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Abstract Magnetic records in sedimentary sequences are often used as paleoclimate proxies. Climate-
specific alteration of magnetite during rock weathering in the catchment might contribute to proxy
variations in sediment sinks. In an actualistic study, we investigated the effects of magnetite alteration
using weathered pebble material on basaltic parent rock. We collected samples from the Deccan basalts
(India) across a large difference of mean annual precipitation (MAP; ~800-3,200 mm), and also from the
Emeishan basalts (SW-China) to compare alteration effects at similar MAP (~1,100 mm) but ~12°C-15°C
lower mean annual temperature (MAT). We used rocks with lamellar magnetite-ilmenite texture to ensure
the best possible uniform parent rock magnetic mineralogy. We separated the weathered material into five
groups by grain size, assuming that alteration increases in finer pebbles. Only magnetic susceptibility (y)
shows a systematic change, with an increase that is weakly stronger for higher MAP. Consistent with a
simplified model, the y-increase may represent progressive maghemitization. For the Emeishan basalts,
we found a significantly stronger degree of alteration, including loss of magnetite. We explain this effect,
which is surprising regarding the clearly lower MAT, by frost-induced micro-cracks due to physical
weathering that opens pathways for oxygen and humidity into particle interiors. Based on these findings,
we conclude that climate-related alteration effects of magnetite during rock weathering are in most cases
outweighed by parent rock heterogeneity, and magnetic proxy records in derived sediment archives are
unlikely to record climate-related magnetite alteration acquired during rock weathering, at least for
catchment with basalts.

Plain Language Summary Magnetite is of primary importance for magnetic records

in paleoclimate archives such as lake sediments. Source material for archives derives from bedrock
weathering. Possible climate-dependent alteration of magnetite during rock weathering may be an
important factor controlling proxy variations. Previous results from lacustrine sediments indicated a
relationship with humidity conditions in the catchment. To rate how significant such weathering effects
are for interpreting paleoclimate records, we performed an actualistic study of magnetite alteration in
rock weathering in dependence of climatic conditions, in particular mean annual precipitation (MAP).
Using basalts as a common rock type, we compared fresh rock and related weathered material at sites
with different MAP and different mean annual temperature (MAT). The results show that alteration of
magnetite is only slightly stronger in wetter climates, but surprisingly clearly stronger in colder climates
at same MAP. The latter is possibly due to micro-cracks formed through freezing and thawing that
opens pathways for moisture and oxygen into particle interiors. Overall, the results suggest that climate-
dependent magnetite alteration during rock weathering in the catchment is unlikely a controlling factor of
paleoclimate records. Rock magnetic variability of source rocks will mostly hide these effects.

1. Introduction

Magnetic mineral assemblages, their concentration, and magnetic domain state in archives such as marine
and lake sediments, loess deposits, and paleosols provide valuable information on paleoclimate studies
(Long et al., 2011; Maher & Hu, 2006; Schwertmann, 1985). Multiple processes cause variations of magnetic
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properties, including dilution by non-magnetic fractions (Peck et al., 1994), diagenetic effects such as disso-
lution of magnetic phases (Negrini et al., 2000) and authigenic formation of magnetic minerals (Snowball
et al., 2002), and processes in the catchment during erosion and transport (Eriksson & Sandgren, 1999;
Lise-Pronovost et al., 2014). Alteration of magnetic minerals also affects the stability of remanent mag-
netizations in rocks (Irving, 1970). Basalts play an important role for both paleomagnetism and as source
material for paleoclimate archives, and alteration of their ferrimagnetic components (magnetite and titano-
magnetite) during weathering may critically depend on climate conditions.

The alteration process of magnetite (including titanomagnetite) under normal atmospheric conditions pro-
gresses from crystal surfaces into the particle interior, gradually altering magnetite toward maghemite by
oxidation of Fe(II) to Fe(III), associated with the formation of lattice vacancies (O'Reilly, 1984; Readman
& O'Reilly, 1972) and lattice shrinkage (Gorski & Scherer, 2010). This low-temperature oxidation (LTO),
also called maghemitization, causes particle-internal heterogeneity and inhomogeneous stress distribution
leading to increased magnetic hardness (Appel, 1987; Cui et al., 1994; Keller & Schmidbauer, 1999; Wang
et al., 2006). Formation of shrinkage cracks that develop at higher degree of LTO (Petersen & Vali, 1987)
allows moisture and oxygen to penetrate into the interior of particles, thereby enlarging the effective crystal
surface exposed to alteration. Strongly maghemitized magnetite can finally transform into hematite (Sid-
hu, 1988; Torrent et al., 2006) or goethite (He & Traina, 2007).

Weathering of parent rock produces erodible material that serves as the primary source for palaeoclimate
archives such as lake sediments (Demory et al., 2005) or loess deposits (Liu et al., 2004). Weathering inten-
sifies with humidity and temperature, and both lithology of parent rock and climate affect magnetic proper-
ties during chemical weathering (Su et al., 2015). However, the dependence of weathering rates on climate
is not fully understood, even for silicate minerals (Bastian et al., 2017; Edwards et al., 2017). Humidity in
soil was suggested as a major driver of pedogenic magnetite alteration (Maxbauer et al., 2016), and different
magnetic characteristics were found in soil material from dry and wet grasslands (P. Zhang et al., 2016).
Variation of magnetic properties in lacustrine sediments northeast and southwest of the Tibetan Plateau
(Herb et al., 2013; Hu et al., 2015) and on the Indian subcontinent (Basavaiah et al., 2015) were interpreted
to be due to both humidity-induced LTO of magnetite and hematite formation in the catchment. Swaddle
and Oltmann (1980) found that LTO of magnetite differs for dry and hydrothermal conditions which may
support an effect of humidity. In a laboratory experiment exposing magnetite for one year at 70°C under
different humidity conditions, relatively strong LTO was detected for extreme humidity, but the results also
indicated that the degree of maghemitization is not linearly related to humidity (Q. Zhang et al., 2021).

