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Magnetic minerals in paleosols hold important clues to the environmental conditions in which the 
original soil formed. However, efforts to quantify parameters such as mean annual precipitation (MAP) 
using magnetic properties are still in their infancy. Here, we test the idea that diagenetic processes and 
surficial weathering affect the magnetic minerals preserved in paleosols, particularly in pre-Quaternary 
systems that have received far less attention compared to more recent soils and paleosols. We evaluate 
the magnetic properties of non-loessic paleosols across the Paleocene–Eocene Thermal Maximum (a 
short-term global warming episode that occurred at 55.5 Ma) in the Bighorn Basin, WY. We compare 
data from nine paleosol layers sampled from outcrop, each of which has been exposed to surficial 
weathering, to the equivalent paleosols sampled from drill core, all of which are preserved below 
a pervasive surficial weathering front and are presumed to be unweathered. Comparisons reveal an 
increase in magnetization in outcrops compared with core equivalents, which is principally driven by 
secondary hematite production. Authigenic hematite production in outcrops presents a complication 
for goethite–hematite based paleoprecipitation proxies where estimates will be biased toward drier 
climate regimes. The occurrence of low coercivity minerals is more consistent between core and outcrop. 
However, we propose an alteration process for pedogenic magnetite that is observed in both core and 
outcrop, where pedogenic magnetite becomes progressively oxidized leading to higher mean coercivities 
and broader coercivity distributions compared to modern pedogenic magnetite. This combination of 
diagenetic processes and surface weathering influences the magnetic properties of paleosols. Despite 
these changes, magnetic enhancement ratios from B-horizons correlate with independent MAP estimates 
from geochemical proxies, which suggests that paleoprecipitation information is preserved. Future work 
should continue to address these complications by developing useful protocols that isolate the magnetic 
properties that are most resistant to alteration and remain strong indicators of MAP and climate.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

The magnetic properties of soils and paleosols are often used 
to make environmental and climatic interpretations throughout 
the geologic record (see reviews by Maher, 1998; Maxbauer et 
al., 2016). This is possible largely because magnetic minerals such 
as goethite (FeOOH), hematite (α-Fe2O3), magnetite (Fe3O4), and 
maghemite (γ -Fe2O3) form through a combination of processes 
that are often critically dependent on soil moisture (Maxbauer et 
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al., 2016, and references therein). Many studies have established 
empirical, quantitative relationships between pedogenic iron oxide 
minerals and the mean annual precipitation (MAP) under which 
the soil formed (e.g., Maher and Thompson, 1995; Geiss et al., 
2008; Long et al., 2011; Hyland et al., 2015). These quantitative 
methods, along with earlier more qualitative interpretations, hold 
enormous potential for understanding environmental variability in 
the deep past. Two recent studies have highlighted the poten-
tial for methods based on the ratio of goethite-to-hematite (G/H ; 
Hyland et al., 2015) and direct estimates of pedogenically produced 
magnetite (Geiss et al., 2008). The G/H method presented by 
Hyland et al. (2015) was calibrated using modern soils that formed 
over a wide range of MAP values (200–3000 mm yr−1). In contrast, 
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the calibrations of Geiss et al. (2008) are similar to other pedogenic 
magnetic susceptibility based proxies (e.g., Maher and Thompson, 
1995) in that they only range up to ∼1000 mm yr−1. However, 
Geiss et al. (2008) offered calibrations between MAP and magnetic 
enhancement ratios (MB/MC , where M is the mean value of a 
generic magnetic property for the B and C soil horizons) or di-
rect measures of pedogenic magnetite (e.g., ratio of anhysteretic to 
isothermal remanence) that may prove useful in expanding meth-
ods developed on loessic soils into other soil types and climatic 
regimes.

Most paleosol studies are based on observations from Quater-
nary or younger loess–paleosol sequences (e.g., Geiss et al., 2008;
Maher and Thompson, 1995; Maher et al., 2003) so little is known 
about the magnetic properties of more ancient paleosols as pa-
leoclimatic indicators. The few studies that examine this topic 
report low magnetic susceptibility (χ ) in ancient paleosols com-
pared to modern soils (Rankey and Farr, 1997; Cogoini et al., 
2001; Retallack et al., 2003; Tramp et al., 2004). However, in 
some ancient systems there is evidence for preservation of pedo-
genic magnetic mineral assemblages that may be useful for recon-
structing past environmental conditions (Rankey and Farr, 1997;
Cogoini et al., 2001; Tramp et al., 2004; Morón et al., 2013;
Hyland et al., 2015). Despite these exciting suggestions, there re-
mains a general lack of information regarding the role of diagenesis 
and weathering in altering the original magnetic mineral assem-
blages in ancient paleosols, which limits our ability to interpret 
environmental conditions from ancient paleosol sequences with 
confidence. We must learn more about the diagenetic changes that 
affect soil magnetic mineral assemblages throughout their trans-
formation into paleosols, throughout the subsequent burial history 
and exposure to chemically variable groundwater, and throughout 
their weathering history (for a recent review on magnetic mineral 
diagenesis, see Roberts, 2015).

Here, we examine these processes in paleosols preserved at 
the Polecat Bench locality in the Bighorn Basin, Wyoming (Fig. 1). 
The Bighorn Basin Coring Project (BBCP; Clyde et al., 2013) recov-
ered nearly 900 m of sediment core from three localities in the 
Bighorn Basin, including Polecat Bench. Core scan images (Fig. 2A) 
clearly indicate that oxidative weathering has altered sediment 
color to depths of up to 25 m below the ground surface (Clyde 
et al., 2013). This observation calls into question whether mag-
netic mineral assemblages in paleosol outcrops reflect the original 
pedogenic assemblage and the environmental conditions in which 
they formed. This question has important implications for applying 
most magnetic-based paleoprecipitation proxies to ancient systems 
since they assume that the magnetic minerals preserved in pale-
osols are pedogenic and are not significantly altered by subsequent 
diagenesis and late-stage weathering.

