing function.
We applied this level of smoothing to mitigate the effect of age model
uncertainties arising from U-Th age errors and small variations in
growth rate, both of which effectively limit a comparison with the
instrumental record to multi-year and longer periodicities.

Correlating identically smoothed time series of measured rainfall
with both central column and flank magnetic field intensity over the full
103 y overlapping interval revealed that the magnetization — rainfall
relationship is stronger in the central column (R? = 0.35) compared to
in the flank (R? = 0.19) (Fig. 4A and B). Autocorrelation within each
time series reduces the effect number of independent observations and
must be accounted for to quantify the statistical significance of each
correlation. Using the implementation of the Ebisuzaki (1997) proced-
ure of phase-randomized pseudodatasets in the pyleoclim software
package (Khider et al.,, 2022), the p-values for the correlations are
0.0027 for the central column and 0.15 for the flank, implying that only
the central column magnetization — rainfall relationship is significant.
Directly comparing the magnetic field intensity of the central column
and the flank showed a modest but significant correlation (R? = 0.35).

However, the robustness of this correlation is highly sensitive to the
chosen time interval, with the large positive excursion in the 1990s
detected in both time series accounting for a disproportionate part of the
covariance (Fig. 4C). The larger, apparently more erratic amplitude of
magnetic anomalies in the speleothem flank may be due to weaker drip
water-mediated erosion, which may allow large, stochastic influxes of,
for example, airborne particles to be preserved with minimal
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modification. We conclude that, although the central and flank
magnetization in Onga 1 follow similar broad patterns, the signal from
the central column appears to track hydrological conditions more
consistently. This observed contrast between central column and flank
magnetism agrees with previous studies and suggests that central col-
umn material, although typically more weakly magnetized, should be
preferred for paleoclimate reconstructions (Fu et al., 2021; Shi et al.,
2022).

Analyses of the high-sensitivity fields of view reveals individual
ferromagnetic grains that did not appear in the standard sensitivity maps
(Fig. S4). The weakest grains we identified have fitted moments between
1 and 2 x 10716 A m? (Fu et al., 2020) which, assuming a magnetite
composition, corresponds to spherical grains with diameter of ~70 nm.
Therefore, even the high-sensitivity maps are likely not capturing all
possible dispersed grains, some of which may be as small as ~20 nm
diameter based on our analysis of magnetic carbonate-silicate agglom-
erates (see below for granulometry and scanning electron microscopy
supporting this). Even so, at least some of the >70 nm diameter,
dispersed sources in the Onca 1 sample may have a pedogenic origin
given that pedogenic magnetite aggregates with sizes up to 1 pm have
been identified in other soil samples (Fu et al., 2023). At the same time,
the apparently random orientations of dispersed grain magnetizations
(Fig. S4C) despite the 1 T, into-the-page IRM suggests that most of these
particles have high coercivities consistent with hematite or goethite and
therefore most likely do not have a pedogenic origin.

In both standard- and high-sensitivity maps, the dominant magnetic
signals originate from much larger, mostly laminae-bound sources,
likely associated with carbonate-silicate agglomerates (Fig. S4). We
therefore adopt the standard-sensitivity maps as valid approximations of
the dominant magnetic signal, although variations in the concentrations
of small, dispersed sources may contribute to variance and decrease the
overall correlation with rainfall if they were delivered via a distinct
mechanism, such as drip water, compared to the main, laminae-bound
sources.
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To test speleothem coloration as an alternative, more rapidly
attainable proxy for detrital content, we correlated the red excess time
series with rainfall, revealing no significant correlation (R? =0.103;p =
0.234; Fig. 5). Interestingly, the correlation improves significantly
within the 1970-2016 interval, indicating a possible shift in the mech-
anism controlling coloration. This finding suggests that, despite strong
correlation between magnetization and coloration in other studied
speleothems such as one from the Pau D’Alho Cave, Brazil (Fu et al.,
2021), the latter quantity does not always track rainfall or detrital
enrichment reliably and may instead be controlled by other factors such
as organics and/or acid content in the drip water (Martinez-Pillado
et al., 2020).