At the current state of knowledge, the relationship between magnetite alteration and humidity is poorly un-
derstood. Whether inorganic weathering of rocks in the catchment contributes systematically to climate-re-
lated variation of magnetic parameters in sinks of erosion material is an open question. To investigate the
climate sensitivity of magnetite alteration during rock weathering, we performed an actualistic study in
different climate settings. Basalts were targeted as parent rock as they are rich in ferrimagnetic minerals
and release strongly magnetic eroded material into the system through weathering. In this study, we took
samples in areas with different mean annual precipitation (MAP), and also compared regions with equal
MAP and different mean annual temperature (MAT).

2. Materials and Methods
2.1. Sampling and Sample Preparation

Criteria for selection of sampling sites were (a) a sufficiently uniform rock magnetic mineralogy in differ-
ent climatic settings, and (b) a large ferrimagnetic content that allows studying representative small sam-
ples on a meaningful statistical level and to perform significant microscopy observations. We chose basalts
from the Deccan Traps in India and from the Emeishan Traps in southwestern China. Basalts contain up
to several percent of (titano-)magnetite, thus contributing the predominant magnetic source material for
sedimentary sinks in these regions, similar to other areas on Earth where basalts occur in the catchment.
The 500,000 km? large Deccan flood basalts (Figure 1a) erupted around the Cretaceous-Tertiary bound-
ary (Allegre et al., 1999; Basavaiah et al., 2018). They stretch over a large gradient of MAP from ~800 to
~3,200 mm (Figure 1c), with high MAT of ~24°C-27°C (climate-data.org). About 80% of rainfall occurs
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Figure 1. (a) Geology map of the Deccan traps in India, modified from Sheth (2005) and (b) sampling sites (N = 3) in the Emeishan traps, SW-China. (c) Mean
annual precipitation map (ERA-Interim reanalysis of 35-year climate averages after Dee et al. [2011]) of India with sampling sites (N = 9) in the Deccan traps;
the reanalysis data show the modeled trend of decreasing MAP from coastal areas to the inland, and increasing MAP in coastal areas from north to south in the
sampling region. (d, e) Photographs of typical sampling sites: (top) outcrop settings, (bottom) drilled fresh rock sample, and close views of sampling spots that
show how pebbles are related to the fresh rock.

during the monsoon season. The Deccan lavas are predominantly tholeiitic with a wide variety in the tex-
tural character (Wensink, 1973). Most of the extensive previous magnetic research on the Deccan Traps fo-
cused on paleomagnetism. Investigations of rock magnetic properties suggest a variety in domain structure
and composition of the (titano-)magnetites (Radhakrishnamurty & Sahasrabudhe, 1967; Radhakrishna-
murty et al., 1977), and in the degree of maghemitization (Radhakrishnamurty et al., 1978). The Permian
Emeishan Traps (Figure 1b) in southwest China cover an area of ~0.3 X 10° km? (Shellnutt & Jahn, 2011).
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They are flood basalts as the Deccan Traps, and geochemical data indicate both high-Ti and low-Ti lavas
(Xu et al., 2001). MAP and MAT in the sampling area of the Emeishan Traps are ~1,100 mm and ~12°C,
respectively (climate-data.org).

At each site, we sampled fresh (apparently non-weathered) parent rock and related pebbles on the rock sur-
face. We chose spots where the pebbles could be clearly identified as a weathering product of the underlying
rock (Figures 1d and 1e). In a first field campaign in 2015, we collected samples from 42 locations in the
Deccan Traps distributed across the MAP gradient, and from 17 locations in the Emeishan Traps. We tested
these samples for their rock magnetic mineralogy, in particular, searching for sites with magnetite as the
only ferrimagnetic mineral. Nine sites from the Deccan Traps and three sites from the Emeishan Traps (Fig-
ures 1b and 1c and Table 1) were chosen, based on thermomagnetic curves and microscopic observations
(Figure 2; see Section 2.3). In 2017, we then sampled the selected 12 sites in more detail. We collected fresh
rock (drilled samples and samples crushed by hammer) and pebbles (~100 g at each spot) from five different
spots at each site distributed across an area of maximum ~10%-10% m?, choosing barren spots to avoid an in-
fluence of pedogenesis. The pebble samples were sieved and divided into five sub-sample fractions by grain
size (WP1 > 4 mm, WP2 2-4 mm, WP3 1-2 mm, WP4 0.5-1 mm, WP5 < 0.5 mm), assuming a tendency
of stronger weathering with fining of the pebbles. For bulk magnetic measurements, the major part of the
sample materials was placed into cylindrical plastic boxes and weighed, and the retained material was used
for thermomagnetic measurements and microscopy.

