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Fe-bearing minerals are a tiny fraction of the composition of speleothems. They have
their origin in the karst system or are transported from the drainage basin into the
cave. Recent studies on the magnetism of speleothems focused on the variations
of their magnetic mineralogy in specific time intervals and are usually limited to a
single sample. In this study, we describe a database of environmental magnetism
parameters built from 22 stalagmites from different caves located in Brazil (South
America) at different latitudes, comprising different climates and biomes. The magnetic
signal observed in these stalagmites is dominated by low-coercivity minerals (~20 mT)
whose magnetic properties resemble those of the magnetite formed in pedogenic
environments. Also, a comparison with few samples from soils and the carbonate
from cave’s walls shows a good agreement of the magnetic properties of speleothems
with those of soil samples, reinforcing previous suggestions that in (sub-)tropical
regimes, the dominant magnetic phase in speleothems is associated with the soail
above the cave. Spearman’s rank correlation points to a positive strong correlation
between magnetic concentration parameters (mass-normalized magnetic susceptibility,
natural remanent magnetization, anhysteretic remanent magnetization, and isothermal
remanent magnetization). This implies that ultrafine ferrimagnetic minerals are the
dominant phase in these (sub-)tropical karst systems, which extend across a diverse
range of biomes. Although the samples are concentrated in the savannah biome
(Cerrado) (~70%), comparison with other biomes shows a higher concentration of
magnetic minerals in speleothem underlying savannahs and lower concentration in
those underlying moist broadleaf forests (Atlantic and Amazon biome) and dry forests
(Caatinga). Thus, rainfall, biome, and epikarst dynamics play an important role in the
concentration of magnetic minerals in speleothems in (sub-)tropical sites and indicate
they can be an important target for paleoenvironmental research in cave systems.

Keywords: environmental magnetism, speleothem magnetism, South America, rock magnetism, karst system,
stalagmites
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INTRODUCTION

Speleothems, together with ice-cores, are among the best
continental records used in paleoclimate and paleoenvironment
reconstruction thanks to their precise chronology, widespread
geographic distribution, and continuous growth. Environmental
magnetic studies of speleothems show variations in the magnetic
mineral concentrations that correlate with the decadal- to
millennial-scale climate fluctuations at regional and/or global
scales (Table 1; Xie et al., 2013; Bourne et al., 2015; Jaqueto et al.,
2016; Zhu et al., 2017; Chen et al.,, 2019; Regattieri et al., 2019).
The magnetic mineral assemblage and the relative concentration
of different magnetic phases in speleothems can be interpreted
in terms of Figure 1: (i) atmospheric processes (rainfall and
temperature), (ii) epikarst processes (soil formation, vegetation
change, soil pCO;, and rate of carbonate dissolution), (iii)
allochthonous detrital input, including flooding events or wind-
blown particles, and (iv) modification of the magnetic mineralogy
in situ, in the speleothem.

Precipitation is a major factor in speleothem formation. The
karst system encompasses dissolution and precipitation regimes
related to the carbonate-water interactions (Fairchild et al,
2006). The dissolution phase operates as a cascading system,
comprising the atmosphere, the soil ecosystem, the epikarst, and
the cave system itself (Fairchild and Baker, 2012). It involves
the transformation of carbon dioxide gas [COy(g] that dissolves
into water to form the species [CO2(aq)] reacting with water to
form carbonic acid (H,CO3). This “weak” acid will progressively
dissolve the limestone (CaCOs3), and this reaction will produce
calcium (Ca?*) and bicarbonate (HCO3 ™). At the precipitation
phase, in the cave system, degassing of CO, will occur (when
the solution is in contact with the cave atmosphere), and the
secondary carbonate will form (CaCOj3), mainly calcite. The
kinetics of the degassing reaction during calcite precipitation
usually lasts from minutes to hours (Dreybrodt et al, 1997;
Dreybrodt, 1999; Dreybrodt and Scholz, 2011) and favors the
acquisition of detrital remanent magnetization. Furthermore, the
absence of postdepositional perturbation, like bioturbation or

TABLE 1 | Speleothem magnetism studies and their respective resolution and interpretation.