The morphologies of individual laminae are also affected by past
aridity and therefore may provide independent confirmation of any
magnetization — rainfall correlations. In Onca 1, we observed four layer-
bounded surfaces below which laminae thin or pinch out towards the
flanks over a length scale of 9-12 mm (Fig. 6). This style of lamina
termination, termed Type L layer-bounded surfaces (Railsback et al.,
2013), are indicative of slower growth during drier intervals. The four
groups of identified Type L layer-bounded surfaces in Onca 1 correspond
consistently with strongly magnetized intervals, thereby corroborating
qualitatively the negative correlation between magnetization and rain-
fall amount. Furthermore, the L-type layer surface could create small
crevasses or “traps” that are susceptible to airborne particle deposition
increasing the accumulation of aeolian particles during dry periods.

3.2. Rock magnetic characterization

Having established an empirical relationship between measured
magnetization and rainfall amount, we characterized the source of
ferromagnetic particles in Onca 1 to aid in understanding the enrich-
ment mechanism. We first observed the morphology of ferromagnetic
mineral concentrations, focusing on FLANK-FOV18, for which other
rock magnetic data are available. We found that the distribution of
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Fig. 6. Occurrences of L-type layer-bounded surfaces and relationship to cen-
tral column magnetic field. Purple shading indicates intervals where laminae
pinch out towards the flanks (inset), corresponding to inferred times of lower
drip rate. Note qualitative correspondence with high magnetic field intervals,
which also correlate with lower rainfall.

ferromagnetic material is highly heterogeneous, with strong concen-
trations occurring in selected laminae and no detectable signal in most
time intervals (Fig. 7A). Within the highly magnetized laminae, the
source distribution may be relatively uniform or highly heterogeneous,
with highly localized sources separated by regions of low or null signal.
Such a non-uniform distribution of ferromagnetic minerals among
laminae is qualitatively similar to that observed in previously mapped
speleothems from Spring Valley Caverns, Minnesota, USA and Pau
d’Alho cave, Mato Grosso, Brazil (Feinberg et al., 2020; Fu et al., 2021).
The presence of discrete, strongly magnetic sources indicates that a
relatively small number of host particles may be responsible for the
majority of magnetic enrichment and that the mechanism of their de-
livery is critical for understanding the overall magnetization — rainfall
relationship.

Our optical and electron microscopy and EDS and WDS composi-
tional analyses provide further details of the mineralogy of these highly
magnetized host particles. Net moment inversions for the isolated
ferromagnetic sources within FLANK-FOV18 can estimate the depth of
the best-fit equivalent dipole source, allowing us to abrade a targeted
thickness of material from the speleothem surface to reveal the source
grains. Optical microscopy of the exposed ferromagnetic sources showed
that the four host particles used for ARM precision-based granulometry
(see below) are 40-200 pm diameter agglomerates of much smaller
silicate and carbonate grains. We refer to these objects hereafter as
silicate-carbonate agglomerates. Their round morphology suggests that
they were transported to the speleothem as pre-formed aggregates.
Backscatter electron imaging and EDS and WDS analyses reveal that the
constituent particles are a heterogeneous mixture of quartz, dolomite,
calcite, and clay minerals with accessory Fe-oxides (Fig. 7B). Fe element
mapping reveals both strong concentrations in Fe-oxide grains and
diffuse Fe that is correlated with clay minerals and anti-correlated with
carbonate phases. Grain sizes range between 20 pm to the 50 nm reso-
lution limit of the backscatter electron imaging. Small, 100 nm-scale
high atomic number grains are visible but cannot be verified as
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Fig. 7. QDM magnetic field and electron microprobe mapping of the FLANK-
FOV18 region selected for detailed rock magnetic analysis. (A) QDM mag-
netic field map of a saturation IRM oriented into the page showing magnetized
laminae A through C and analyzed sub-regions. Red and blue represent mag-
netic fields directed out of and into the page. Black box denotes the sub-region
in the panel (B) QDM map. (B) QDM magnetic field and electron microprobe
maps of source C,. Orange box in QDM map represents of the field of view of
electron microscopy maps. Elemental maps are derived from WDS analysis.
Small regions enclosed in light white border correspond to regions of strong
magnetic fields.

ferromagnetic Fe-oxides due to their small size. Even smaller 30 nm
scale ferromagnetic grains, as inferred by our granulometry experiments
below, are not visible using these maps and, in any case, are unlikely to
be exposed at the surface due to their very small diameters.