The presence of the same paleosols in both BBCP cores and 
nearby outcrops presents an opportunity to test whether surfi-
cial weathering of outcrops significantly affects magnetic min-
eral preservation. We present magnetic data from nine marker 
bed paleosols, which were sampled from both core and outcrop 
(Fig. 3). All paleosols occur well below the oxidative weathering 
front in the sediment core and we assume that these sediments 
are largely unweathered compared to equivalent outcrop expo-
sures (see Fig. 2). Both core and outcrop paleosols have likely been 
subjected to various long-term diagenetic processes (for example, 
interaction with fluids and elevated temperatures post-burial and 
before exposure of the basin). We compare magnetic properties 
of the Bighorn Basin paleosols to those of some modern soils to 
evaluate the effects that diagenesis can have on magnetic mineral 
preservation, independent from weathering.

Our record spans the Paleocene–Eocene Thermal Maximum 
(PETM, 55.5 Ma), which was a rapid global warming event driven
Fig. 1. Maps of the study site at Polecat Bench in the Bighorn Basin, WY. (A) Map 
of the northern Bighorn Basin. The highlighted and labeled box indicates the study 
area at Polecat Bench. The location of the study site in Wyoming is indicated in 
the inset of panel A. (B) Polecat Bench locality with sampling locations indicated 
for outcrop paleosols (black circles) and coring location (red square). Color guide: 
darkest brown = Paleocene Fort Union Formation, dark tan = Paleocene–Eocene 
Willwood Formation, light tan = Quaternary gravels, and green = Cretaceous units. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

by a massive release of isotopically light carbon into the mixed 
atmosphere/ocean system (see review by McInerney and Wing, 
2011). In the Bighorn Basin, the PETM was associated with a tran-
sient precipitation decrease that has been well documented in 
qualitative and quantitative paleoflora records (Wing et al., 2005)
and from paleosol geochemistry and morphology (Kraus and Rig-
gins, 2007; Adams et al., 2011; Kraus et al., 2015). We compare 
our rock magnetic record to a recent study of MAP estimates de-
rived from geochemical weathering indices (Kraus et al., 2015) to 
evaluate whether magnetic mineral assemblages in these paleosols 
record paleoprecipitation changes during the PETM.
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Fig. 2. (A) Line scan images from sediment cores recovered by the Bighorn Basin Coring Project (BBCP; Clyde et al., 2013). The approximate thickness of the weathering 
zone in sediment cores, as determined by color changes, is highlighted by the red box around the upper 25 m of core. The asterisk in the red box highlights the Polecat 
Bench sediment core that is the focus of this study. (B) Schematic illustration of how the weathering front (indicated with brighter, hashed colors) has affected outcrop 
exposures. Colored horizons indicate laterally continuous paleosols that are preserved in both core and outcrop. The drilling rig and black vertical line approximates a core 
location. Paleosols in the sediment core below the weathered zone are presumably relatively unweathered compared to their laterally equivalent exposure in outcrop. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
2. Geological setting

The Bighorn Basin in northwestern Wyoming is a NW-to-SE 
trending intermontane basin that formed in response to local sub-
sidence and regional uplift during the Laramide orogeny through-
out late Cretaceous to Paleogene time (Fig. 1; Gingerich, 2001). 
Paleocene and Eocene sediments of the Willwood Formation are 
well exposed at the Polecat Bench locality in the northern reaches 
of the basin (Gingerich, 2001; Kraus, 2001). These sediments have 
been the focus of extensive research due to interest in biotic and 
climatic changes associated with the PETM (Clyde et al., 2013;
Bowen et al., 2015).

Paleosols within the Willwood Formation, including the marker 
bed paleosols studied here, have all been described extensively by 
previous workers (Kraus, 2001; Kraus and Hasiotis, 2006; Kraus 
and Riggins, 2007; Smith et al., 2008; Kraus et al. 2013, 2015). 
At Polecat Bench, paleosols are sorted into two general categories 
based on their B-horizon color. Red paleosols are characterized by 
a main red mudstone to silty mudstone B-horizon that is some-
times overlain by a grey or yellow-brown A horizon. Calcium car-
bonate nodules, slickensides, and grey mottles with red or purple 
rims are common in red paleosols and have been interpreted to 
represent generally well-drained and oxidizing conditions (Kraus 
and Hasiotis, 2006). In contrast, the purple paleosols are character-
ized by a purple mudstone B-horizon with abundant yellow-brown 
mottling and nodules, a lack of calcium carbonate nodules, abun-
dant grey mottles with red rims, and slickensides (Kraus and Hasi-
otis, 2006).

Red paleosols are associated with generally dry climatic con-
ditions where seasonal wetting and drying drove nucleation and 
growth of calcium carbonate nodules as well as the shrink-swell 
slickenside structures (Kraus and Hasiotis, 2006). Purple paleosols 
are interpreted to represent more poorly drained conditions likely 
reflecting increased moisture and precipitation (Kraus and Hasiotis, 
2006; Kraus and Riggins, 2007). These qualitative interpretations 
of paleosol color and climatic conditions are reinforced by a semi-
quantitative morphology index (Adams et al., 2011) and quanti-
tative geochemical weathering indices (Kraus and Riggins, 2007; 
Kraus et al. 2013, 2015) that produce similar reconstructions for 
paleoprecipitation within the Bighorn Basin.

3. Methods

3.1. Sampling

All outcrop marker bed profiles were identified within the 
stratigraphic framework of Gingerich (2001) (also used by Ab-
dul Aziz et al. 2008). Previous work has established correlations 
between the Gingerich (2001) outcrop section and the sediment 
cores recovered by the BBCP (see Bowen et al., 2015). We utilized 
these correlations and confirmed all relationships using line scan 
images prior to sampling of core sediments (see Fig. 3). Depth 
below the surface for the Polecat Bench core studied here (core 
2B) was converted to meters composite depth (mcd) following 
Bowen et al. (2015) using standards determined by the BBCP sci-
ence team. All outcrop profiles were projected onto the mcd scale 
using either the top or base of paleosol B-horizons to anchor cor-
relations.