Study Location Climatology Cave Sample Timespan Average Magnetic Comparison Interpretation
sample parameter
resolution
Xie et al., China Monsoonal, Heshang HS4 0.15 ka— 74 years ARM/SIRM Peatlands Heavy rainfall resulted
2013 warm-wet summer Cave 7.10 ka Hopanoids in the enhanced
and a cool-dry (6.94 ka) transport of coarse
winter magnetic particles to
the cave
Zhu et al., China Eastern Asian and Heshang HS4 0.15 ka— 74 years IRMsoft_flux 313C, Peatlands Flux of soil-derived
2017 Indian monsoon Cave 7.10 ka Hopanoids, ENSO  magnetic minerals
systems (6.94 ka) variability, correlate with rainfall
stalagmite BAO3 -  amount and intensity
3180, and core
V21-30 - 8180
foraminifera
Bourne United Humid, temperate Buckeye = BCC-010 58.71 ka— 2015 years  IRMsoft, SIRM, 813G, 8180, Changes in magnetite
etal, 2015 States climate, and Creek Cave 125.21 ka IRMhard, Antarctic ice core concentration as
well-developed, (66.49 ka) S-ratio, COo, and Vostok reflecting variations in
midlatitude IRMO.3T ice core CO» local pedogenic
seasonality processes, controlled
by changes in regional
precipitation
Jaqueto Brazil South America Pau D’Alho  ALHO06 1891 40 years NRM, ARM, 313C and 8180 Concentration of
etal., 2016 Summer Monsoon Cave CE-535 CE SIRM, HIRM, magnetic minerals in
with 90% of this (1.35 ka) IRM_soft, the stalagmite is
amount falling S-ratio, governed by soil
ARM/SIRM erosion above the cave
Chen et al., China Subtropical Tangnei TN-1 77.9 ka to 15 years Ms and Hc 313G, §180, and Magnetic property in
2019 monsoon climate, Cave 82.3 ka solar variability speleothems is
more than 65% (3.04 ka) interpreted to be related
rainfall falls during to regional precipitation
the monsoon
season
Regattieri Italy Alpine climate, with  Rio Martno  RMD1 0.4 ka to 60 years Magnetic 313C, 5180, Magnetic susceptibility
etal, 2019 precipitation Cave 9.7 ka susceptibility  growth rate, and concentration and
correlated with (9.3 ka) lake level carbon stable isotope
southern Europe ratio related to soil
stability and
pedogenesis
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Epikarst
well-drained with lateral variation
wet/dry seasonal cycles

Soil formation
rendzic Leptosols (typically)
rich in organic matter
active biological activity
active pedogenesis

Magnetic minerals
active pedogenesis
formation of fine-grained iron oxides
enhancement relative to parent rock
synthesis of magnetite/maghemite
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- biologically induced by
iron-reducing bacteria
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through dripwater
CaCO, precipitation
encapsulation into calcite matrix
no further bioturbation

FIGURE 1 | Schematic description of the karst vadose zone (Hartmann and Baker, 2017), with processes that are related to the speleothem magnetism.

compaction, helps conserve the magnetic remanence and allows
the speleothem to retain reliable, directional, and paleointensity
data (Lascu et al., 2016; Trindade et al., 2018; Zanella et al., 2018).

Soils play an important role in speleothem formation since
the microbial activity of the soil and root respiration are
the main factors controlling the pCO; in the solution, which
in turn will drive carbonate dissolution (epikarst). In karst
environments, soils are generally classified as Rendzina soils
[Leptosols developed in carbonates (Jordanova, 2017)]. They
develop over 10 to 100 years with a thin humic (A) horizon,
overlying an incipient illuvial (B) horizon or the bedrock itself,
and are often well drained with good aeration and a brown-
to-black soil color (Jordanova, 2017). The combination of well-
drained soil together with a large amount of organic and
enhanced biological activity will promote an active pedogenesis
producing fine-grained pedogenic iron oxides (SP/SSD magnetite
fraction) with the magnetic enhancement of the soil relative to
the host carbonate (Figure 1). So, the synthesis of pedogenic
magnetite/maghemite via an abiotic route or via iron-reducing
bacteria will be controlled by the characteristics of the biome and
by the wetting and drying cycles in the soil (Jaqueto et al., 2016;
Maxbauer et al., 2016a; Jordanova, 2017).

Transport of small-sized detrital particles derived from the
soil into the cave system will occur through diffusive infiltration
(Figure 1) along the fissures of the rock. These particles will be
incorporated into the speleothem after reaching the top of the
stalagmite by drip water (Bosch and White, 2004; Font et al.,
2014; Bourne et al., 2015; Jaqueto et al., 2016; Zhu et al., 2017;
Regattieri et al., 2019; Fu et al., 2021). Alternatively, detrital
particles may reach the speleothems from sinking streams and
from detrital material stored in the conduit system, or may result
from flooded surface steams and episodic storm flows (Bosch and
White, 2004; Feinberg et al., 2020). Also, detrital input close to
cave entrances can be derived from wind-blown material (pollen
and dust) (Fairchild et al., 2006). Finally, authigenic formation
cannot be ruled out in some cases with the formation of goethite
needles and biogenic magnetite at the precipitation site (Perkins,
1996; Strauss et al., 2013).