Although electron microprobe imaging could not directly charac-
terize most fine Fe-oxide particles carrying the ferromagnetic signal,
rock magnetic characterization could provide indirect insights into their
properties. By plotting the ARM ratio against the MDF of ARM for four
strongly magnetized sub-regions in FLANK-FOV18, we found that these
magnetic sources show a clear affinity to previously characterized
samples of pedogenic magnetite (Fig. 8A) (Egli, 2004). In contrast to the
clustered, magnetostatically interacting ultrafine pedogenic magnetite
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Fig. 8. Results of rock magnetic analyses. (A) MDF of ARM versus ARM ratio of magnetized sources in FLANK-FOV18 (Fig. 7). Bulk data point denotes the 62 mm®
flank transect sample that contains FLANK-FOV18 (“D” in Fig. 2). Pedogenic and aeolian regions are based on published studies summarized in Egli (2004). (B) AF
demagnetization of ARM for the four sources plotted in panel (A). Curves denote exponential fits used to determine MDF. The line at 0.5 representing when % of the
magnetic grains have been demagnetized. (C) Repeat ARM acquisition directions used to infer the number of nanoscale magnetic particles for the indicated sources
(see Fig. 6). Sources B; and B, were used instead of A; and A, due to difficulty with dipole source fitting in the densely magnetized A lamina.

observed in QDM mapping of modern soils (Fu et al., 2023), the
magnetized laminae in the Onca 1 speleothem exhibit a ~ 6x higher
ARM ratio, which we interpret to reflect the dispersed distribution of the
ultrafine magnetite grains. Similarly high ARM coercivity was also
observed in a compilation of 25 other Brazilian speleothems, including
five from the same Peruacgti River catchment such as Lapa da Onca
(Jaqueto et al., 2021). The uniform properties of the four analyzed
sub-regions, despite their occurrence in different laminae with finer,
continuously distributed and coarser, discrete ferromagnetic sources
strongly suggest that the fine and coarse host particles share a similar
origin and emplacement mechanism, and that the magnetic enrichment
pathway was stable through time.

To complement the more traditional magnetic granulometry proxies
described above, we use the directional reproducibility of repeated ARM
acquisitions to quantify the number of particles within each magnetized
sub-region and infer the typical ferromagnetic grain size (see Section
2.3). Sets of six repeated acquisitions for each of four silicate-carbonate
agglomerates with saturation IRM moment between 6x 10713 and 2x
10711 A m? in the FLANK-FOV18 map yielded very low angular standard
deviations between 1.3° and 7.1°, which is significantly lower than those
previously observed in modern, pedogenic magnetite-bearing soil sam-
ples, despite the greater overall magnetic moments of the latter (Fu
et al., 2023). These high observed precisions correspond to minimum,
maximum, and mean ferromagnetic grain diameters of 19, 30, and 26
nm, respectively, given a magnetite composition. These sizes are closely
similar to those of transmission electron microscope-observed pedo-
genic magnetite nanoparticles in Chinese Loess Plateau paleosols
(Ahmed and Maher, 2018). Compared to the larger, 50-140 nm inferred
magnetite grain sizes in a pedogenic magnetite-bearing soil (Fu et al.,
2023), these smaller sizes may result from a great degree of separation
and the lack of magnetostatic interactions among them, which effec-
tively increases the number of independent ferromagnetic domains for a
given saturation magnetization. This then results in a smaller per-grain
saturation magnetization and therefore smaller mean diameter. This
inference is fully consistent with the result of the ARM ratio analysis
described above.