In an effort to collect the freshest outcrop samples possible, 
and thus to mimic the sampling routine normally used in outcrop 
settings, the uppermost 0.5 to 1 m of rock was removed before 
paleosol samples were collected in the field. For each marker bed, 
samples were taken at 5 cm intervals through B-horizons and at 
10 cm intervals through C (parent material) and A-horizons (when 
present). In order to assess the reproducibility of magnetic proper-
ties in individual paleosols, we collected additional profiles (with 
the number of profiles collected in parentheses) for four marker 
beds at lateral distances ranging from ∼10’s of meters to nearly a 
kilometer from the original profile (see Fig. 1): Purple-Red Mud-
stone (3), Red Mudstone (2), Purple-2 (3), and Top Red A (3). All 
designations for the studied paleosols and their stratigraphic order 
are indicated in Fig. 3. This approach allows us to quantify mag-
netic variability in soils that were originally developed in subtly 
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Fig. 3. Correlations between outcrop stratigraphy (following Gingerich, 2001) and 
core stratigraphy. All correlations follow those of Bowen et al. (2015) and were in-
dependently confirmed from line scan images and during core sampling for this 
study. Marker paleosols in outcrop stratigraphy are denoted with red and purple. 
Marker bed abbreviations are as follows: TRB = Top Red B, TRA = Top Red A, P4 =
Purple 4, UDRB = Upper Double Red B, P2 = Purple 2, LDRA = Lower Double Red 
A, P0 = Purple 0, RM = Red Mudstone, and PRM = Purple Red Mudstone. (For in-
terpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

different settings across a landscape. These additional lateral pro-
files were sampled at 10 cm intervals through all horizons. Notably, 
no additional detail was derived from the 5 cm sampling resolu-
tion in the original profiles compared with the 10 cm sampling 
resolution in the additional profiles, which suggests that 10 cm 
resolution is sufficient to capture the important magnetic variabil-
ity in these paleosols. Samples from correlative paleosols in the 
core were acquired at roughly 10 cm intervals, with occasional mi-
nor adjustments to accommodate the availability of sediment core 
remaining after previous sampling.

Sample preparation and magnetic measurements were per-
formed at the Institute for Rock Magnetism, University of Min-
nesota. Core and outcrop samples were placed into diamagnetic 
plastic cubes and were secured using a non-magnetic potas-
sium silicate adhesive. Samples were neither crushed nor ho-
mogenized in order to avoid altering the natural grain size dis-
tribution of the paleosols, which can significantly impact grain 
size dependent magnetic properties (for example, anhysteretic re-
manent magnetization). However, multiple individual mudstone 
pieces were included in each cube and highly mottled and/or 
depleted rhizosphere zones were avoided during sampling. Each 
specimen underwent all of the magnetic measurements described 
below unless otherwise indicated. All B-horizon mean values 
come from individual paleosol profiles and are a mean of all 
B-horizon specimens measured for a particular profile and mea-
surement. Comparisons between core and outcrop are between 
core profiles and individual outcrop profiles, even where an in-
dividual paleosol layer was collected from multiple outcrop pro-
files.
3.2. Magnetic susceptibility

In-phase magnetic susceptibility (χ ) was measured on all spec-
imens (n = 376 outcrop, n = 169 core) at low (465 Hz) and high 
frequency (4650 Hz) using a Magnon variable frequency suscep-
tibility meter in an alternating current (AC) field of 300 A m−1. 
Reported values for individual specimens represent the mean of 
4 replicate low frequency measurements. The frequency depen-
dence of χ is commonly used in environmental magnetic stud-
ies of soils and paleosols as an indicator of the presence of ul-
trafine grained magnetite/maghemite that is close to the grain 
size threshold of stable single domain (SSD) and superparamag-
netic (SP) magnetite (Dearing et al., 1996). Frequency dependence 
of susceptibility (χ f d%) was calculated, where χ f d% = [(χ465 Hz −
χ4650 Hz)/χ465 Hz] × 100.

3.3. I RM and ARM

An isothermal remanent magnetization (I RM) and an anhys-
teretic remanent magnetization (ARM) were imparted to all spec-
imens (n = 376 outcrop, n = 169 core). For each specimen, ARM
was imparted in a peak alternating field (AF) of 100 mT in the 
presence of a weak direct current (DC) bias field of 50 μT. The 
ARM susceptibility (χARM ), was calculated by dividing the mea-
sured ARM by the bias field. I RMs were imparted using three 
pulses of a 100 mT direct current field in a pulse magnetizer. I RM
and ARM remanences were measured immediately using a 2G En-
terprises 760-R SQUID magnetometer within a shielded room with 
a background field of less than 100 nT.

3.4. Hysteresis properties

Hysteresis loops and backfield remanence curves were mea-
sured on a subset of samples from each paleosol profile (n = 170
outcrop, n = 70 core) using a Princeton Measurements Corporation 
Micromag vibrating sample magnetometer (VSM) at room temper-
ature in fields up to 1 T. Saturation magnetization (Ms), saturation 
remanent magnetization (Mrs; equivalent to saturation I RM , or 
S I RM), coercivity (Bc), and coercivity of remanence (Bcr ) are all 
derived from hysteresis and backfield measurements (see overview 
in Maxbauer et al., 2016). The remanence held by magnetic miner-
als between 100 mT and 1 T is referred to as the “hard” I RM , or 
H I RM , where H I RM = 0.5 × (S I RM + I RM−100 mT).