Most studies dealing with the environmental magnetism
of speleothems interpret the variations in magnetic mineral
concentration as a proxy for paleoprecipitation (Table 1).
For example, Xie et al. (2013); Bourne et al. (2015), and Zhu
et al. (2017) show a millennial-scale correlation between
magnetic parameters and proxies for paleoprecipitation in
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China and the southwest United States. Chen et al. (2019) used
saturation magnetization (Ms) to track rainfall variation
during MIS5a/4 transition, and the power spectrum of
Ms showed that solar activity plays an important role in
precipitation variation in southern China. More recently,
Regattieri et al. (2019) linked climate proxies (with stable
oxygen and carbon isotope) soil stability and evolution
(magnetic parameters), and land-use on a Holocene speleothem
from northern Italy.

In tropical sites, Jaqueto et al. (2016) suggested an inverse
correlation at the multidecadal scale between paleoprecipitation
and magnetic mineral concentration in a speleothem from
western Brazil. In their model, the concentration of magnetic
minerals in the stalagmite was governed by soil erosion and
vegetation cover. A period of less rainfall (compared to the
average) would be associated with less stable soils, resulting in
higher fluxes of magnetic minerals into karst systems. Conversely,
wetter periods would be associated with denser vegetation that
inhibits the flux of the detritic material of the soil into the
cave. In this case, the relation between paleoprecipitation and
magnetic mineral concentration is not a direct one and depends
on the soil dynamics and the vegetation cover in addition to the
regional climate.

In the present study, we will explore the variations of magnetic
mineralogy through different biomes in South America through
a large speleothem magnetism database covering a wide range of
latitudes (4°S to 24°S). Also, we present two detailed case studies
where the magnetic signal of the speleothems is compared to the
soil above the cave and the host carbonate to constraint the source
of magnetic minerals inside the speleothems.

REGIONAL SETTING

The central part of South America is dominated by warm and
humid conditions, where the South America Summer Monsoon
(SASM) is responsible for 70% of the rainfall from November to
February (Garreaud et al., 2009; Campos et al., 2019). Present-
day interannual climate variability is controlled by the El-Nifio
Southern Oscillation associated with the warmer conditions
and rainfall below average on the northern part and wetter
conditions on the southeastern part. Decadal and interdecadal
variability is also present and is forced by the Pacific Decadal
Oscillation with smaller amplitudes (Garreaud et al., 2009), while
the paleoclimate reconstitution of the SASM based in 3'80 of the
speleothems showed strong centennial variability linked to solar
cycles (Novello et al., 2016).

The biomes at each karst system have different biodiversities
like plant structure (trees vs. grasses), leaf type (broad vs. needles),
plant spacing (forest vs. savannah), and climate that controls the
organism type. Four main biomes are present in the main karst
areas in Brazil (Figure 2; Ribeiro et al., 1983; Whitmore and
Prance, 1987; Olson et al., 2001):

(1) Amazon biome (moist broadleaf forest), located in the
north and northwestern part of Brazil, is characterized by
low variability in temperature with a higher precipitation

amount between 1,800 and 2,200 mm/year. Its ecoregion
is classified as Neotropical, with high biodiversity; forest
composition is dominated by evergreen trees with a
dense high canopy; and the transition on its border is
characterized by less dense understory.

(2) Cerrado biome (savannah), located in the Central part
of Brazil, is characterized by seasonal rainfall, with a dry
period during winter and a humid period in summer with
average precipitation between 1,000 and 1,500 mm/year. Its
ecoregion is classified as Neotropical, and it has a border
with other biomes (Amazon, Atlantic, and Caatinga). The
vegetation has characteristics of nutrient-poor, deep, and
well-drained soils. Forest composition varies from an open
field to a tall closed forest, which gives a distinctive biota
feature in a mosaic fashion.

(3) Caatinga biome (dry forest), located in the northeastern
part of Brazil, is characterized by a hot and dry climate with
a precipitation amount between 700 and 750 mm/year (6-
11 dry months). Its ecoregion is classified as Neotropical,
and forest composition is considered heterogeneous,
sparse, and diverse, ranging from low shrubby to tall
caatinga forest.

(4) Atlantic biome (moist broadleaf forest), located in the
southwestern part of Brazil along the southern coast, is
characterized by high levels of rainfall between 1,600 and
1,800 mm/year. Its ecoregion is classified as Neotropical,
with outstanding biodiversity in endemism. Forest ranges
from coastal plains to the highest mountains, creating a
vegetational gradient from shrubs to montane forests.