The FLANK-FOV18 map also reveals several sources with coercivity
between 0.3 and 1.0 T that did not remagnetize upon heating to 130 °C,
suggesting a hematite composition (Fig. 7). The 3.3 x 1073 A m? near-
saturation IRM moment of the stronger imaged hematite-bearing par-
ticle in the lower center of the map implies a minimum grain diameter of
at least 8 pm assuming a saturation magnetization of 0.25 Am? kg~!
(Ozdemir and Dunlop, 2014), placing these grains in a similar size range
as the host agglomerates for the ultrafine pedogenic magnetite. At the
same time, the high-sensitivity QDM maps obtained over the uppermost

section of the central column revealed an abundance of weak sources
that were not visible in the standard-sensitivity maps (Fig. S4). The
apparently randomized magnetization directions of these sources sug-
gest that they are also composed of a high-coercivity phase.
High-resolution examination of silicate-carbonate agglomerates in
the FLANK-FOV18 map after the application of a 300 mT AC field, 0.1
mT DC field ARM reveals additional coarse, high-coercivity ferromag-
netic grains that did not respond to the ARM, even after multiple ap-
plications. Bulk samples that underwent the same ARM ratio and ARM
demagnetization protocol revealed similar pedogenic signature com-
bined with higher MDFs of ARM between 13 and 17.5 mT (Fig. 7A). The
bulk sample rock magnetic data are therefore consistent with a combi-
nation of the two grain populations observed in QDM imaging: a
dominant component consisting of pedogenic magnetite and a smaller
contribution from high-coercivity hematite. The presence of two major
grain populations with mean coercivities of ~15 mT and ~100 mT,
likely representing a pedogenic magnetite and a hematite component,
was further confirmed using coercivity unmixing analysis based on AF
demagnetization of IRM (Fig. S5) (Maxbauer et al., 2016).

3.3. Farmed calcite experiment

Over a period of 9 months at the end of 2021, watch glasses were
constantly monitored and periodically replaced on a monthly to bi-
monthly basis. First, the deposition of significant detrital material in-
dicates that events of significant detrital material deposition can occur
independently of flood events, which did not occur during this time.
Second, we found no correlation between drip water rate and the
quantity of detrital material, visible as a distinct brown coating on the
watch glass surface (Fig. S8). The interval of peak particle deposition
was at near the end of the dry season between early September and early
November, when the drip rate was intermediate before increasing to
rainy season values by February.

4. Discussion

The simultaneous availability of a well-dated speleothem with a
relatively constant growth rate, a sub-annual resolution magnetization
time series from QDM mapping, and a century-long instrumental rainfall
record from a nearby location has permitted the first direct comparison
between speleothem magnetism and recorded precipitation (Figs. 2-4).
Our analysis revealed that ferromagnetic grain enrichment occurred
preferentially during drier periods while rock magnetic characterization
identified the ferromagnetic carrier as ultrafine pedogenic magnetite
with average grain diameter of ~25 nm. These grains are hosted in
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40-200 pm silicate-carbonate agglomerates that are enriched in specific,
highly magnetized laminae that comprise a small fraction of the total
speleothem volume.

Although these results demonstrate an empirical relationship, the
widespread application of the speleothem magnetism proxy would
require robust identification of the mechanism of ferromagnetic grain
enrichment, ideally using self-contained information that can be
retrieved from each analyzed speleothem. In the case of Onga 1, the
collection location in an elevated area of the conduit and the lack of
adjacent sedimentary evidence for inundation can be used to rule out a
flood water delivery mechanism. Furthermore, significant detrital par-
ticle deposition during the end of the dry season observed in the farmed
calcite experiment further confirms the non-contribution from flooding.
We now use our rock magnetic and electron microscopy data to evaluate
two additional processes that may account for the episodic deposition of
pedogenic magnetic horizons during drier intervals.

First, the ferromagnetic grains may have been delivered as drip water
particulates and colloids, which typically refer to suspended grains
smaller than 1 pm in diameter, respectively. Previous investigations
have demonstrated that particles in the 10-100 nm size range charac-
teristic of the pedogenic magnetite found in Onga 1 can be efficiently
transported by pore water in karst systems (McCarthy and McKay, 2004;
Hartland et al., 2012). As a potential difficulty with this model, higher
rainfall and washdown may be expected to result in more intense par-
ticle deposition, contradicting the negative magnetism - rainfall rela-
tionship observed in the Onga 1 speleothem. More importantly, existing
studies suggest that the dominant suspended grain population in drip
water has diameter <1 pm (Hartland et al., 2011, 2012). Therefore,
although drip water may transport some individual ultrafine pedogenic
magnetite grains, it is not likely the source of the 40-200 pm diameter
silicate-carbonate agglomerates observed to host most magnetic sources
in the Onca 1 speleothem. Finally, our farmed calcite experiment
observed no correlation between detrital particle deposition and drip
rate (Fig. S8).