2.2. Analytical Methods

We measured room temperature magnetic susceptibility (y) at frequencies of 976 and 15,616 Hz (y;; and y;, ;)
on an MFK-1 Kappabridge (Agico), recording the results as mass-specific values. From the y-results, we
calculated the frequency-dependence of y (x;,%) by [(x~x,:)/x;c] * 100 (Dearing et al., 1996). Using a KLY-3
Kappabridge (Agico) combined with a CS-3 furnace and a CS-L cryostat, we performed high-temperature
(room temperature to 700°C in air) and low-temperature (—196°C to room temperature) thermomagnetic
runs of magnetic susceptibility (y-T curves). Two remanence parameters, isothermal remanent magneti-
zation (IRM) and anhysteretic remanent magnetization (ARM) were measured. We obtained ARMs using
a DC-SQUID magnetometer (2G Enterprises) with attached degausser (decaying alternating field of max.
100 mT) and DC field coil (superimposing a 50 uT DC field), and IRMs using an MMPM9 pulse magnetizer
and a Molspin spinner magnetometer. The IRM imparted at 2 T was considered as saturation IRM (SIRM,,),
and an S-ratio was calculated from SIRM,, and an IRM acquired at a reverse field of 300 mT (IRM  ,,)
by [1-IRM ,,./SIRM,]/2 (Bloemendal et al., 1992). Moreover, we measured first-order reversal curves
(FORCs) on an 8600 Series VSM (Lake Shore Cryotronics) at room temperature and a maximum field of
1 T, using samples of ~1 g, and processed the curves with software FORCinel (Harrison & Feinberg, 2008).

We examined polished sections (obtained by final polishing with diamond paste of 1 um grain size) of
fresh rocks and pebbles from each sampling location by reflected light microscopy, using immersion oil for
higher resolution, and applying ferrofluid for clear identification of strong magnetic phases. Moreover, we
performed scanning electron microscopy (SEM) using an LEO 1450VP microscope with tungsten filament,
operated at 15-kV acceleration voltage, and equipped with an energy-dispersive x-ray spectroscopy (EDX)
detector.

FORCs were measured at the Center for Marine Magnetism (CM2), Southern University of Science and
Technology, other analytical work was carried out at the Department of Geoscience, University of Tiibingen.

The used values of climate parameters are reanalysis model data from climate-data.org and from ERA5
(Hersbach et al., 2020) (Table 1). MAP and MAT are skin data (values at surface), and mean annual specif-
ic humidity (Q) refers to 1,000 hPa. In climate-data.org values for specific cities/towns are given. For the
Deccan sites, the maximum distance of the sampling site to the chosen place in climate-data.org is ~10 km;
for the Emeishan sites, the distance is 30-35 km. ERA5 provides single grid-cell data (spatial resolution
0.28125°), and after accumulating or averaging daily data for the period 1990-2019, we used the results from
the grid-cell in which the respective sampling site is located. The considered period of climate-data.org data
is 1999-2019, the underlying spatial resolution is 0.1-0.25°, how the data were processed (smoothing, etc.)
is not stated by the data source.
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Figure 2. (a, b) Lamellar structures of magnetite (with possibly minor Ti-substitution) and non-ferrimagnetic ilmenite. Magnetite is identified in the optical
micrograph (a) by coverage with ferrofluid nanoparticles (dark color), while non-ferrimagnetic phases (light color) do not attract ferrofluid particles; the
reflectivity contrast in the SEM image (b) discriminates the two phases (dark color represents magnetite); EDX analysis (c) shows different Fe and Ti contents
on a line scan (along the dashed line in b) across the dark/light contrast (the EDX result integrates on both phases as the lamellar structure is finer than the
analyzed spot size; the inclined electron beam causes a shift between the scanned dark-light SEM stripe at the bottom and the EDX results). (d, ) Typical
thermomagnetic (x-T) curves of fresh rock samples from sites accepted (d) and rejected (e) for this study: (d) curves indicating magnetite as single ferrimagnetic
phase (curve 1), with partly fine particle behavior indicated by the hump-like shape (curve 2); (e) curves indicating Ti-rich titanomagnetite that forms magnetite
at higher temperature (curve 3), or representing coexisting magnetite and Ti-poor titanomagnetite (curve 4).

2.3. Site Selection

We rejected sites (a) with evidence of Ti-rich titanomagnetite and (b) coexistence of magnetite and Ti-poor
titanomagnetite. Preferred sites contain coexisting magnetite and ilmenite (Figures 2a-2c), formed by ex-
solution of Ti-rich titanomagnetite into trellis-type lamellar textures of magnetite (or Ti-poor titanomag-
netite) and ilmenite (Ramdohr, 1980) during relatively slow cooling. This type of magnetic mineralogy is a
primary feature of the original genesis of the basalts (Miicke, 2003; Su et al., 2015). Strongly magnetic phas-
es could be clearly identified by optical microscopy through coverage with ferrofluid (Figure 2a). Because
of irregular surface stress due to mechanical polishing, the magnetite fractions typically show a complex
ferrofluid pattern (so-called maze pattern; Bozorth, 1951).