3.5. Coercivity unmixing

For all B-horizon specimens where backfield curves were col-
lected, we calculated coercivity distributions using the absolute 
value of the first derivative of backfield remanence. In order to 
identify the individual components that contribute to remanence 
at various field strengths up to 1 T we used a curve-fitting pro-
gram developed in the R programming language (available on-line 
at http :/ /www.irm .umn .edu /maxunmix), which is based on simi-
lar methods to those of Kruiver et al. (2001), Heslop et al. (2002), 
and Egli (2003). Our method uses skew-normal distributions that 
can be described with a mean coercivity (Bh), a dispersion pa-
rameter (D P , equivalent to one standard deviation in log-space), 
and a skewness factor (S). Modeled distributions for each compo-
nent can be added linearly to approximate the measured coercivity 
distribution (on a coercivity versus log-field diagram). The total 
contribution of each component to the S I RM is calculated as the 
integrated area under each model component divided by the total 
integrated area underneath the coercivity distribution across the 
range of field values covered by the magnetization data (i.e., there 
is no extrapolation for unsaturated backfield curves).

http://www.irm.umn.edu/maxunmix
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Initial optimization of user-defined fitting was automated to 
minimize the residual sum squared (RSS) between the measured 
and modeled coercivity distributions. Error in the model is ac-
counted for by a Monte Carlo style resampling routine. For each it-
eration, the program randomly drops 5% of the original magnetiza-
tion data prior to deriving coercivity distributions. The resampled 
coercivity distributions are then fitted using the initial optimized 
fits (achieved using the entire magnetization dataset), which are 
resampled assuming a ± 2% error in their initial value. Optimiza-
tion is again automated for each resampled coercivity distribution 
and the reported models for coercivity distributions and individual 
components are the mean of 100 resamples with error envelopes 
representing the 2.5 and 97.5 percentiles (95% confidence interval).

3.6. Temperature dependent measurements

Temperature dependent measurements were conducted on a 
small subset of specimens in order to more definitively identify 
magnetic minerals within the studied paleosols. Room tempera-
ture saturation I RM (RT-S I RM) was measured using a Quantum 
Design Magnetic Properties Measurement Systems (MPMS). Speci-
mens were first given an I RM of 5 T at room temperature (300 K; 
followed by a smaller I RM of 2.5 T along the same axis to mini-
mize recoil within the MPMS system). Remanence was then mea-
sured during cooling to 20 K and subsequent warming back to 
room temperature. RT-S I RM curves reveal remanence loss at di-
agnostic transition temperatures (e.g., the Verwey and Morin tran-
sitions for magnetite and hematite, respectively). However, the 
Morin transition of hematite is often suppressed in natural soils 
and sediments due to defects and aluminum substitution (e.g., 
Maher et al., 2004). In order to confirm the presence of hematite, 
we measured backfield remanence curves with saturating fields 
of 1.5 T at 25 ◦C (298 K) and 130 ◦C (403 K). The high tempera-
ture backfield curve was measured above the Néel temperature of 
goethite (125 ◦C) and all high-field remanence in this experiment 
is attributed to hematite.

4. Results

4.1. Magnetic susceptibility, ARM, and I RM

Bulk χ within core and outcrop paleosol profiles range from 
5 × 10−8 to 25 × 10−8 m3 kg−1, which is consistent with values 
reported for ancient paleosols (Fig. 4A and Fig. S1; Rankey and 
Farr, 1997; Cogoini et al., 2001; Retallack et al., 2003; Tramp et al., 
2004; Morón et al., 2013). Frequency dependence of susceptibility 
for the paleosols studied here was low (< 2%) and inconsistent, 
which suggests either the absence of ferrimagnetic minerals in the 
SP state in these soils prior to fossilization, or their poor preserva-
tion. ARM (Fig. 4C and Fig. S2) and I RM (Fig. 4E and Fig. S3) both 
have similar trends within and amongst paleosol profiles in core 
and outcrop. ARM ranges from 3 × 10−6 to 30 × 10−6 A m2 kg−1

and I RM values are between 1 × 10−4 and 15 × 10−4 A m2 kg−1

(Fig. S2 and S3, respectively). Vertical profiles of χ , ARM , and 
I RM variations within paleosols generally do not have systematic 
magnetic parameter increases within the upper B-horizon, as is 
commonly observed in modern soils (see Figs. S1–S3; Maher, 1998;
Geiss et al., 2008; Lindquist et al., 2011). We note that the A-
horizon for these paleosols has been mostly stripped off, which 
likely contributes, in part, to the lack of an enhanced magnetic 
signature. In nearly all instances, ARM and I RM values for B-
horizons are greater than the underlying C-horizons upon which 
the soil developed (Figs. S1–S3). Notably, the χ , ARM , and I RM
data are not offset systematically between core and outcrop for 
equivalent paleosol B-horizons (Fig. 4A, C, and E; p > 0.25 for all 
paired t-tests and Wilcoxon Signed-Rank Tests, which supports no 
difference between core and outcrop records).
4.2. Hysteresis properties

Example hysteresis loops and backfield curves for both low and 
high coercivity end member specimens are shown in Fig. 5. All 
hysteresis loops are wasp-waisted to varying extents, which indi-
cates mixed magnetic mineral assemblages (Roberts et al., 1995;
Tauxe et al., 1996). Mean B-horizon Bc varies between 10 and 
160 mT with Bcr values ranging from 80 to 500 mT. Both Bc and 
Bcr are considerably higher in paleosol B-horizons compared with 
underlying C-horizons (Figs. S6 and S7). Similar to the patterns ob-
served for the χ , ARM , and I RM data, despite variations amongst 
various outcrop and core profiles (Figs. S6 and S7) for equivalent 
paleosol layers, there is no consistent difference in bulk Bc or Bcr

between core and outcrop (Fig. 4D and 4F; p > 0.3 for all paired 
t-tests and Wilcoxon Signed-Rank Tests). By contrast, Mr and 
H I RM for B-horizons sampled from core sediments are consis-
tently lower than those observed in equivalent outcrop B-horizons 
(Fig. 6; p < 0.05 for all paired t-tests and Wilcoxon Signed-Rank 
Tests, which indicate that outcrop values are significantly greater 
than core values). On average mean B-horizon Mr increases by 
23% in outcrops and H I RM increases by 41% in equivalent out-
crop profiles. B-horizon values of Ms within both cores and out-
crop profiles range between 4 × 10−3 and 12 × 10−3 A m2 kg−1. 
Although there is mostly a similar trend of increased Ms in out-
crops relative to core equivalents, this effect is not as consistent 
as Mr and H I RM observations (compare Fig. 4B with Fig. 6C 
and 6D).