Second, we consider aeolian transport of dust particles into Onca
cave. At least one previous study has documented >100 pm diameter
airborne silicate particles in shallow caves (Christoforou et al., 1994).
Meanwhile, >10 pm scale particles, similar to the majority of magnetic
sources observed in Onca 1, have been observed in several other studied
caves. Occasional measurement at the Onga 1 sampling site shows wind
speed varying from 0.3 to 1 ms~* which favor the deposition of coarse
aerosol particles (>100 pm) (Dredge et al., 2013). The airflow primarily
moves from inside of the cave to outside but due to the proximity of the
sample site external wind can occasionally be felt coming into the cave.
At the same time, lower soil moisture corresponds to lower minimum
wind shear stress necessary for lifting soil particles (Selah and Fryrear,
1995). This is expected to result in greater airborne dust deposition in
the Onga 1 speleothem during drier intervals, which agrees with both
time series analysis and layer-bounded surface observations. Combining
these lines of evidence, we conclude that the silicate-carbonate ag-
glomerates hosting ferromagnetism in the Onca 1 speleothem were
delivered as airborne particulates.

Even after identifying a mechanism for silicate-carbonate agglom-
erate enrichment, the ferromagnetic grains themselves may have an
allochthonous or autochthonous origin. In the former scenario, the
pedogenic ferromagnetic grains formed in the surface soil, likely
through a previous studied pathway such as redox cycling in soil pore
spaces (Maher, 1998; Orgeira et al., 2011). Agglomerates of this
magnetically enriched soil were then transported into the Onca cave
during arid intervals. We also ruled out direct human intervention
associated with land use as source of dust particles. This because the
rugged topography of the surrounding areas of Onc¢a Cave imposes
major obstacles for human-settlements.

Alternatively, an autochthonous origin would imply that the soil
agglomerates did not contain significant ultra-fine ferromagnetic grains
upon delivery to the cave; rather, the Fe contained in non-ferromagnetic
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minerals in the soil were transformed to ultrafine ferromagnets on the
speleothem surface, also potentially through previously studied mech-
anisms. In this scenario, aridity would have modulated the total supply
of mineral-bound Fe arriving in the cave through time, resulting in a
more abundant Fe supply during drier intervals. Simultaneously, in situ
ferromagnet growth on the speleothem, in analogy to pedogenic
magnetite growth in soils, would have been accelerated during wetter
intervals (Balsam et al., 2011). These two effects, one controlling Fe
supply and the other controlling the rate of pedogenic reactions, would
have partially offset each other. If this autochthonous origin scenario
took place on the Onga 1 stalagmite, the Fe supply effect must have been
dominant to result in the observed negative magnetism — rainfall
relationship.

Distinguishing between the allochthonous and autochthonous ori-
gins of the ultrafine ferromagnetic grains is important for generalizing
these results to other caves. The in situ formation of ultrafine ferro-
magnets on speleothems would introduce a novel mechanism by which
hydrological conditions may influence speleothem magnetism. In this
case, future speleothem environmental magnetism studies must consider
potentially competing effects from in situ and delivery-mediated mag-
netic enhancement. Further, in situ ferromagnet growth would imply
that speleothem natural remanent magnetizations are a chemical
remanence while deposited, allochthonous ferromagnetic grains would
carry a detrital remanent magnetization. The two magnetization
mechanisms would likely result in significant differences in the ability
for the speleothem to record a reliable paleomagnetic record in terms of
inclination declination and absolute intensity, although relative in-
tensities may be possible in either scenario (Ponte et al., 2017; Jaqueto
et al., 2022).