High-temperature y-T curves provided the best method for selecting appropriate samples. Samples only
containing magnetite as a ferrimagnetic phase show approximately constant y (determined by the inverse of
the demagnetization factor) between room temperature and close to the Curie temperature (T,) of around
580 °C (no. 1 in Figure 2d). Presence of Ti-rich titanomagnetite that may be preserved by fast cooling is
typically indicated by skeletal-shaped particles (Mollo et al., 2013), an additional intermediate T, in the
x-T curves (Figure 2e), increasing x before T, (Appel & Soffel, 1985), and transformation into magnetite at
higher temperature associated with strongly increasing y in the x-T runs (no. 3 in Figure 2e). Sites with such
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Figure 3. High and low-temperature thermomagnetic curves (x-T) of fresh rock (FR) and weathered pebbles (WP) from all sites (WP1 > 4 mm, WP2 2-4 mm,
WP3 1-2 mm, WP4 0.5-1 mm, WP5 < 0.5 mm). Only heating curves are shown for high-temperature thermomagnetic curves. Solid and dashed lines of low-

temperature thermomagnetic curves represent fresh rock and weathered pebble (WP fraction labeled) samples, respectively. To the right of the -T plots, FORC
diagrams (smoothing factor 4) of FR (top) and WP2 (bottom) are shown.

indications for Ti-rich titanomagnetite were rejected. We also excluded sites for which y-T curve revealed

magnetite and a Ti-poor titanomagnetite with clearly distinguishable T, close to magnetite (no. 4 in Fig-

ure 2e). A hump-like shape at intermediate temperature was often observed in y-T curves during heating,

with no indication for transformation into magnetite (no. 2 in Figure 2d). As we will further discuss in

Section 4.4, the hump is most likely caused by transition from stable single-domain (SSD) to the superpar-
amagnetic (SP) state, and the width of the hump reflects different SSD-SP transition temperatures due to
a range of magnetic grain sizes (Q. Zhang et al., 2021). Sites with such y-T curves we also classified as sites

with exclusive magnetite as a ferrimagnetic fraction.

3. Results

Figure 3 shows representative high-temperature y-T curves of fresh basalts and weathered pebbles from

each of the 12 selected sites (for clearness only heating curves are shown). Values of T, estimated from
heating curves range from ~580 to ~660°C. These T, values might overestimate the true T, by up to ~15°C,
as due to different heat capacities the thermoelement adjusts faster to temperature changes than the sample

(causing a thermal hysteresis of up to ~30°C between heating and cooling curves). Most samples reveal a
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Figure 4. Optical micrographs of basalt samples from each study site, with application of ferrofluid for identifying strong magnetic phases (dark areas on oxide
grains). Different brightness and color are due to the concentration of the ferrofluid. The two arrows in the DE27 image point to small grains where ferrofluid
coverage is visible on part of the grains.

hump-like peak at around 300°C-350°C. Some sites show a more pronounced hump with decreasing parti-
cle size, which is most systematic for DE22. Moreover, we observed less significant changes between heating
and cooling curves for fresh rock than for pebbles fractions. Only a few low-temperature thermomagnetic
curves display a Verwey transition (Figure 3). It is known that the Verwey transition is very sensitive to the
degree of maghemitization and disappears at ~15% of maximum oxidation (Aragon et al., 1985), thus the
absence of the transition does not exclude the (sole) presence of maghemitized magnetite.

Optical micrographs of polished sections of all 12 selected sites are shown in Figure 4. Ten sites are domi-
nated by large magnetite-bearing grains of several tens of microns (DE01, DE04, DE11, DE22, DE29, DE33,

ZHANG ET AL. 8 of 20
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DS02, DS08, ZT03, and ZT06), while two sites contain only small grains of few microns in size (DE27 and
ZT17). Lamellar magnetite-ilmenite intergrowth is clearly revealed within the larger grains for most sites,
but also entirely ferrofluid-covered particles exist in some cases (e.g., DE33). However, exsolutions may also
exist in the latter, with finer texture below optical resolution. The observed differences in size and texture
are probably due to variable types of magma sources and different cooling rates of the basalts.

For analyzing bulk magnetic data (for raw data see Table S1), we first normalized all values from the same
sub-sampling spot by the mean value of the corresponding WP1 (Table 1). We then applied linear regression
analyses for each site using all sub-sample results as individual data of equal weight (i.e., maximum 30 data
points per site), and recorded the regression result by the slope value (with its 95% confidence interval)
for the assumed sequence of the weathering degree. The abscissa values were set as 0-5 for FR-WP1-WP2-
WP3-WP4-WP5. We performed the regression analysis for four different sub-sample sets: (a) fresh rock and
weathered pebbles WP1-5, (b) weathered pebbles WP1-5, (c) fresh rock and weathered pebbles WP1-4, and
(d) weathered pebbles WP1-4. For significantly variable magnetic properties of the parent rock at different
spots, a substantial source of error might arise from non-detected lateral displacement of the pebble ma-
terial from its true origin in the parent rock. If the pebble sample is contaminated by material affected by
pedogenesis, the latter will predominantly influence the results of the finest pebble fraction (WP5). Pedo-
genic influence and uncertainty in the spatial relation of the pebbles and the FR sample is best avoided by
including only the pebble fractions WP1-WP4 in the analysis, and this will also ensure that all samples are
exactly from the same spot.

All four different variants of grouping yield very similar results (Table S2). Figures 5 and 6 show the slope
results of one magnetic concentration parameter (y) and one parameter ratio (SIRM/y) sensitive to do-
main-state and magnetic mineral composition, respectively (including FR and all WP fractions). Slope re-
sults for other parameters (SIRM, S-ratio, x;,%, ARM/SIRM) are shown in Figures S1-S4.

The Deccan sites show a complex pattern with increasing and decreasing slope values for same parameters.
S-ratios are generally close to the theoretical maximum (1.0) and thus do not provide discriminative infor-
mation. Frequency-dependent susceptibility (x;,%) values are small and similar in most sites (~2%-5%),
being higher only for DE04 and DE29 (~8%-9%). The trend of x,,% values with decreasing pebble size is
mixed, and these results are not meaningful bearing in mind the relatively small degree of changes and the
accuracy of the data.