MATERIALS AND METHODS

South American caves occur over a wide range of latitudes,
and the speleothems within them act as climate archives
extending back hundreds of millennia (Cruz et al, 2005).
The choice of selected caves for this study was based on the
availability of speleothems held at the Instituto de Geociéncias
from Universidade de Sao Paulo and also the aim to sample
different biomes (Figure 2 and Supplementary Figure 1). In
general, four specimens of each stalagmite were prepared with
~7.5 mm of diameter and ~10 mm of height (Supplementary
Figures 2-5) (specimens do not have a radiometric age control).
The resulting speleothem database (Figure 2) consists of 139
specimens (Supplementary Table 1), where 90 specimens were
prepared from 22 different speleothems, 34 specimens from soil
samples from the epikarst of 4 caves, and 15 specimens from the
host carbonate of two different caves. In two specific sites (pink
squares, Figure 2), Jaragua Cave (21.09°S, 56.58°W) and Lapa dos
Anjos (15.44°S, 44.40°W), the samples consist of the stalagmite,
soil, and carbonate.

ROCK MAGNETIC PARAMETERS

Rock magnetism techniques are commonly wused in
environmental studies aiming to understand three different
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-90°

2001).

FIGURE 2 | Map of South America, with Brazilian caves (black dots), the speleothems sampled (green circles), and the caves with samples from a stalagmite, soil,
and carbonate (pink squares) for rock magnetic characterization in different biomes (Cerrado, Caatinga, Amazon, Atlantic Forest, Pantanal, and Pampa) (Olson et al.,

Brazilian Biomes

[ Amazon (Tropical and Subtropical
Moist Broadleaf Forests)

[ Caatinga (Deserts and Xeric Shrublands)

[ Cerrado (Tropical and Subtropical
Grasslands, Savannas and Shrublands)

[ Pantanal (Flooded Grasslands and
Savannas)

[ Atlantic Forest (Tropical and Subtropical
Moist Broadleaf Forests)

[ Pampa (Tropical and Subtropical
Grasslands, Savannas and Shrublands)

Caves
O Caves sampled
@ All caves registered

[ Caves with samples from stalagmite,
soil and limestone

parameters: composition, concentration, and granulometry
(Evans and Heller, 2003). Magnetic concentration parameters
include mass-normalized values of magnetic susceptibility
(x), natural remanent magnetization (NRM), anhysteretic
remanent magnetization (ARM), and isothermal remanent
magnetization (IRM). Although they are referred to be
concentration dependent, each of these parameters has different
segments of grain size distribution and magnetic mineralogy in
a sample. Magnetic susceptibility is the induced magnetization
created by a small applied field, and in case of speleothems, it is
influenced by ferromagnetic minerals, diamagnetic carbonates,
and paramagnetic minerals from clays and silts. NRM is the total
natural remanence held by low-coercivity minerals [10 s of mT
by (titano)-magnetite/maghemite] as well as by high-coercivity
minerals (100 s to 1,000 s of mT by hematite and goethite).
Laboratory-induced remanences are useful for tracking a variety
of other characteristics. ARM is the magnetization acquired
during the application of a small DC field superimposed over
an alternating field (AF) demagnetization step. ARM activates
only those grains whose coercivities are less than the peak field
reached during the AF step and that usually possess lower
coercivity minerals such as magnetite and maghemite. IRM is
the magnetization acquired after the application of a strong
DC-pulsed field. Depending on the strength of the pulsed field,
IRMs may include the saturation remanence of all low-coercivity
minerals and portions of the hematite grain size distribution

(which typically requires field up to ~5 T to saturate). Goethite
has a coercivity of >57 T (Rochette et al., 2005), and therefore,
its remanence is not included in an IRM. Generally, IRM is
interpreted as an indicator of magnetic mineral concentration.
The ratio of ARM to IRM is often used as a granulometric tool,
where higher ratios suggest a higher fraction of fine-grained,
low-coercivity minerals capable of carrying a stable remanence
(Maher, 2011). Another grain-size-dependent parameter is the
median destructive field of ARM and IRM demagnetization
curves, where higher values suggest smaller average grain sizes
(Maher, 2011).

The S-ratio is a parameter used to quantify the fraction of an
IRM that is held by low-coercivity minerals. Bloemendal et al.
(1992) defined the S-ratio as:

i 1 IRM@IT - IRM@0_3T
Sratio = —
2 IRMa1T

where values close to 1 indicate that minerals with coercivities
<300 mT dominate the remanence, while lower values suggest
increasing contributions from higher coercivity minerals. Also,
the remanence held by the high-coercivity fraction is termed as
the “hard-isothermal remanent magnetization” (HIRM) and is
calculated by multiplying the complement of the S-ratio by the
IRM; 1 value (Maxbauer et al., 2016a).
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Methods

Rock Magnetism Concentration Parameters

Rock magnetic measurements were performed on bulk
specimens. Measurements of magnetic susceptibility (),
NRM, ARM, and IRM were conducted in a magnetically
shielded room with an ambient noise field less than 500 nT at
the Laboratério de Paleomagnetismo at the Universidade de
Séo Paulo (USPMag).