4.3. Coercivity unmixing

Analysis of coercivity distributions of B-horizon samples re-
vealed that the remanent magnetization is principally held by 
two components (e.g., Fig. 7A). The low-coercivity component 
(LCC ) is characterized by average Bh values between 1.3 and 2.1 
(20–126 mT) and D P between 0.3 and 0.8 (Fig. 7B). The average Bh
and D P observed for the LCC in both core and outcrop paleosols 
are generally higher than values typically reported in the litera-
ture for pedogenic magnetite (green squares in Fig. 7B; Egli, 2004;
Geiss et al., 2008; Lindquist et al., 2011). The degree of skewness 
for the LCC is pronounced (0.46–0.76; upper and lower quartiles; 
note that S = 1 is equivalent a normal distribution; see Table S5), 
with a consistent low-field tail observed. There is generally no con-
sistent deviation between the LCC preserved in the core compared 
to the LCC preserved in equivalent outcrops (consistent Bh and 
contribution to remanence, all p-values ≥ 0.05).

The HCC in both core and outcrops is characterized by Bh val-
ues between 2.4 and 3.0 (251–1000 mT) with D P consistently 
between 0.2 and 0.7 (Fig. 7B). Skewness in the HCC is less pro-
nounced, with a median value for S of 1.01 (0.96, 1.04; upper and 
lower quartiles). The remanence held by the HCC is consistently 
higher in outcrops (∼46% increase in outcrop relative to core) and 
has a consistent pattern with observations made from H I RM and 
Mr values. The observed B p and D P of the HCC reported here 
are consistent with work from a previous study that identified 
high-coercivity components with similar Bh and D P as hematite 
(note that they used non-skewed normal distributions Hyland et 
al., 2015).

4.4. Temperature dependent measurements

RT-S I RM undergoes a characteristic decrease just prior to 
110 K, which is diagnostic of the Verwey transition of mag-
netite (or partially oxidized magnetite), and a nearly 2-fold in-
crease in remanence on cooling, which indicates contribution 
from goethite and/or fine-grained hematite (Fig. 5C; Maher et 
al., 2004). Previous work has shown that both hematite and 
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Fig. 4. Comparison of magnetic parameters for equivalent B-horizons preserved in core and outcrop. The data are expected to fall on 1-to-1 lines (dashed lines in all plots) if 
there is no difference between core and outcrop data. All data points represent mean B-horizon values with error bars at ± 1 standard deviation. For all parameters there is 
high variability, but no significant difference between outcrop and core values (all p-values > 0.25 for a paired t-test and Wilcoxon Signed-Rank Test).
goethite are present in Bighorn Basin paleosols based on XRD 
data (note that magnetite is too scarce volumetrically to be de-
tected by XRD; Kraus and Hasiotis, 2006). The Morin transition 
is absent from the RT-S I RM measured in this study (similar to 
some modern red soils; Maher et al., 2004). However, the pres-
ence of hematite as the dominant high-field remanence carrier is 
inferred by comparison of backfield demagnetization curves mea-
sured at room temperature (25 ◦C; 298 K) and at 130 ◦C (403 K). 
The majority of high-field remanence (> 100 mT) in specimen 
PCB-01-UDRB-145 remains when backfield remanence is moni-
tored above the Néel temperature of goethite (125 ◦C; above which 
goethite carries no remanence), which indicates that hematite is 
the dominant ‘so-called’ antiferromagnetic phase in these pale-
osols (Fig. 5D).
5. Discussion

Our results comprise arguably the most complete magnetic 
dataset for an ancient (pre-Quaternary) non-loessic paleosol se-
quence. Furthermore, detailed correlations between core and out-
crop, for the first time, allow direct comparison of the mag-
netic properties of weathered and unweathered sections of the 
same paleosols. Our dataset allows us to directly address two 
fundamental assumptions that must be made when applying 
magnetic paleoprecipitation proxies to ancient paleosols: (1) sur-
ficial weathering of outcrops does not impact magnetic min-
eral preservation, and (2) magnetic minerals retain information 
about paleoprecipitation. We address these two assumptions be-
low.



D.P. Maxbauer et al. / Earth and Planetary Science Letters 452 (2016) 15–26 21
Fig. 5. (A–B) Example hysteresis loops (A) and backfield demagnetization curves (B). The solid line is from specimen PCB-01-LDRA-070 and represents a relatively low-
coercivity but strongly magnetic end member (common in the large red paleosols LDRA and UDRB). The wasp-waistedness of this loop is likely due to a mixed magnetic 
assemblage of ‘hard’ and ‘soft’ magnetic minerals. The dashed line for specimen P2-155 represents an example of a more weakly magnetic, but higher-coercivity specimen 
more commonly observed in purple paleosols. (C) A room-temperature S I RM for specimen PCB-03-PRM-100 undergoes a loss of magnetization across the Verwey transition 
of magnetite (110 K for pure magnetite) and an overall remanence increase on cooling that indicates likely contributions from goethite (Maher et al., 2004). (D) Backfield 
curves measured on specimen PCB-01-UDRB-145 at room temperature (solid line) and at 403 K (130 ◦C; dashed line), above the Néel temperature of goethite. The high tem-
perature backfield curve still carries a majority of the room temperature remanence, which suggests that hematite and not goethite is the primary high field remanence 
carrier in these specimen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
5.1. Magnetic mineral resistance to surficial weathering