The behavior of magnetic parameters and ratios of the Emeishan basalts is more consistent than for the
Deccan basalts. With fining of the pebbles, the concentration-dependent parameters y and the SIRM both
reveal a decrease trend, the SIRM/y ratio clearly decreases (ZT03 only within confidence limits), the ARM/
SIRM ratio shows a trend toward higher values, and y;,% also seems to increase (though not significantly
with respect to confidence limits).

FORC diagrams (Figure 3) of fresh rock and weathered pebbles (WP2) reveal different characteristics for
the studied sites, showing SSD and SP properties with variable degree of magnetic interaction, as well as
multidomain (MD) behavior (Roberts et al., 2014). No systematic differences of these characteristics can be
recognized between FR and WP samples.

4. Discussion
4.1. Response of Magnetic Parameters to Magnetite Alteration

Numerical slope results of linear regression are consistent for the different data groupings (Table S2 and
Figures S5-S10). Possible uncertainty in the relationship of the pebbles (WP) to their fresh rock sample
(FR) and pedogenic influences is therefore not relevant. For further discussion, we use the results from the
FR and WP1-4 grouping (data 0-4 in Table S2). WP5 data are excluded because these are not available for
DEO1 and DE27. Additionally, as an alternative measure of weathering changes, we calculated the ratio of
the WP2 (2-4 mm fraction) and FR values (Table S3). WP2 was taken because larger pebbles best avoid pos-
sible contamination by pedogenic material, and WP2 has a more uniform size distribution for the 12 sites
than the largest pebble fraction (WP1). Slope and WP2/FR results for y, SIRM, SIRM/y, and ARM/SIRM are
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Figure 5. Magnetic susceptibility (y) versus alteration degree (assumed to increase from FR to WP5), all values normalized to WP1 of each sub-sample set.
Linear fits with 95% confidence intervals are shown; due to lack of material, there are no WP5 data for DEO1 and DE27.

largely consistent (Figure S11), with few deviations (DE04, DE11, and DE33) and one outlier (SIRM/y of
DE33, which is due to deviation of SIRM and y into opposite directions).

Magnetite alteration includes two processes, progressive maghemitization (Ozdemir & Dunlop, 2010) and
transformation into hematite (and finally into goethite as the last weathering product) (Abrajevitch & Kod-
ama., 2009). Which response of magnetic parameters and ratios do we expect due to alteration? Concentra-
tion-dependent parameters (y, SIRM, ARM) will generally decrease when magnetite is lost (no matter if it
is stoichiometric or maghemitized). However, these parameters might also change by a shift of the effective
magnetic grain size (i.e., magnetic domain state) (Figure 7a). Figures 7c-7e show bivariate plots of parame-
ter changes WP2/FR for the Deccan and Emeishan sites. S-ratio values close to 1 for nearly all samples (Ta-
ble S1) imply that the ARM/SIRM ratio is dominated by magnetite. The ARM/SIRM ratio is higher in SSD
grains compared to larger grains (Yamazaki & Ioka, 1997). We assume that spin rotation-controlled magnet-
ization processes (in SSD grains and in particles with internal sub-division) increase the ARM/SIRM ratio.
A decrease in physical grain size might be caused by the partial transformation of magnetite into hematite,
and more intense particle-internal sub-division is expected by progressing maghemitization that decreases
the effective magnetic grain size through heterogeneous internal stress distribution (Appel, 1987).
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Figure 6. SIRM/y ratio (ratio of saturation isothermal remanence and magnetic susceptibility) versus alteration degree (assumed to increase from FR to WP5),
all values normalized to WP1 of each sub-sample set; due to lack of material, there are no WP5 data for DEO1 and DE27.

We modeled the effect of (inhomogeneous) maghemitization by a shift of an initial magnetic grain size
distribution (D-0 in Figure 7b) toward a distribution with finer particle behavior (D-1 in Figure 7b). In
a second model, we reduced the D-1 distribution linearly by a certain factor that simulates a 40% loss of
magnetite (D-2 distribution in Figure 7b). The assumed simplified parameter dependences of y, SIRM and
ARM are shown in Figure 7a. We took a constant y-value in the SSD and MD range, and an up to 2.5 times
increase of y in the SP range. The chosen y-enhancement in the SP range is relatively moderate compared
to theoretical predictions (Kodama, 2013; Worm, 1998). The constant y-value corresponds to the inverse of
the demagnetization factor (N) due to high intrinsic susceptibility y; (Ny; >> 1). Slightly smaller y-values
for SSD compared to MD magnetite (Maher, 1988) are of subordinate relevance for the principal modeling
results. For the relative difference of ARM and SIRM in the SSD and MD range, we approximately followed
the results of Maher (1988) and Dunlop (2002), and we assumed that ARM is inversely proportional to the
particle diameter in the fine pseudo-SD (PSD) range (Dunlop & Argyle, 1997). Occurrence of magnetite in
fine exsolution structures as observed in the studied basalts favors domain states in the PSD-SSD-SP range.
Because of additional internal sub-division due to inhomogeneous stress (as expected in altered magnetite),
domain wall movement-controlled “true” MD behavior is likely of subordinate importance.
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Figure 7. (a) Relative variations of magnetic parameters (y, SIRM, ARM) versus grain size (i.e., magnetic domain state) used for modeling changes of y, SIRM,
SIRM/y, and ARM/SIRM. (b) Magnetic grain size distributions of magnetite (D) as input for modeling: D-0 initial distribution, D-1 resulting from a shift toward
fining of magnetic grain size (as due to inhomogeneous maghemitization), and D-2 additionally including transformation of 40% magnetite to hematite. The
gray vertical bars indicate the SP-SSD and SSD-MD transitions; the left end of the gray SSD-MD range represents the theoretical transition, but magnetization
by spin rotation processes extend into the MD region contributing to PSD properties (SP: superparamagnetic, SSD: stable single domain; PSD: pseudo-single
domain, MD: multidomain). (c)-(e) Bivariate plots (y vs. SIRM/y, ARM/SIRM vs. y, ARM/SIRM vs. SIRM/y of WP2/FR means for the Deccan and Emeishan
sites (data in Table S3); positive axes represent increased values of WP2 compared to FR; modeled results of D-1/D-0 and D-2/D-0 are shown in these plots by
purple squares and brown circles, respectively (in the model, new hematite formed on expensive of magnetite is considered with a 98% remanence intensity