Our rock magnetic analyses on FLANK-FOV18 can help distinguish
allochthonous and autochthonous origins for the ultrafine, pedogenic
ferromagnet population. Assuming that the rate of in situ pedogenic
ferromagnet growth on a speleothem surface responds to precipitation
in a similar way as in surface soils (Balsam et al., 2011), the ratio of in
situ formed ultrafine ferromagnetic grains to unmodified, coarse litho-
genic sources in Onc¢a 1 laminae should also vary as a function of
moisture.

In contrast, if the pedogenic magnetic grains formed allochthonously
in the silicate-carbonate agglomerates prior to transport, we expect that
the composition of the regional reservoir of wind-transportable dust
does not vary significantly on annual timescales. In this case, the in-
ternal composition and therefore the pedogenic to lithogenic ferro-
magnetic content ratio, should remain constant across On¢a 1 laminae.

The ARM ratio and MDF of ARM we computed for four individual
silicate-carbonate agglomerates can be used to reveal any changes in the
pedogenic to lithogenic grain ratio through time. The analyzed laminae
A and C in FLANK-FOV18 have average magnetic field intensities that
are 9.4 and 2.4 standard deviations from the mean value of the full flank
time series, respectively. In fact, lamina A corresponds to the largest
observed magnetic peaks, which dates to the early 1990s (Fig. S1). These
laminae therefore represent a range of magnetic enrichment conditions
from a typical enriched layer to one of the most intense observed
enrichment events.

Among the sources in laminae A and C, we observe a uniform degree
of enrichment in pedogenic magnetic particles with no sign of a spread
along a mixing line towards the bulk composition and therefore no
change in the ratio of pedogenic to lithogenic particles through time
(Fig. 7A). Based on the reasoning above, this observation is more
consistent with repeated sampling from a uniform reservoir of pedo-
genically enriched, wind-mobilized soil agglomerates from the outside
environment and less compatible with moisture-modulated pedogenesis
on the speleothem surface. We therefore conclude that the ultrafine,
pedogenic grain population that dominates magnetism in Onga 1 formed
external to the cave.

As stated above, this conclusion assumes that any pedogenic re-
actions on the speleothem surface are modulated by local moisture
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availability similar to those in surface soils. This is an assumption that
can be tested in future investigations of speleothem magnetism, partic-
ularly cave monitoring studies that directly compare soil particles from
the speleothem, the cave interior, and exterior environment.

The analyses described here, including magnetic time series gener-
ation, lamina-scale ARM ratio and MDF of ARM quantification, ARM-
based granulometry, and electron microscopy, can be repeated on any
new speleothem to obtain similar insights regarding the distribution of
magnetic grains and their likely origins. Full coverage of the ~98 mm
speleothem central column covering 1913-2016 CE required 65 QDM
fields of view, corresponding to just under 40 h of instrument time. The
16-step demagnetization of ARM on FLANK-FOV18 required 9.3 h.

We suggest that future magnetic analyses of speleothems should
conduct similar magnetic imaging to establish the sites of magnetic
enrichment, which can be used, as in the case of the Onca 1 sample, to
distinguish between a drip water and aeolian delivery mechanism.
Further rock magnetic analyses can distinguish a pedogenic and litho-
genic origin of the dominant ferromagnetic grain population, which,
when tracked across laminae covering distinct environmental condi-
tions, can distinguish between an in situ or exogenous enrichment
mechanism. Combined, these insights into ferromagnetic particle ori-
gins are critical for the reliable paleoclimatic interpretation of speleo-
them magnetism time series for samples where, unlike Onca 1, a
contemporaneous record of rainfall is not available.