The observed increase in Mr , H I RM , and the remanence held 
by the HCC all indicate that there is a consistent remanence in-
crease for high coercivity minerals in outcrop paleosols relative 
to their core equivalents (Fig. 6). Notably, this increase is not ob-
served in H I RM if calculated using a backfield of 300 mT instead 
of 100 mT. This indicates that the principal increase in remanence 
is acquired in magnetic fields of 100–300 mT. Remanence acquired 
at these field strengths is most likely held by either partially oxi-
dized magnetite/maghemite or by low-coercivity, ultrafine-grained 
hematite (Liu et al. 2002, 2007; Özdemir and Dunlop, 2014). We 
propose that the increase in both Mr and H I RM that is observed 
in outcrops is due to formation of ultrafine (25–100 nm) pigmen-
tary hematite within outcrops that formed via oxidation associated 
with surficial weathering.

Similar to observed color changes in the upper 25 m of sed-
iment cores recovered by the BBCP, visual inspection suggests 
that the outcrop paleosols have a more intense red coloration. 
Comparison of the semi-quantitative redness index (a∗; calcu-
lated from reflectance spectral data; Abdul Aziz et al., 2008;
Bowen et al., 2015) for outcrop marker bed paleosols compared 
with their core counterparts indicates a consistent and significant 
redness increase within outcrops (Fig. 8; p < 0.003 for both paired 
t-test and Wilcoxon Signed-Rank Test). Fine-grained hematite acts 
as a red pigment in a variety of sedimentary settings (Chen et 
al., 2010). Furthermore, the magnetic properties of ultrafine pig-
mentary hematite are consistent with the observed variations 
noted here between core and outcrop paleosols. Grain sizes associ-
ated with pigmentary hematite in paleosols on the Chinese Loess 
Plateau are roughly 50–100 nm (Chen et al., 2010), which corre-
sponds roughly to Bc values on the order of 10–200 mT (Özdemir 
and Dunlop, 2014). This suggests that ultrafine grained hematite, 
if present, would acquire Mr beginning at low fields (100 mT) 
and could be the primary source of the anomalously high Mr and 
H I RM in outcrops.

Pigmentary hematite formation within outcrops could result 
from either transformation of low-coercivity magnetite/maghemite, 
alteration of pre-existing clay minerals, or dehydration of goethite 
to hematite. Transformation of low-coercivity ferrimagnets into ul-
trafine hematite would likely be associated with a paired decrease 
in χ , ARM , and I RM values for outcrops. This is not consistent 
with our data (Fig. 4), where despite deterioration of the low-
coercivity minerals, their contribution to remanence is not signifi-
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Fig. 6. (A–B) Mean B-horizon remanent magnetization (Mr , A) and ‘hard’ isothermal remanent magnetization (H I RM , B) for equivalent paleosol layers in the core (closed 
symbols, solid line) and outcrop (open symbols, dashed line). (C–D) Cross plots of Mr (C) and H I RM (D) highlight the observed increase in both magnetic parameters within 
outcrops compared with the equivalent paleosol preserved in the core. All error bars are ± 1 standard deviation. For both H I RM and Mr , there is a significant (p < 0.05; for 
both paired t-test and paired Wilcoxon Signed-Rank Test) increase observed in outcrops relative to the equivalent core.
cantly different between core and outcrop (e.g., remanence held by 
the LCC , p ≥ 0.38 for paired t-test and paired Wilcoxon Signed-
Rank Test). Alteration of iron-bearing clay minerals is associated 
with pigmentary hematite formation within paleosols on the Chi-
nese Loess Plateau (Chen et al., 2010) and remains a possibility 
in the Bighorn Basin sequence, where clay minerals are abundant 
within B horizons (∼30 weight %; Kraus et al., 2015).

Dehydration of goethite to hematite is a proposed mechanism 
for the post-burial reddening of red beds and paleosols (Retallack, 
1991). Previous work mostly discounted this mechanism for pa-
leosols in the Bighorn Basin on the basis that the effect should 
be pervasive and would erase the complex color assemblages that 
preserve pedogenic mottling in these deposits (Kraus and Hasio-
tis, 2006). Dehydration of fine-grained goethite in these paleosols 
into hematite would be consistent with observed increases in Mr , 
H I RM , and increased remanence held by HCC in outcrops. Sec-
ondary hematite formation in this system may also explain the 
strong normal polarity overprint that has been observed in pale-
omagnetic studies from the Bighorn Basin (e.g., Clyde et al., 2007). 
However, we cannot make a definitive conclusion about the de-
hydration mechanism because our saturating fields (1 T) were far 
too low to efficiently magnetize goethite within these sediments 
(Rochette et al., 2005). The production of secondary hematite as 
a weathering product in outcrop paleosols, regardless of the ex-
act geochemical pathway, challenges the assumption that magnetic 
minerals within paleosols, and outcrops of sedimentary rocks in 
general, remain unaffected by surface weathering.

5.2. Relationships between magnetic minerals and precipitation

Whether pedogenic magnetic mineral assemblages are pre-
served in ancient paleosols remains a fundamental question when 
applying magnetic paleoprecipitation proxies to ancient systems. 
As discussed above, it appears that surficial weathering of outcrops 
results in authigenic pigmentary hematite formation. The presence 
of non-pedogenic hematite in outcrop paleosols has considerable 
implications for the application of G/H proxies (Hyland et al., 
2015; Long et al., 2011). Additional hematite will act to decrease 
the G/H ratio and cause MAP estimates to be biased to lower val-
ues. Authigenic hematite formed via surficial weathering may help 
to explain G/H based MAP estimates that are drier than other 
geochemical and paleobotanical methods (Hyland et al., 2015;
Hyland and Sheldon, 2016). Accordingly, we suggest that G/H MAP 
estimates be viewed as minimum constraints.