reduction for SIRM and ARM).

The shift from D-0 to D-1 (reflecting maghemitization without transformation of the maghemitized spinel
structure) causes an increase of y (due to the shift into the SP range) and also a slight increase of SIRM
(increased SSD fraction counterbalancing the shift into the SP range), which is in accordance to the meas-
ured data from the Deccan basalts (Figure 7c). Additional loss of magnetite (D-2) drives both y and SIRM
to values < 1.0 (i.e., decreasing values compared to D-0), which matches with observed results for the
Emeishan basalts (Figure 7c). The model results explain the observed decrease of the SIRM/y ratio for both
groups of basalts (Figure 7e), and also the increase of the ARM/SIRM ratio for the Emeishan basalts. The
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Figure 8. Slope values of regression lines including pebble fractions 1-4 (WP1-4) (see Table S1 for numerical results) versus mean annual precipitation (MAP)
from climate-data.org, with 95% confidence limits, for y (magnetic susceptibility), x,,% (percentage frequency-dependent susceptibility), SIRM (saturation
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denote Deccan and Emeishan results, respectively. For plotting, MAP-values of ZT03 and ZT17 are shifted by —50 and +50 mm, respectively, to avoid

overlapping.

decrease of the ARM/SIRM ratio that appears in part of the WP fractions of the Deccan basalts cannot be
validated by the models, possibly because of the simplified assumed mechanism of ARM acquisition. Loss
of part of the D-0 distribution at its left end (i.e., the fraction with finer particle behavior), by transformation
into a low-magnetic or non-magnetic phase, would lower the ARM/SIRM ratio; however, also y and SIRM
would decrease, which contradicts the observed data. We may speculate that the highly variable and partly
decreasing ARM/SIRM ratios in the Deccan basalts arise from competing effects of physical grain size and
internal stress distribution, as suggested by Dunlop (2002). The large variability of experimental values
reported for a given physical grain size (Maher, 1988) supports this assumption.

4.2. Climate-Related Variations

We assembled the bulk magnetic results as a function of MAP by both the slope values of linear regression
(Figure 8) and the WP2/FR ratios (Figure 9). Both methods yield similar results as a function of MAP, with
a few exceptions (notably y and SIRM/y of site DE33). The S-ratio and y;,% results are insignificant, as men-
tioned above, and we do not consider them for further discussion.

We generally notice only relatively small changes in the bulk magnetic properties, which is a good message
for paleomagnetic studies. Magnetite in solid rock as collected by paleomagnetic sampling is likely not
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changed to a degree of alteration that significantly disturbs the primary nature of magnetic remanences,
possibly even not in weathered reddish-yellowish material as in the marginal part of the drill-core shown
in Figure 1d.

Do the observed bulk properties show any systematic variation as function of MAP or MAT? Extracting
a meaningful relationship with MAP is hindered by the relatively small effects of alteration. The y-values
increase with weathering for most Deccan sites as revealed by WP2/FR-ratios > 1 (1.234 & 0.171). Linear
regression analysis based on climate-data.org suggests that the increase of y intensifies with higher MAP
(0.013-MAP - 0.019 for slopes; 0.065-MAP + 1.123 for WP2/FR-ratios; MAP in [mmY]). The trend is similar
using ERAS5 data (0.007-MAP - 0.011 for slopes; 0.104-MAP + 1.040 for WP2/FR-ratios). However, internal
consistency of these data is limited (Figure 5), and the tendency of intensification with MAP is statistically
insignificant. All other parameters and ratios from the Deccan sites do not reveal systematic changes with
MAP. According to our modeling results (Figure 7), the increase of bulk y values for the Deccan sam-
ples could be explained by progressive maghemitization, which enhances particle-internal subdivision and
shifts part of the magnetite fraction into the SP range.

Additionally, to MAP, we analyzed the relationship of y-changes and mean annual specific humidity (Q)
(Figure 9). Specific humidity represents the amount of water vapor in the atmosphere as a result of pre-
cipitation and evaporation, and may better reflect the available moisture for magnetite alteration during
rock weathering. Q-data are only available from ERAS5. For WP2/FR-ratios (0.045-Q + 0.623) the trend of
x-values versus Q (in [g/kg]) principally agree with the trend versus MAP, but it is opposite for slope data
(=0.013-Q + 0.173). Whether this indicates that the WP2/FR-ratio is more meaningful for reflecting mag-
netite alteration is unclear.