The magnetic susceptibility of each specimen was measured
10 times at low frequency (F1: 976 Hz) in a Kappabridge MFK1
by AGICO Ltd., United Kingdom. Remanence measurements
were carried out using a 2G Enterprises superconducting rock
magnetometer (RAPID) (noise level <5 x 1072 Am?). The IRM
consisted of applying two different fields using a pulse magnetizer
by 2G enterprise (model 2660). The pulse-field was applied along
the Z-axis for all specimens in fields of 1,000 mT and a back-field
of —300 mT. At least two measurements were carried out in the
RAPID magnetometer at each step.

Unmixing of Magnetic Remanence

Analyses of the coercivity distribution are regularly applied
in environmental magnetism studies to identify the different
magnetic populations in natural sediments (Heslop, 2015;
Roberts et al, 2019). The protocol for measuring ARM
(incorporated into the RAPID system) was to apply a direct DC
field of 0.03 mT superposed by an alternating field of 300 mT
in the Z-axial coil at least two times, followed by a 300 mT
demagnetization field in the quartz tube, and then an alternating
field with 76 steps was performed, following a detailed stepwise
demagnetization procedure (Egli, 2004a). The demagnetization
of IRM was done in two of the four specimens for each stalagmite
and followed the same steps as the ARM demagnetization (76
steps). Soil IRM intensities were close to the upper limit of
the superconducting rock magnetometer (>10~> Am?) causing
higher standard deviations in the magnetization readings. For
this reason, for these samples, we used the back-field IRM
curves obtained in a vibrating sample magnetometer (VSM)
by Princeton Measurements Corporation (model 3900) at the
Institute for Rock Magnetism at the University of Minnesota. To
comprehend the magnetic subpopulations and their differences
in the varying latitudes and biomes, the skewed generalized
Gaussian (SGG) functions were analyzed using the software MAX
UnMix (Maxbauer et al., 2016b).

RESULTS

Rock Magnetism Concentration
Parameters

Magnetic susceptibility was used to understand the contribution
of different types of magnetic carriers in the karst system.
The specimens were mass normalized, rather than volume
normalized, to avoid issues arising from varying porosities.
Speleothems and carbonates show similar low magnetic
susceptibility values (Figure 3). These low values are due to the
diamagnetic contribution from the calcite matrix and their low
concentration of ferromagnetic material. The reference value of

- 25%-75% — Median Line
I Range within 1.5 ® Mea‘n
interquartile ¢ Outliers
-7 —’—
4x10 - 1x10°
8 | .
@ 5
m< 3x10 ED
£ . =
> S
Fn =
3 Z
S 2x107 - =
Q . el
Q $ 5
by Y - 6 %
a . - 1x10 Q
Q t [ a
B o f--%--F----- 0
c \ 5
[ 9]
© : \ c
= 1 I \ o
' =
0 —- P S o ‘\
\
\
\
\
-1x10” T T T 1x10”
stalagmite carbonate soil
FIGURE 3 | Box plot of magnetic susceptibility results from stalagmite
(orange), carbonate (gray), and soil (green); blue dashed line represents the
pure calcite value (Schmidt et al., 2006).

susceptibility for pure calcite is —4.46 x 10~° m3/kg (Schmidt
et al., 2006). The median value found for the stalagmites is
—2.00 x 107° 4+6.78 x 1078 m3/kg, pointing to the calcite
matrix. The median value for the carbonates is 6.71 x 1077
+6.48 x 1077 m?/kg. The soil has a magnetic susceptibility
median value of 6.92 x 107¢ 4+3.12 x 10~° ml/kg, which is
three to four orders of magnitude higher than that of calcite and
carbonate (Supplementary Table 1).

The NRM, ARM, and IRM of all samples are shown
in Figure 4. These results also indicate the contrast
between the soil and the speleothems and the host
carbonate, with lower median values for stalagmites
NRMg,: 110 x 1077 + 148 x 107> Am?/kg
ARMg,: 1.61 x 1077 4+ 221 x 107° Am?/kg; IRMy:
7.48 x 107% £ 3.50 x 10~* Am?/kg, a similar value for the
carbonates NRM,p: 1.60 x 1077 4+ 1.45 x 1077 Amz/kg;
ARMyp: 3.07 x 1077 £ 397 x 1077 Am?/kg; IRM g
293 x 107> 4 3.14 x 107° Am?/kg, and values of two to
four orders of magnitude higher in the soil, with median
values of NRMg,: 1.22 x 107° 4 588 x 107> Am?/kg;
ARMgo: 211 x 107% £ 846 x 107* Am?/kg; IRMgy:
2.52 x 1072 £ 8.96 x 1073 Am?/kg.

