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[1] In order to constrain the rate of magnetic enhancement in soils, we investigated modern soils from five
fluvial terraces in the eastern Wind River Range, Wyoming. Profiles up to 1.2 m deep were sampled in 5-cm
intervals from hand-dug pits or natural riverbank exposures. Soils formed in fluvial terraces correlated to the
Sacajawea Ridge (730-610 ka BP), Bull Lake (130-100 ka BP) and Pinedale-age (~20 ka BP) glacial
advances. One soil profile formed in Holocene-age sediment. Abundance, mineralogy, and grain size of
magnetic minerals were estimated through magnetic measurements. Magnetic enhancement of the A-horizon
as well as an increase in fine-grained magnetic minerals occurred mostly in Bull Lake profiles but was absent
from the older profile. Such low rates of magnetic enhancement may limit the temporal resolution of paleosol-
based paleoclimate reconstructions in semiarid regions even where high sedimentation rates result in multiple
paleosols. A loss of ferrimagnetic and an increase in antiferromagnetic minerals occurred with age. Our
findings suggest either the conversion of ferrimagnetic minerals to weakly magnetic hematite with progressing
soil age, or the presence of ferrimagnetic minerals as an intermediate product of pedogenesis. Absolute and
relative hematite abundance increase with age, making both useful proxies for soil age and the dating of
regional glacial deposits. All coercivity proxies are consistent with each other, which suggests that observed
changes in HIRM and S-ratio are representative of real changes in hematite abundance rather than shifts in
coercivity distributions, even though the modified L-ratio varies widely.
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1. Introduction

[2] Rock-magnetic studies of soils have been suc-
cessfully applied to a range of questions in geology
and soil science. These studies had various goals but
use the same measurements to characterize the iron-
bearing magnetic minerals present in soils. Some of
the first studies [e.g., Kukla et al., 1988] aimed to
delineate soil horizons and quantify the degree of soil
development in loess-paleosol sequences on the Chi-
nese Loess Plateau. More recently, Grimley et al.
[2004, 2008] used changes in magnetic susceptibility
to delineate the extent of hydric soils. Several authors
[e.g., Grimley et al., 2003; Singer et al., 1992; Vidic
et al., 2004] have correlated soil age and pedogenic
development with the increase in ferrimagnetic min-
eral concentrations in the upper soil horizons and used
these correlations to estimate rates of magnetic
enhancement or to constrain the duration of soil
development.

[3] Soil-magnetic analyses have also been used to
understand the relationship between a given soil
profile and its parent material, sediment provenance,
and to characterize erosion rates [e.g., Dearing et al.,
2001; Spassov et al., 2003]. Correlation between
the magnetic signal and precipitation has been used
to reconstruct past changes in climate, particularly
variations in precipitation [Han et al., 1996; Heller
and Liu, 1986; Maher and Thompson, 1995; Maher
et al., 2003b; Virina et al., 2000]. Each of these
studies posed questions that often necessitate further
study across varied locations and pedogenic con-
ditions. For example, the models and correlations
that link magnetic enhancement to climate are spe-
cific to a particular region or climatic zone, and the
process of magnetic enhancement and its causes
are still poorly understood. Singer and Fine [1989]
examined various pedogenic processes, while others
[e.g., Geiss and Zanner, 2007; Maher et al., 2003a]
correlated modern climate with pedogenic enhance-
ment in modern soils.

[4] Dearing et al. [1996] as well as Blundell et al.
[2009] applied statistical analyses to a large national
data set to pinpoint the factors most responsible for