In contrast, a consistent change is observed for the three Emeishan (ZT) sites. Results of these sites show a
decrease of magnetic concentration-dependent parameters (y and SIRM) with progressive weathering (i.e.,
fining of WP fractions), a decreasing SIRM/y ratio and an increasing ARM/SIRM ratio (Figures 8 and 9).
The observed changes are at least partly distinguished within 95% confidence limits (Figure 8) and stand-
ard deviations (Figure 9) from zero change and from values of those Deccan sites with similar MAP values
(~1,000 mm; DEO1, DE04, DE11, and DE22). Indication for a systematic influence of MAT is therefore
provided, with surprisingly a larger degree of alteration for the ~12°C-15°C lower MAT of the ZT samples.
The possible role of the lower atmospheric water vapor content (Q) due to lower MAT is an open question.
The significant decrease of the observed y and SIRM values (Figures 8 and 9), consistent with the modeling
results for D-2 (Figure 7), indicates that alteration of the weathered samples from the ZT sites includes the
transformation of magnetite into a weakly magnetic phase (possibly hematite or goethite).

4.3. Were Sites and Samples Appropriate?

The Deccan basalts are certainly an appropriate target regarding a uniform type of rock across a large gra-
dient of MAP, for allowing statistical analysis of large sample sets and supporting the magnetic results by
meaningful microscopy observations. Uniformity of rock magnetic properties of the parent rock is a fun-
damental prerequisite for the study, and this concerns the question of whether the ferrimagnetic content
actually consists of magnetite with no significant content of Ti-rich titanomagnetite.

The interpretation of the frequently observed hump in x-T curves at intermediate temperatures played a
crucial role for site selection. In principle, Ti-rich titanomagnetites may cause a hump-like shape by their
temperature variation of y (Appel & Soffel, 1985). At higher temperatures, the titanomagnetites will convert
to magnetite and this conversion is revealed in y-T heating curves (curve no. 3 in Figure 2e), an indication
we used for rejecting sites. Moreover, part of the selected sites (DE04, DE11, DS08, and ZT03) do not show a
hump (or only show a very small one) in the heating curve of the fresh rock samples, whereas a significant
hump appears for samples from the weathered pebble fractions (Figure 3). Because of the metastability of
Ti-rich titanomagnetites at normal temperature, new formation of Ti-rich titanomagnetites during weath-
ering is impossible, and the trend toward developing or enhancing a hump for weathered pebbles excludes
their presence. A hump may also be caused (partly or fully) by conversion of thermally instable maghemite
(Deng et al., 2004; Dunlop & Ozdemir, 1997; Kontny & Grothaus, 2017), however, this is irrelevant for the
study as it implies that the humps in the studied basalts represent maghemitized magnetite.
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Possible content of maghemitized magnetite in the original rock complicates the interpretation of the re-
sults in terms of alteration processes. The observed T, values in fresh rock samples of up to ~50°C higher
than expected for stoichiometric magnetite (580°C) might reflect pre-existing maghemitization in the par-
ent rocks, as reported for synthetic (Ozdemir & Banerjee, 1984) and natural samples (Gehring et al., 2009;
Nishitani & Kono, 1983). In Figure 3, we notice more pronounced tails toward higher temperatures for fresh
rock compared to pebble fractions, although a clear systematic trend is not indicated. Two processes might
occur during weathering, that is, a loss of strongly maghemitized portions through mineral conversion
(reducing the tail in x-T curves) and an increase of progressively maghemitized portions (enhancing the tail
in ¥-T curves). The x-T results (Figure 3) suggest that both processes are differently mixed, as we likewise
discussed in Section 4.1 regarding the ARM/SIRM ratio. Conversion of maghemite could decrease the por-
tion that shows relatively finer particle behavior, while variable maghemitization likely increases it, and the
systematic trend in the hump intensity as a function of weathering will also be distorted. Eventually, neither
the intensity of the hump nor the T -variation will provide suitable information on climate-dependent alter-
ation of magnetite during rock weathering. This is likewise the case for the Verwey transition (VT), which is
absent above a rather small degree of maghemizitation (Aragon et al., 1985). While the VT is detected with
variable distinctness in the low-temperature y-T curves of many fresh rock samples, indicating the existence
of a mixture of (nesr-)stoichiometric and maghemitized magnetite in the parent rocks, it appears only in
very few weathered pebble samples (Figure 3).

The variable appearance of the magnetite in the basalt samples, that is, different sizes and shapes of the
magnetite-bearing grains and of magnetite in exsolution structures as well as internal subdivision of the
magnetite, likely cause a strong difference for climate-related alteration. The FORC results (Figure 3) sup-
port a larger rock-type dependent difference compared to changes between fresh rock and weathered peb-
bles. Because of the rock-dependent heterogeneities and the small samples used in these measurements,
statistical analysis of a huge amount of FORCs would be required to potentially identify systematic trends.

Grain size and lamellar texture as revealed in the micrographs (Figure 4) might allow to group the sites by
their initial rock-type properties. However, the relationships of bulk magnetic parameters with MAP do not
become more systematic when DE27 (very small magnetite-bearing grains) or DE27 and DE33 (no clear
lamellar structures) are excluded. To which extent texture and grain size of the magnetite fraction influence
the weathering-induced alteration eventually remains unclear.