S-Ratio and HIRM

The distributions of S-ratio (Figure 5) show a distinctive
grouping behavior when compared to the concentration
parameters. Soil and speleothems show a predominance
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of low-coercivity phases (stalagmite with median S-ratio:
0.97 + 0.07; soil with median S-ratio: 0.99 4+ 0.01) and
a high-coercivity contribution being more prominent in
the carbonate (median S-ratio: 0.70 =+ 0.15). The HIRM,
that is, the concentration of high-coercivity minerals,
shows that these minerals are present with median values
for stalagmites 7.0 x 107 4+ 1.9 x 107° Am?/kg,
carbonates 1.0 x 107> #+ 1.1 x 107> Am?/kg, and soil
27 x 100% £ 1.6 x 107* Am?/kg (Figure 5). Although
for soil the values are higher in content than carbonate and
speleothems, they only represent ~1% of the total IRM@1T,
whereas, for carbonates and stalagmites, they represent 30% and
3%, respectively, of the total IRM@1T.

Median Destructive Field of ARM and
IRM

Demagnetization curves from stalagmites, carbonates, and soil
indicate the presence of a low-coercivity magnetic phase in all
specimens. Results from ARM have higher noise for stalagmites
and carbonate due to the low-magnetization values close to
the magnetometer noise level (5 x 1072 Am?), where only
63% of the stalagmite specimens could be analyzed. The IRM
demagnetization curves also show the presence of a low-
coercivity magnetic phase in all stalagmites and soil samples
(Supplementary Figure 6). Conversely, the carbonates present
higher coercivities.

Unmixing of the demagnetization curves of ARM and IRM
was done using the MAX UnMix software (Maxbauer et al.,
2016b), except when the noise dominates the signal. Only one
component was fit for the whole dataset. Stalagmite and soil
have similarly low values in coercivity (Figure 6) (stalagmite:
MDFARM: 18.8 £+ 1.1 rnT; MDFIRM: 203 £ 1.0 IIlT, soil:
MDFapm: 17.7 £ 1.0 mT; MDFry: 14.8 & 1.0) and dispersion

(stalagmite, DPapM: 0.29 £ 0.02; DPrym: 0.39 £ 0.02; soil:
DParym: 0.28 =+ 0.01; DPry: 0.37 £ 0.01). The carbonate
has median values of MDFagrMm: 37.6 £ 1.1 mT; MDFRru:
322 + 1.1 mT; DPagy: 0.37 % 0.04; DPiry: 0.49 =+ 0.03. The
results obtained of the median coercivity from both ARM and
IRM measurements (Figures 6, 7) indicate that the magnetic
signal of stalagmites is similar to that of the respective soil and
contrasts with that of the host carbonate.

All speleothems irrespective of their location have coercivity
values close to the detrital and pedogenic (plus extracellular)
magnetite fields shown in Figure 7. The biplot of magnetic
properties Karm/IRM by the median destructive field of
ARM (MDFarMm) also shows an agreement with fingerprint
components: detrital pedogenic, detrital, detrital and
extracellular magnetite, and pedogenic (DP, D, D+EX, and
PD) (Egli, 2004b), supporting the soil-derived origin of the
recorded magnetic signal. The results for carbonate data are not
in agreement with the magnetic behavior of the speleothems and
soil and are instead related to the magnetic mineral assemblage
associated with their Neoproterozoic origin. Previous studies
in stalagmites also found the same detrital/pedogenic magnetic
component (Bourne et al., 2015; Jaqueto et al., 2016; Zhu
et al, 2017), but they used median destructive field (ARM
and IRM) and dispersion parameters instead of Kary/IRM.
The Karm/IRM parameter was preferred instead of the
dispersion parameter that does not have a clear physical meaning
(Egli, 2004b).

Two Case Studies: Jaragua and Lapa

Dos Anjos Caves

Two sites containing stalagmite, carbonate, and soil samples
were chosen to refine this analysis. Lapa dos Anjos cave
(15.44°S, 44.40°W) and Jaragua cave (21.09°S, 56.58°W) are both
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located in the Cerrado biome. The average annual precipitation
from 1979 to 2016 is 993.3 and 1402.7 mm/year, respectively
(Supplementary Figure 1, Cerrado East#2 and Cerrado West #2).
Both sites show a similar mean temperature of 23.0°C.
Stalagmites from both caves are considered “clean” (without
“dirty” layers) (Supplementary Figure 2) and their median
IRM values are 1.58 x 107% Am?/kg (Lapa dos Anjos) and
320 x 107 Am2/kg (Jaragua cave) (Figure 8). Their host
carbonates correspond to the Neoproterozoic formations of