Finally, we briefly analyze correlations between measured precipi-
tation, magnetism, and 5'80 and 8'3C time series retrieved from a sec-
ond speleothem (Onga 2) sampled from a well-ventilated area in the
upper gallery of Onga cave. A more thorough analysis of these isotopic
datasets is found in another study (Strikis et al., 2024). We found that
neither §'%0 or §'3C records showed statistically significant correlation
with either the magnetization or rain gauge measurements over the
full-time studied interval. However, this lack of correlation may be
attributable to competing effects caused by cave temperature and rela-
tive moisture. We observe that §'80 and precipitation follow opposing
trends over the 113 y interval, which is consistent with the expectation
from the amount effect and has been observed in other Brazilian spe-
leothems in regions with limited extratropical moisture sourcing
(Dansgaard, 1964; Cruz et al., 2005). At the same time, we observed a
positive correlation between precipitation and 580 on sub-decadal
timescales. Such positive coupling may rise due kinetic isotope effects
related to cave atmosphere condition, like cave relative humidity and
temperature (Riechelmann et al., 2013; Strikis et al., 2024). These ob-
servations highlight the capacity for stable isotope records to respond
simultaneously to multiple forcings, which may be an advantage when
these overlapping effects can be disentangled. In the absence of instru-
mental records, a more targeted, single pathway proxy, such as the
QDM-derived magnetic field time series, can inform the interpretation of
stable isotope records by quantifying, in this example, variations in local
rainfall and associated dust mobilization.

5. Conclusion

The uninterrupted, rapid growth of the well-dated Onga 1 speleo-
them over the historical period allows QDM magnetic field imaging to
construct a continuous time series of magnetic enrichment that can be
directly compared to an instrumental precipitation record. This analysis
reveals that magnetic enrichment in the central column exhibits a
moderate negative correlation with instrumental rainfall (R> = 0.35),
while that of flank samples are less strongly correlated (R? = 0.19). This
result adds to the growing body of studies showing that speleothem
magnetism consistently responds to local hydrological conditions,
although the strength and even the sign of that relationship can vary.

To understand the physical processes underlying this correlation, we
extracted lamina-scale rock magnetic properties and conducted high-
resolution electron microscopy from selected regions of the Onca 1
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speleothem. Our analysis reveals that the dominant ferromagnetic par-
ticle population consists of nanoscale pedogenic grains distributed uni-
formly within 40-200 pm karstic soil agglomerates. The large size of the
magnetic agglomerates strongly supports an aeolian delivery mecha-
nism, which is fully compatible with the negative magnetism — rainfall
relationship given higher soil mobility and erosion during dry intervals.
Finally, the similar degree of pedogenic enrichments within the hosting
agglomerates during wetter and drier intervals suggests that pedogenic
enhancement occurred within the soil prior to deposition and not on the
speleothem growth surface. The lamina-scale rock magnetic analyses
described here can be applied widely to future speleothem studies to
ascertain the delivery mechanism of ferromagnetic grains, thereby
inferring the paleohydrological implications of any detected variations
in magnetic grain concentration.
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Supplemental Figure, S1:

A Raw Flank Magnetic Field
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Figure S1: Plots of raw flank magnetic field time series. (A) The raw magnetic field time series from all four
transects. Flank D-A correlate to the transect locations denoted in Fig. 2A. (B) Flank magnetic field data after
annual binning and smoothed using a penalized spline with p=0.9, which is different from central column analysis
in the Main Text in order to show finer features. (C) Annually binned flank magnetic field data with annual
precipitation data.



Supplemental Figure, S2:

Raw and Smoothed 6C13 and 5018 data
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Figure S2: Plots of §¥0, §'3C, raw and smoothed data from Onca 2 speleothem. The data collected are from a
different speleothem located in close proximity to the speleothem used in this study.



Supplemental Figure, S3:
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Figure S3: Images showing where the speleothem was cut to prepare the samples for magnetic imaging of Onc¢a 1.
The red lines correspond to the lines in the images immediately to the right. The top series details the central
column slice 2, and the bottom series presents flank transect 4CD. The visible light maps are taken using the same
optical train as the QDM magnetic field maps and are pixel-registered to the corresponding magnetic field map. A
portion of the Slice 2 magnetic time series is presented in Fig. S4.



Supplemental Figure, S4:
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Figure S4: Comparison of (A) standard- and (B) high-sensitivity QDM datasets. We observed many more isolated
small grains in the high-sensitivity mode QDM maps, although the overall time series are still dominated by
laminae-scale features that are reproduced in both maps. (C) Seven dipole inversions of fine sources from the high-
sensitivity maps highlighting detection threshold of the QDM and the sub-surface location of sources. Most of the
small grains highlighted in the boxed regions appear to have higher coercivities, consistent with hematite or

goethite, as they do not point in the 1 T IRM direction, which is into-the-page.