4.4. Implication for Interpretation of Magnetic Proxies in Paleoclimatic Archives

Previous studies argued for a shift of magnetite properties in the Deccan Trap basalts from the MD state to
the SSD and SP range through seasonal wetting in the monsoon months and oxidation of magnetite to he-
matite in hot-dry summers (Basavaiah, 2011; Khadkikar & Basavaiah, 2004). Laboratory experiments of Q.
Zhang et al. (2021) demonstrated significant magnetite alteration due to humidity, with the strongest chang-
es for persistently high humidity. Zhang et al. also reported a non-linear relationship of magnetic changes
with humidity, and their results surprisingly indicated that alteration is relatively uniform across the entire
particle volume, apart from possibly existing higher oxidized thin surface layers. The actualistic study of the
Deccan basalts revealed only weakly consistent signals of humidity-related magnetite alteration.

The only weakly expressed (by x) and mostly lacking (all other parameters) relationships with climate pa-
rameters (MAP or Q) are likely due to rock magnetic variability, that is, size and shape-specific character-
istics of magnetite-bearing grains, and initial maghemitization of magnetite in the parent rock. Variability
of rocks and rock-magnetic mineralogy obviously outweighs climate effects on magnetite alteration during
rock weathering. Samples from five different sub-locations of the same site, and even samples within a
single sub-locations, show high variability of rock magnetic properties (see single data points in Figures 5, 6
and S1-S4). This variability on spatial scales <102-10% m? (typical areas of sampled sites) will strongly influ-
ence rock magnetic properties of a sediment mixture derived from a catchment that in principle represents
the same MAP.

We have analyzed the relationship of magnetic parameters as a function of annual means of precipitation
and specific humidity, which are most likely the best indicators of average water or water vapor availability
for magnetite alteration during rock weathering. We have not considered seasonal variations of climate
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conditions (MAP, MAT, and Q) or high and low peak values. They may be an important driver of mineral
alteration, but unfortunately, we have no access to such effects as proxy parameters, as magnetic properties
of the weathered basalt materials, represent the product on a scale of long-term averaging. Nevertheless,
the results of this study clearly indicate that among all possible other influencing processes (pedogenic,
transport-related, and authigenic), humidity-dependent magnetite alteration during rock weathering can
be excluded as a source of paleoclimate signals in the magnetic record of sedimentary archives (such as lake
sediments) derived from weathered rocks in the catchment. Although humidity-related magnetite altera-
tion likely exists, these effects are hidden by the magnetic variability in the source rocks. Because of rock
magnetic variability on a small scale, changes in the mixture of transported sediment due to re-organization
of water or wind transport pathways will easily wipe out systematic climate-related magnetite alteration
that likely exists at small scale. The additional presence of Ti-rich titanomagnetites in the source rocks,
which is common in many basalts, will even enhance the importance of the initial rock magnetic properties
for the magnetic parameters of the weathered material.

In the strict sense, this study is valid if basalts occur in the catchment, dominating the magnetic proper-
ties of weathered material. In settings where no basalts occur in the catchment, the magnetic fraction in
sedimentary archives may derive from weathered rocks with low magnetic variability of the parent rock.
For large catchments, absence of any basaltic source materials is unlikely. The magnetic proxy signal in
the ~940 m long sequence of the SG-1 core in the huge Qaidam Basin (NE Tibetan Plateau) was largely
explained by maghemitization and magnetite-to-hematite transformation (Herb et al., 2013). In the light
of the Deccan study, this interpretation should be reconsidered. In smaller catchments, a basaltic source
rock may be absent. For example, the magnetic proxy signal in the lacustrine sequence of Heqing Basin
(SE Tibetan Plateau) was explained by alteration of magnetite inherited from weathered limestones (Hu
et al., 2015). However, the original source of detrital magnetite particles embedded in the weathered rock is
unknown, as it often is the case in such settings, and therefore the problem arising from initial source rock
variability might still exist, for the Heqing Basin and elsewhere in similar settings.

Relatively consistent results from the Emeishan basalts suggest a temperature-dependent effect of magnet-
ite alteration, with stronger alteration than observed for the Deccan basalts, including both maghemitiza-
tion and magnetite transformation (to hematite or goethite). The higher degree of alteration is surprising
as the Emeishan sites are located in areas with ~12-15°C lower MAT than at the Deccan sites. The speed
of chemical reactions generally decreases at lower temperatures. To explain this observation, we speculate
on the effect of freezing and thawing, which occurs in the Emeishan sampling region in the winter seasons.
Temperature cycling around the freezing point could lead to the formation of micro-cracks and nano-cracks,
opening pathways for humidity and oxygen into the interior of the rock and magnetite-bearing grains.

5. Conclusions

Humidity-related alteration of magnetite, as suggested by previous laboratory studies, is slightly indicat-
ed by the results for parent rock weathering of the studied Deccan basalts, with an increasing degree of
maghemitization for higher MAP. However, this trend is only very weakly supported at the statistical level.

A consistent effect of magnetite alteration is found for the Emeishan basalts. The alteration includes conver-
sion of magnetite (likely to hematite or goethite). Surprisingly, the degree of alteration is stronger than for
the Deccan basalts at similar MAP of ~1,100 mm, despite the ~12°C-15°C lower MAT. We hypothesize that
this effect is caused by micro-cracks formed through freezing and thawing, opening pathways for humidity
and oxygen into particle interiors.

High spatial variability of weathering-related magnetic properties is typical at the scale of the studied sites
(i.e., areas <10%-10° m?). A shift in the mixing proportions of weathered materials from different locations
within relatively small spatial extent might already lead to significant changes of rock magnetic properties
in sediment sinks that are derived from these materials. As a consequence, climate-related magnetite al-
teration acquired during rock weathering is likely irrelevant for interpreting proxy records in paleoclimate
archives such as lake sediments, at least for catchments with basaltic source rocks.
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