Sete Lagoas (Lapa dos Anjos) and Bocaina (Jaragud cave),
and their median IRM values are 5.06 x 107> Am?/kg and
1.71 x 10~% Am?/kg, respectively. The soil has median IRM
values of 2.59 x 1072 Am?/kg and 2.96 x 1072 Am?/kg,
respectively. Stalagmites and soil at both sites show high S-ratios
consistent with magnetic mineral assemblages dominated by low-
coercivity phases, with median values of 0.98 and 0.99 for Lapa
dos Anjos cave and 0.97 and 0.99 for Jaragua cave, respectively
(Figure 8). By comparison, the carbonates at each site show
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greater remanence contributions from high-coercivity minerals
with S-ratios at Lapa dos Anjos of 0.64 and Jaragud cave of 0.93.

The IRM demagnetization curves for stalagmites and soil yield
lower median destructive fields, again showing the important
role of lower coercivity minerals. The median MDF values for
Lapa dos Anjos cave are 23.9 £ 3.1 mT and 15.1 £ 4.0 mT
for stalagmites and soil, and for Jaragua cave, the median MDF
values are 19.7 &= 3.2 mT and 15.7 & 1.3 mT. In contrast, the
carbonate bedrocks for Lapa dos Anjos and Jaragud caves have
median MDF values of 43.4 £+ 2.1 mT and 24.2 £+ 59 mT,
respectively (Figure 8). The coercivity values for stalagmite and
soil from both caves have their magnetic properties in the same
cluster as detrital, detrital pedogenic, and detrital extracellular
magnetite (Figure 7). These results indicate that the dominant
magnetic minerals in tropical stalagmites are mainly derived from
overlying soils. Although magnetic minerals from host carbonate
may be present, overall they have a low contribution to the
magnetic signal.

MAGNETIC PARAMETERS AND BIOMES

Spearman’s Rank Correlation

To compare the results obtained within the database, we
calculated the Spearman’s rank correlation coefficients for
54 stalagmites specimens where IRM demagnetization was

performed. The following magnetic properties (see section
“Rock Magnetic Parameters”) were considered in the analysis:
concentration parameters (magnetic susceptibility, NRM, ARM,
and IRM), composition parameter (S-ratio), and granulometry
parameters (X aArm/SIRM and MDFry) (Figure 9). Spearman’s
correlation is recommended to avoid a linear relationship since
most magnetic parameters have non-Gaussian distributions
(Hu et al., 2019).

In the speleothems, a strong correlation (>0.84) is found
among the magnetic concentration parameters (susceptibility,
NRM, ARM, and IRM) (Figure 9). This result supports the idea
that the different magnetic concentration parameters in Table 1
are essentially recording the same signal, with a predominance
of ultrafine magnetite/maghemite in (sub-)tropical karst
system. The strong correlation found using diverse rock
magnetic parameters that respond differently to concentration,
granulometry, types of magnetization, and magnetic mineralogy
(see section “Rock Magnetic Parameters”) shows that previous
interpretations of the pedogenic origin of magnetic grains prevail
tropical in karst systems and can be used to interpret local soil
dynamics and rainfall regimes (Jaqueto et al., 2016; Fu et al,,
2021).

The proportion of low-coercivity minerals indicated by S-ratio
have a weak correlation coefficient (0.16-0.25) with magnetic
concentration parameters. Antiferromagnetic minerals have been
previously reported in stalagmites, mainly goethite and hematite
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(Lascu and Feinberg, 2011; Strauss et al., 2013; Font et al,
2014); this positive weak correlation with S-ratio could indicate
that the concentration parameters favor the input of low-
coercivity minerals (magnetite and maghemite), and the changes
observed in concentration parameters can be associated with
a detrital concentration in drip water, instead of changes in
mineralogy. So, changes in mineralogy tracked by S-ratio that
correlate with magnetic concentration parameters would mean
more complex dynamics in the karst system with changes of
the dominant magnetic mineral phase, which is not found in
(sub-)tropical regimes.

Coercivity parameters (MDFry) have a strong negative
correlation (0.71-0.78) with magnetic concentration parameters
(Figure 9). This could indicate a better selection of magnetic
mineral grain size and/or changes in soil oxidation reaction

(Ge et al., 2014). This is also evidenced by a negative moderate
correlation (—0.41) with S-ratio, where a high coercivity could
mean the presence of weathering (carbonate), detrital flood
grains, and hematite (stable “old” soils). Granulometry parameter
(xArM/SIRM) has a moderate negative correlation with MDFipm
(—0.65) and could be related to magnetic interaction between
grains (Egli and Lowrie, 2002).