magnetic enhancement. Nevertheless, the pathways
of magnetic enhancement are still under investiga-
tion. In many midlatitude sites, pedogenic magnetite
and maghemite formation is the main cause of
enhancement [Maher and Thompson, 1999; Orgeira
et al., 2011, and references therein]. These authors
suggest that the formation of pedogenic iron oxide
minerals proceeds along two distinct pathways. The
precipitation of small ferrimagnetic particles is the
result of cyclical changes in soil moisture which
cause alternating reducing and oxidizing conditions.
Drier climates, however, lead to a more thorough
oxidation of iron-bearing precursor minerals and the
formation of imperfect antiferromagnetic minerals
(hematite or goethite). Balsam and coworkers
[Balsam et al., 2004; Ji et al., 2001] determined
hematite/goethite ratios for several Chinese loess/
paleosol sequences and found that paleosols were
enriched in both ferrimagnetic and antiferromagnetic
minerals. Hematite formation is favored in warm
climates with extreme dry periods that are interrupted
only by short precipitation events, while goethite
formation predominates under less variable and more
humid moisture conditions in soils that have higher
organic matter content. According to this model
hematite is the predominant pedogenic iron-oxide
phase in climates with mean annual precipitation less
than 500 mm/yr. Orgeira et al. [2011] fine-tune this
enhancement model and link the resulting magnetic
enhancement to annual changes in soil moisture.
Again, hematite production is favored under dry,
warm climatic conditions. An alternative magnetic
enhancement model has been presented by Barron
and colleagues [e.g., Barron and Torrent, 2002;
Torrent et al., 2006] which postulates that magnetic
particles form through the oxidation of ferrihydrite
to hematite and that ferrimagnetic minerals are merely
an intermediate, metastable product in this transfor-
mation process, which is not dependent on repeated
wetting and drying cycles.

[5s] Which of these enhancement models properly
describes the development of soil-magnetic prop-
erties is, at this point, unclear. Analyses of modern
African [Lyons et al., 2010] and Mediterranean
[Torrent et al., 2010] soils support the model of
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Barron and Torrent [2002]. However, the timescales
required to achieve significant magnetic enhance-
ment (~10° years) conflict with observed magnetic
enhancement in many modern and Holocene soils
[e.g., Geiss and Zanner, 2007; Maher et al., 2003b].
Furthermore, the model may have difficulties in
explaining the observed abundances of maghemite,
hematite, and goethite that have been reported from
several loess records [Maher, 2011]. In combina-
tion with other sites from arid environments the
soil profiles analyzed in this study may help to
differentiate between these two magnetic enhance-
ment models and strengthen our ability to use
soil-magnetic proxies to reconstruct past climatic
conditions.

[6] Rates of magnetic enhancement are also poorly
constrained. Singer et al. [1992], from their study
of California beach terraces, concluded that soil
ages of up to 100,000 years were required for sig-
nificant development of ferrimagnetic minerals to
occur. Maher and Hu [2006], on the other hand,
suggested that magnetic minerals might develop
rapidly in loessic soils on the Chinese Loess Plateau,
which is supported in a recent study by Geiss et al.
[2009]. Long-term surface soil development can
be further complicated by cyclical climate patterns,
such as a succession of glacial and interglacial cli-
mates [Hall, 1999]. In this study, we carefully
characterized the magnetic properties of five soil
profiles from a chronosequence of the eastern flank
of the Wind River Range to estimate rates and
pathways of magnetic enhancement for soils that
formed over the past <10 ka—730 ka [Dahms, 2004]
in a semiarid climate.

[7] Determining the rates of magnetic enhancement
constrains the temporal resolution that is achievable
in paleosol-based climate reconstructions. Soils
from semiarid regions may be of additional interest
for several reasons: Much of early human history,
for example, took place in (now) semiarid regions,
and climatic shifts may have influenced the history
of early civilizations. Today, agriculture extends
into often fragile grassland and steppe regions and is
susceptible to short- or long-term climatic change.
Paleosols may provide valuable information on the
range of past climatic changes, but only if pedo-
genesis occurs rapidly enough to record short-term
(centuries to millennia) climate variations. A better
understanding of the chemical processes and path-
ways that affect magnetic minerals in soils are a
prerequisite to understand and model magnetic
enhancement and is necessary to interpret the mag-
netic properties of paleosols in terms of past envi-
ronmental changes.

[8] The soils analyzed in this study developed in
gravel deposits derived from Triassic red beds and
are dominated by hematite. They offer the opportu-
nity to investigate the effects of magnetic enhance-
ment on soils from an unusual parent material over
time spans up to more than half a million years. In
addition, the unusual mineralogy of our sites allows
us to compare several magnetic coercivity para-
meters and establish their reliability as proxies of
mineralogical change. Such information aids in the
design of robust yet efficient rock-magnetic studies.