Supplemental Figure, S5:
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Figure S5: Coercivity unmixing models based on the MAX UnMix web application for unmixing magnetic coercivity
distributions (Maxbauer, 2016). Fitted values for population mean coercivity, standard deviation of coercivity,
dispersion factor, and proportion of total are given for each sample. In both cases, the yellow curve represents the
combination of all fitted components. (A) Analysis of bulk sample from the speleothem central column. Components
1 and 2 (blue and purple) correspond to pedogenic magnetite and hematite based on our ARM susceptibility, ARM
MDF, and thermal demagnetization experiments. (B) Analysis of a flank sample, showing largely the same grain
populations.
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Figure S6: Onca 1 full speleothem before sampling.



Supplemental Figures, S7: Images of Onc¢a Cave and Sampling Site
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Figure S7, (B): Onga cave entrance.
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Figure S7, (C): Another look at the sampling site and proximity to the cave entrance.



Supplemental Figure, S8:

A

Dripping rate (drip/min)

0.50 4

0.25

q,
RUa

o
Q%\

LN

LN
qu
P\\q'

@\Q

Figure S8: Farmed calcite experiment. (A) Images of the sampling site and placement of the collection surfaces.
(B)Three of the glasses collected showing both the high deposition rate and accumulation of large detrital particles.
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Figure S9: Empirical benchmarking of the penalized spline smoothing factor. The smoothing factor of 0.12 and the
time series length and sampling frequency are identical to those of the central column magnetic field, precipitation,
and stable isotope time series. The initial interval of the three sets of synthetic signals are 10, 5, and 3 y.



Supplemental Table, S1:

Sample Depth 38y 232Th 230Th [ 232Th d234y*
Number (mm) (ppb) (ppt) (atomic x10¢) | (measured)
ONCA1-1 INF 1mm 5847+24.4 2496151 610 1153.4+4.8
ONCA1-10 INF 10 mm 5052+21.3 842+17 231 1150.0+4.3
ONCA1 -53 INF 53 mm 4817+11.4 542+11 16315 1138.7+2.7
ONCA1 -127 INF 127 mm 6466+20.9 621+13 417+10 1142.5+£3.2
230Th / 238U 230Th Age (yr) 230Th Age (yr) d234UInitiaI**
(activity) (uncorrected) | (corrected) (corrected)
ONCA1 -1 INF 1mm 0.000210 8+1 214 11545
ONCA1-10 INF 10 mm 0.000£0 1241 10£2 115044
ONCA1 -53 INF 53 mm 0.0011%0 571 5512 113943
ONCA1 -127 INF 127 mm 0.0024+0 12412 12212 114343
230Th Age (yr 230Th Age
BP)*** (corrected)
(corrected) b2k
ONCA1-1 INF 1mm -6614 20164
ONCA1-10 INF 10 mm -58+2 2008+2
ONCA1-53 INF 53 mm -13+2 1963+2
ONCA1-127 INF 127 mm 5412 189612
Notes:

U decay constants: l3s = 1.55125x10°%° (Jaffey et al., 1971) and l34 = 2.82206x10° (Cheng et al., 2013).

Th decay constant: 1230 =9.1705x10-6 (Cheng et al., 2013).

*d234U = ([24U/%8U]activity — 1)x1000.

** 42341, a1 Was calculated based on 23°Th age (T), i.e., d?**Unnitial = d2**Umeasured X €'23%<T,

Corrected 23°Th ages assume the initial 23°Th/232Th atomic ratio of 4.4 +2.2 x10®. Those are the values for a material at
equilibrium, with the bulk earth 232Th/?3U value of 3.8. The errors are arbitrarily assumed to be 50%.

***B_ P, stands for “Before Present” where the “Present” is defined as the year 1950 A.D.

Errors given are 24.

Powders collected by micro-milling from the Onga 1 sample were measured using ICP-MS at the Institute of Global
Environmental Change, Xi’an Jiaotong University, China laboratory.
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