The Influence of Biomes on Magnetic
Mineral Formation

Biomes are defined by climate, leaf structure, leaf type, and
plant spacing (Fairchild and Baker, 2012). In karst systems, the
most common soils are Rendzina soils, with a characteristic of
few centimeters and with relatively permeable bedrock, which
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allows the free drainage of soil profiles and anaerobic conditions.
So, we grouped the samples by their biomes (Figure 2 and
Supplementary Figure 1) (Olson et al., 2001), compared with a
magnetic concentration parameter (IRM) and coercivity to test
for any correlation with different biomes (Figure 10). We chose
these parameters based on the correlation between concentration
parameters and coercivity due to their similarity with soil values.

The results from IRM grouped by biome (Figure 10) show
a lower concentration in the Amazon, Atlantic, and Caatinga

biome, and higher concentrations and higher dispersions for the
Cerrado biome. The coercivity values show a higher value for
Amazon, Atlantic, and Caatinga biomes and lower values for
Cerrado. Interestingly, these results are exactly consistent with
the soil study of Maxbauer et al. (2017), which examined the
magnetic properties of modern soils as a function of grassland
(savannah) and forest biomes in mid-latitude Minnesota. The
coherence observed between speleothem coercivity and IRM
with the biomes may simply be a further expression of the
close relationship between pedogenic processes at the surface
and incorporation of pedogenic minerals into underlying karst
features. Thus, in tropical settings such as Brazil, the magnetic
mineral assemblages in speleothem may best be interpreted
within the context of pedogenic processes.

e Cerrado biome (savannah shrubland): High concentration
of magnetic minerals (median IRM of 1.40 x 10~* Am?/kg)
and low coercivity (median MDFry ~18.4 mT) suggest
a greater flux of magnetic minerals from the epikarst
than other biomes.

e Caatinga (dry forest): Higher coercivity (median
MDFirm ~24.4 mT) observed may be indicative of
maghemitization (partial oxidation of magnetite) (Ozdemir
and Dunlop, 2010) due to fewer dry/wet cycles, thereby
inhibiting magnetic enhancement. Lower magnetic
mineral concentrations are observed (median IRM of
~7.17 x 107 Am?/kg).

e Amazon and Atlantic biomes (moist broadleaf forest):
Lower IRM values (median IRM of ~4.28 x 10~® Am?/kg
and ~5.05 x 107% Am?/kg, respectively) compared to
Cerrado and higher coercivity values (median MDFipy
~27.7 mT and 23.9 mT, respectively) are observed.
Two processes may explain this behavior: Enhanced
maghemitization may increase the coercivity, while the
prevalence of waterlogged soils and the concomitant
dissolution of magnetic minerals could lower their
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concentration and diminish the transport of magnetic
minerals to the cave system.

SUMMARY AND CONCLUSION

This study presents a database of stalagmite magnetic properties,
including parameters related to magnetic mineral composition
and concentration and grain size. In two instances, we compared
these values to those of the overlying soil and host carbonate.
These results expand our knowledge of speleothem magnetic
properties in tropical-subtropical regimes far beyond what
could be achieved through the examination of one or more
speleothems from a single cave. Additionally, this database
provides robust evidence that the main magnetic component in
Brazilian stalagmites is derived from soils overlying karst systems
and that processes affecting pedogenic enhancement are reflected
in these speleothems. The presence of low-coercivity magnetic
minerals is pervasive across different latitudes and biomes.
Median destruction field values from the demagnetization of
IRMs show similarities between stalagmites and soil, whereas
host carbonates showed consistently higher values. The fraction
of remanence held by low-coercivity magnetic minerals as
observed via the S-ratio (>90%) also shows this relationship.

Statistical analysis of stalagmite magnetic properties using
Spearman’s correlation shows a high correlation among rock
magnetism concentration parameters (susceptibility, NRM,
ARM, and IRM). Thus, although different parameters have been
reported in the literature, they are essentially recording the same
phenomena within (sub-) tropical zones. The weak correlation
between magnetic concentration values with coercivity values
shows that changes in mineralogy are not the main control in
the karst system.

When compared within the four different biomes, the Cerrado
biomes have a high concentration of magnetic minerals with
coercivity values ~18.4 mT, whereas Caatinga, Amazon, and
Atlantic biomes have a lower concentration of magnetic minerals
and higher coercivity values of 24.4, 27.7, and 23.9 mT,
respectively. This result is consistent with known trends in
pedogenic processes and provides further evidence for the
important role of pedogenic magnetite in Brazilian speleothems.

Future research on the fine-scale magnetic processes in karst
systems would benefit from in-depth studies of soil profiles,
constraining the physical and microbiological properties and
periodically monitoring underlying caves, as is often done
for oxygen and carbon isotope studies. This approach would
allow researchers to explore how the flux of magnetic particles
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