2. Methods

2.1. Profile Locations and Site Descriptions

[s] We sampled five soil profiles from fluvial terraces
in Red Canyon, 15 km south of Lander, Wyoming
(Figure 1). The soils developed in Quaternary gravels
derived from the Triassic red beds of the Chugwater
group. The soils are mapped as part of the Sinkson-
Thermopolis soil association [Young, 1981]. They
are deep and well drained and contain a well-
developed Bky horizon below a depth of approxi-
mately 0.4 m depth. Mean annual precipitation for
Lander is 230 mm/year with most precipitation
occurring during spring and fall. The average annual
temperature is approximately 6.5°C, ranging from
—7°C during the winter to over 20°C during the
summer months (NOAA Satellite and Information
Service, 4/27/2011).

[10] Age estimates for these profiles are based on
landscape position and range from Holocene,
(<10 ka, WIN10B), to Sacajawea Ridge, (730—
610 ka, WIN10C). Terrace ages are estimated using
terrace heights above modern streams, relative soil
development, and correlations to regional soil/terrace
chronosequences [Dahms, 2004]. Four of the pro-
files were collected from shallow soil pits (WIN10A,
C, D and E) while the WIN10B profile was col-
lected from a natural exposure. All profiles were
described in the field following procedures outlined
in the Soil Survey Manual [Soil Survey Division
Staff, 1993].

[11] Samples were collected at 5 cm intervals
throughout the upper meter of the profile. The
sampling interval was increased to 10 cm for the
deeper part of the profiles in WIN10D and WIN10E.
In the field, samples were disaggregated by hand,
passed through a two-mm sieve and approximately
100 cm? of soil was placed in plastic bags for further
analysis.
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Figure 1. Map of Red Canyon, near Lander, Wyoming, showing the location of the sampled soil profiles. Map insert

shows state of Wyoming and location of Red Canyon. BHM — Bighorn Mountains, Tt — Tetons, WRR — Wind River

Range, YSP — Yellowstone Plateau.

[12] In the laboratory, samples were air-dried,
homogenized and packed into weakly diamagnetic
plastic boxes with a volume of 5.3 cm®. Sample
masses ranged between 6.3 and 9.5 g. For high-field
analyses, for which we used a vibrating sample
magnetometer (VSM), a subset of samples was
tightly packed into small gelcaps, which accom-
modated approximately 0.3-0.4 g of dried sample.

[13] Loss on ignition (LOI) was used to determine
inorganic and organic carbon contents for the A- and
Bk-horizons of each soil profile. LOI analyses were
performed following the procedure of Dean [1974].
X-ray diffraction analyses were conducted for
representative bulk samples to identify the high-
coercivity magnetic mineral component. These
analyses were performed using a PANalytical X’ pert
Pro diffractometer equipped with a rotating sample
stage and X’celerator detector.

2.2. Rock-Magnetic Analyses

[14] We performed rock-magnetic analyses to deter-
mine the abundance, grain-size and mineralogy
of the magnetic minerals present in the soil. All
magnetic parameters used in this study are listed in

Table 1. We measured mass normalized magnetic
susceptibility () using a KLY-4 Kappabridge sus-
ceptibility meter. An anhysteretic remanent magne-
tization (ARM) was imparted in a peak field of
100 mT combined with a 50 T bias field using a
Magnon International AFD 300 alternating field
demagnetizer. An isothermal remanent magnetiza-
tion (IRM) was imparted through three pulses of a
100 mT field using an ASC-Scientific IM-10-30
pulse magnetizer. A saturation IRM (SIRM) was
imparted using in three 2.5 T field pulses, followed
by a backfield applied in three field pulses of —0.1 T
and —0.3 T respectively. All remanence values were
measured using an AGICO JR6 spinner magne-
tometer with a sensitivity of 2 x 10 ® A/m. These
measurements were used to calculate S-ratios, as
well as the “hard” IRM (see Table 1 for definitions),
to estimate the relative and absolute abundance of
high-coercivity (‘“hard”) antiferromagnetic minerals,
such as hematite or goethite. The modified L-ratio
[Hao et al., 2008; Liu et al., 2007, 2010] was also
calculated to aid interpretation of S-ratios and
HIRM.