Parameters that remain unaffected by weathering (e.g., χ , 
ARM , I RM) are generally controlled by low coercivity ferrimag-
netic minerals (magnetite and maghemite). However, these pa-
rameters have considerable variability and lack characteristics of 
a magnetically enhanced profile similar to modern soils (Maher, 
1998; Geiss and Zanner, 2006; Geiss et al., 2008; Lindquist et 
al., 2011). This suggests that diagenetic processes, independent 
of weathering, have altered the low coercivity ferrimagnetic min-
eral population. However, relative enhancement ratios (as used in 
modern calibrations with MAP; Geiss et al., 2008) for the Polecat 
Bench section are comparable with those of some modern soils 
and appear to correlate with independent MAP estimates from the 
CALMAG geochemical weathering index (Fig. 9 and Table 1; Geiss 
et al., 2008; Kraus et al., 2015). Correlations between MAP and 
enhancement ratios are generally higher for the core sediments 
compared with outcrop correlations, which may suggest that more 
variability is introduced via surficial weathering to outcrops that 
are not observed in core sediments (Table 1). However, significant 
(p < 0.05) and moderately strong (R2 ≥ 0.46; Table 1) correlations 
still exist in the outcrop section, which suggest that despite small 
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Fig. 7. A. Example of backfield coercivity spectra (data shown in grey symbols) with 
the modeled best fit (orange). Data were fitted using a two-component model with 
a high (blue) and low (purple) coercivity component. Shaded envelopes for com-
ponent distributions and model indicate an approximate 95% confidence interval. 
Data shown are from core specimen UDRB-100. B. Cross plot of the dispersion 
parameter (D P ) and mean coercivity (Bh). Examples of modern pedogenic mag-
netite (green squares) are displayed with data from Egli (2004), Geiss and Zanner
(2006), Lindquist et al. (2011), and Bourne et al. (2015). Note that Bourne et al.
(2015) presented data recovered from a speleothem, but were interpreted to repre-
sent partially oxidized pedogenic magnetite. Data for B-horizon specimen from core 
and outcrop are shown in purple (low-coercivity component; LCC ) and blue (high-
coercivity component; HC C ). (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.)

influences from surficial weathering qualitative climatic informa-
tion will still be preserved by the magnetic mineral assemblage.

Using empirical transfer functions to produce quantitative MAP 
estimates from the enhancement ratios shown in Fig. 9 requires 
the assumption that the ratio has remained unchanged through-
out the geologic history of a paleosol (from burial of the origi-
nal soil to exposure as outcrop or recovery from core). Magnetic 
enhancement in modern soils is principally driven by pedogenic 
production of SSD and SP magnetite/maghemite in the upper soil 
horizons (Maher, 1998; Geiss et al., 2008; Orgeira et al., 2011). 
Coercivity spectra (from ARM and I RM experiments) from many 
modern soils have identified a low-coercivity component that is 
Fig. 8. Redness Index (a∗) data from paleosol B-horizons at Polecat Bench. The 
dashed line indicates the 1:1 relationship. Note that in each paleosol, the mean a∗
value of the outcrop is higher than the equivalent paleosol layer sampled from core. 
Redness data for the core are from Bowen et al. (2015) and are from Abdul Aziz et 
al. (2008) for the outcrop.

Table 1
Correlation of magnetic parameters with mean annual precipitation (MAP) and B-
horizon thickness.a

Parameter Core Outcrop

MAP Thickness MAP Thickness

χB/χC 0.79 (0.0014) 0.02 (0.72) 0.64 (0.0002) 0.21 (0.08)
I RMB/I RMC 0.79 (0.0014) 0.04 (0.60) 0.46 (0.0040) 0.30 (0.03)
ARMB/ARMC 0.55 (0.0227) 0.05 (0.57) 0.46 (0.0037) 0.30 (0.03)
χARM/I RM 0.03 (0.68) 0.23 (0.19) 0.12 (0.20) 0.07 (0.31)
H I RM 0.08 (0.46) 0.03 (0.65) 0.001 (0.90) 0.05 (0.41)

a Mean B-horizon values are used for each indicated magnetic parameter. MAP 
data are derived from the geochemical weathering index CALMAG and come from 
Kraus et al. (2015). R2 values are reported with p-values in parentheses. Significant 
correlations are highlighted with bold and italics.

often referred to as pedogenic magnetite (Fig. 7B; Egli, 2004;
Geiss et al., 2008; Lindquist et al., 2011). Recovery of a similar 
low-coercivity component within ancient paleosols would increase 
confidence in the assumption that observable magnetic enhance-
ment in paleosols is driven by similar processes as in modern soils.

The LCC recovered from analysis of B horizons in the Bighorn 
Basin paleosols suggests either a lack of pedogenic magnetite in 
these soils or alteration of pedogenic magnetite via diagenesis and 
weathering (Fig. 7B). Assuming that magnetite was produced in the 
original soils during pedogenesis, it is feasible that diagenetic pro-
cesses increased B p (via partial or complete maghemitization; e.g., 
van Velzen and Dekkers, 1999; Chen et al., 2005) and D P (by in-
creasing the range of coercivities within the original population of 
grains) of the pedogenic magnetite component. Notably, the aver-
age LCC of Bighorn Basin paleosols has this trend for pedogenic 
magnetite (Fig. 7B) and, therefore, we suggest that the LCC repre-
sents partially oxidized pedogenic magnetite.