[15] Magnetic coercivity distributions were deter-
mined through stepwise alternating-field (AF)
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Figure 2. Magnetic properties of (a) soil profile WIN10B (Holocene). The soil profile is located at N42.67514°,
W-108.66506°. (b) Magnetic susceptibility (x), (¢) ARM and (d) ARM/IRM are proxies for the abundance of ferri-
magnetic minerals. HIRM3qq and S3go,,7 provide an estimate of the absolute and relative abundance of (e and f) high-
coercivity minerals. (g) Magnetic coercivity distributions obtained from backfield demagnetization curves up to 2 T
further characterize the nature of the magnetic remanence. There are two components of the magnetic coercivity distri-
butions: a soft component (characterized with two curves) and a hard component. (h) The soil lithology legend

applies to Figures 2—6.

demagnetization of an IRM, which was imparted
with three field pulses of 1200 mT. The maximum
AF demagnetization field was 300 mT. Coercivity
data were fitted to cumulative log normal distribu-
tions [e.g., Egli, 2004; Robertson and France, 1994]
using the methodology outlined by Geiss et al.
[2008]. These analyses were performed on a subset
of samples.

[16] To characterize bulk magnetic properties, such
as saturation magnetization and bulk magnetic grain
size, hysteresis loops were measured in applied
fields up to 1.25 T using a Princeton Measurements
Corporation Model 3900 VSM. Hysteresis data
were corrected for para- and diamagnetic contribu-
tions using a high-field slope correction. Coercivity
of remanence (B,,) was measured through backfield
demagnetization in backfields up to 0.2 T.

[17] To extend coercivity distributions to higher
demagnetization fields the same subset of samples
was given a SIRM in a 2 T field, followed by step-
wise backfield (DC) demagnetization. These mea-
surements were carried out using the same VSM.
Only DC demagnetization curves are shown because

AF demagnetization data do not capture the high-
coercivity component present in the soil profiles and
both methods yield equivalent information at low
fields.

3. Results and Discussion

3.1. Soil Magnetic Properties

[18] Magnetic properties for all studied soil profiles
arranged in chronological order, beginning with the
Holocene soil profile (WIN 10B, Figure 2) are
shown in Figures 2—6. Magnetic susceptibility and
IRM are strongly correlated (n = 75, r* = 0.98),
therefore, IRM data are not shown. No significant
magnetic enhancement occurred in the Holocene
soil profile (WIN 10B, Figure 2). The soil developed
on a recent fluvial terrace and variations in magnetic
properties are predominantly due to changes in
parent material.

[19] The Pinedale soil profile (WIN 10A, Figure 3)
has higher magnetic susceptibility in the Bk-horizon
(x = 89 x 1077 rn3/kg) than in the A-horizon

6 of 16
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Figure 3. Magnetic properties of soil profile WIN10A (Pinedale, ~20 ka B.P.). The soil profile is located at
N42.67708°, W-108.66470°. See caption for Figure 1 for details and soil lithology legend.
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Figure 4. Magnetic properties of soil profile WIN10D (late Bull Lake, ~100 ka B.P.). The soil profile is located at
N42.67396°, W-108.66941°. See caption for Figure 1 for details and soil lithology legend.
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Figure 5. Magnetic properties of soil profile WIN10E (early Bull Lake, ~130 ka B.P.). The soil profile is located at
N42.67656°, W-108.66874°. See caption for Figure 1 for details and soil lithology legend.
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Figure 6. Magnetic properties of soil profile WIN10C (Sacajawea Ridge, 610—730 ka B.P.). The soil profile is
located at N42.67134°, W-108.67193°. See caption for Figure 1 for details and soil lithology legend.
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(x = x10"" m*/kg). This may suggest a depletion of
ferrimagnetic minerals in the topsoil or the addition
of additional, weakly magnetic material to the soil
proﬁle. HIRM300 and S300mT (Figures 3e and 3f)
undergo negligible changes throughout the profile
except for a slight decrease in HIRM3(o with depth
and a slight increase in S;q0,,7 With depth. Magnetic
coercivity distributions (Figure 3g) have a small
contribution by hematite to the magnetic remanence
(shaded in light red) that is most prominent in the
A- and Bk-horizons.

[20] Profiles of Bull Lake age have magnetically
enhanced topsoils. For the late Bull Lake soil profile
(WIN 10D, Figure 4) moderate enhancement in the
A-horizon is suggested by an approximate 100%
increase in susceptibility between the Bk-horizon
(x = 3.4 x 1077 m’/kg) and the A-horizon (y =
6.6 x 1077 m*/kg) (Figure 4b). HIRM;, decreases
with depth throughout the Bk-horizon while S3omt
increases correspondingly. DC demagnetization
curves (Figure 3g) indicate increased hematite con-
centrations (shaded in light red) compared to the
Pinedale profile (Figure 2), particularly in the A- and
Bw-horizons.