Magnetic paleoprecipitation proxies based on properties such 
as χ , ARM , and I RM (likely to be dominated by pedogenic 
magnetite/maghemite) in empirical relationships with MAP are 
likely to be compromised by the progressive oxidation of pedo-
genic magnetite during weathering and diagenesis. For example, 
the χARM/I RM ratio is used as a direct indicator for pedogenic 
magnetite in the methods of Geiss et al. (2008); our data indi-
cate no correlation between independent estimates of MAP and 
χARM/I RM (Table 1; Fig. 9E). Enhancement ratios may provide 
a means to normalize the effects of magnetic mineral oxida-
tion, principally under the assumption that any magnetic minerals 
present in the parent material experience similar processes. It is 
encouraging that the magnetic enhancement ratios preserved in 
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Fig. 9. Mean B-horizon magnetic enhancement parameters for marker bed paleosols at Polecat Bench. (A) Line-scan image of core stratigraphy and location of marker 
paleosols in the core. (B) Carbon isotopic composition of pedogenic carbonates is shown to highlight the onset, main body, and recovery of the PETM (data from Bowen 
et al., 2015). (C–D) B-horizon enhancement ratios for magnetic susceptibility (χ , C) and isothermal remanent magnetization (I RM , D). For each magnetic parameter the 
mean B-horizon value was normalized to the mean value of the C-horizon. B-horizon means for enhancement ratios were calculated using “enhanced” specimen, indicated 
in bold in Tables S1 and S3, similar to the approach taken by Geiss et al. (2008). Error bars approximate the 95% confidence interval and were calculated as the 2.5 and 97.5 
percentiles of a Monte Carlo style resampling using B and C horizon means and standard deviations assuming a normal distribution. (E) B-horizon mean ratio of susceptibility 
of anhysteretic remanent magnetization to I RM (χARM/I RM). (F) CALMAG mean annual precipitation (MAP) data are from Kraus et al. (2015) and represent independent 
estimates of MAP derived from the bulk geochemistry of the same marker bed paleosols (both core and outcrop). Note that in cases where arrows are on the ends of error 
bars the error bars were reduced to avoid overlap with adjacent panels.
the studied Bighorn Basin paleosols are of a similar magnitude to 
those of modern soils (Geiss et al., 2008). We urge caution in as-
suming that a similar degree of enhancement in a particular mag-
netic property suggests equivalence between modern and fossil 
soils. However, the good agreement between magnetic enhance-
ment ratios and geochemical proxies highlights that magnetic min-
erals do record at least qualitative information about paleoclimate 
in the geologic record.

6. Conclusions

Our core-to-outcrop comparison of the magnetic properties of 
paleosols preserved in the Paleocene–Eocene Willwood Forma-
tion of the Bighorn Basin allows us to address two fundamental 
questions related to the application of magnetic paleoprecipita-
tion proxies in ancient systems. First, we evaluated the effects of 
surficial weathering on the magnetic minerals preserved in out-
crops. Outcrop samples have a consistent and significant increase 
of ∼ 23% in Mr and ∼ 41% for H I RM compared with equiva-
lent core samples (Fig. 6). This increase is interpreted to be caused 
by secondary pigmentary hematite (∼25–100 nm) production in 
outcrops and is supported by similar increases in redness in-
dex (a∗) within outcrops compared to the studied core (Fig. 8). 
The increase in magnetic remanence within outcrops complicates 
application of magnetic paleoprecipitation proxies that use the 
proportion of total remanence held by hematite and goethite to 
estimate magnetic mineral abundance ratios (Long et al., 2011;
Hyland et al., 2015). It may be possible with future work to ad-
dress this complication by more detailed unmixing analysis to 
differentiate primary pedogenic hematite from the secondary au-
thigenic hematite that forms in subaerial weathering regimes. In 
this way it may be possible to remove, or at least account for, 
this non-pedogenic magnetic mineral phase when applying meth-
ods based on high-field magnetic properties (e.g., Long et al., 2011;
Hyland et al., 2015). At minimum, the observed increase in H I RM
and Mr increases the uncertainty in applying these methods and 
the associated error in MAP estimates derived from them. At-
tempts to address this uncertainty should be included in future 
work based on these methods.

Second, we evaluated the possibility that magnetic minerals in 
ancient paleosols record changes in paleoprecipitation across the 
PETM. Magnetic enhancement ratios of parameters such as χ and 
I RM correlate with independent MAP estimates from geochemical 
proxies (Fig. 9, Table 1; Kraus et al., 2015). However, applications 
of magnetic enhancement proxies are complicated by the fact that 
the pedogenic magnetite recovered from the Bighorn Basin ap-
pears to have been altered during diagenesis (in both core and 
outcrop), which results in higher mean coercivities and broader 
coercivity distributions. Additionally, current magnetic precipita-
tion proxies have large uncertainties (Heslop and Roberts, 2013;
Maher and Possolo, 2013) even when applied in systems where pe-
dogenic magnetite is not altered by diagenesis. So, while the mag-
netic mineral assemblage preserves qualitative information about 
paleoprecipitation, quantitative estimates from empirically derived 
transfer functions may prove difficult to defend if pedogenic mag-
netite commonly undergoes alteration during diagenesis.

Our analysis presents some challenging obstacles for quanti-
tative application of soil magnetism to paleoclimate problems in 



D.P. Maxbauer et al. / Earth and Planetary Science Letters 452 (2016) 15–26 25
deep time. However, environmental magnetic information is still 
preserved in these ancient paleosols (e.g., magnetic enhancement 
ratios, Fig. 9), which suggests their continued promise for mag-
netic assessment of ancient MAP. In future studies, degradation 
of pedogenic magnetite should be possible to identify based on 
comparison of coercivity components to magnetites observed in 
modern soils as done here. Unfortunately, there is currently no ob-
vious way to identify the presence of non-pedogenic, authigenic 
hematite in outcrops where comparison to equivalent core sed-
iments is not possible. More detailed studies on pre-Quaternary 
paleosol sequences combined with expanded studies on modern 
soils could provide solutions to these complications and allow soil 
magnetism to become an important tool for reconstructing past 
climates.
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