[21] Magnetic enhancement further increases for
the A-horizon of the early Bull Lake soil profile
(Win 10E, Figure 5). x increases by almost 1000%
between the Bk-horizon (x = 0.66 x 107 m>/kg)
and the A-horizon (y = 6.0 x 10”7 m*/kg). At this
site, HIRM309 and S;gon,7 Increase in the Bw- and
A-horizons (Figures Se and 5f). Magnetic coercivity
distributions indicate a large hematite component
throughout the entire profile (Figure 5g).

[22] There is some enhancement of ferrimagnets in
WIN10C (Sacajawea Ridge, Figure 6b). y increases
slightly by approximately 20% between the Bk-
horizon (x = 4.4 x 1077 m*/kg) and the A-horizon
(x =5.4x 107" m*/kg). HIRM3, increased slightly in
the Bw- and A-horizons while S3qo,,1 decreased in
these horizons (Figures 6e and 6f). Magnetic coer-
civity distributions indicate an increased hematite
component in the Bw- and A-horizons (Figure 6g).

[23] Typical hysteresis loops for two soil samples
(A-horizon, WIN10A; Bk-horizon — WIN 10E) are
shown in Figures 7a and 7b. Most loops close at
magnetic fields above 0.35 T and have a normal
shape (neither wasp-waisted nor pot-bellied [Roberts
et al., 1995; Tauxe et al., 1996]). A scatterplot of
magnetization ratios (M,/M;) versus coercivity ratios
(B./B.) is shown in Figure 7c¢ [Day et al., 1977;
Dunlop, 2002]. A-horizon samples (closed symbols)
plot in the pseudo-single domain (PSD) field, while

Bk-horizon samples (open symbols) are displaced
toward higher coercivity ratios. Hysteresis loops from
these samples are wasp-waisted (Figure 7b) and close
at significantly higher fields. A-horizon samples
cluster tightly and do not follow a particular grain size
trend. The displacement of Bk-horizon samples may
either be due to a larger presence of hematite
[Channell and Mc Cabe, 1994] or the addition of
super-paramagnetic (SP) particles [Dunlop, 2002].
If the abundance of SP particles is large, then
x/IRM ratios should also be high, which is not
observed in our samples. The presence of hematite
is further indicated by the red color of these
samples, their wasp-waisted shape, as well as their
high magnetic coercivities.

3.2. Magnetic Changes With Soil Age

[24] In Figure 8, various magnetic measurements
are plotted as a function of age for typical samples
from the A- (solid symbols) and Bk-horizons (open
symbols) for all sites with the exception of the
Holocene soil profile (whose magnetic properties
are controlled by changes in lithology rather than
age-dependent pedogenesis). Correcting Bk-horizon
data for the presence of carbonates affected the
overall magnitude of all concentration-dependent
parameters but preserved the trends already
observed in the uncorrected data. For clarity these
data are omitted from Figure 8.

[25] Concentration-dependent parameters x (Figure
8a), IRM (not shown) and ARM (Figure 8b) have a
decreasing trend with age for the A-horizon. y
remains fairly constant between the two oldest
sites (early Bull Lake and Sacajawea Ridge).
ARM/IRM ratios (Figure 8c), which increase with
age from Pinedale to early Bull Lake, drop again
in the Sacajawea Ridge profile. A general increase
in B, values with soil age (Figure 8d) indicates
increasing bulk coercivity with soil age. Corre-
sponding trends in HIRM and S;¢o,,7 indicate that
the higher B, values are due to both an absolute
(HIRM increases with age) and relative (S;oomt
decreases with age) increase of high-coercivity
hematite (Figures 8e and 8f). The general decrease
in y and ARM with age in the A-horizons of our
soil profiles may be due to a gradual loss of
ferrimagnetic minerals or the conversion of ferri-
magnetic, or other iron-bearing precursor minerals
to weakly magnetic, antiferromagnetic hematite.
The increase in ARM/IRM (Figure 8c) for the
magnetically enhanced Bull Lake profiles indicates
that pedogenic enhancement is at least partially due
to an accumulation of SD minerals.
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Figure 7. Hysteresis loops for samples (a) WIN10A, 5-10 cm and (b) WIN 10E 4045 cm. (c) Plot of remanence ratio
(M,/My) versus coercivity ratio (B.,/B.) for all five soil profiles. Solid symbols represent samples from the A-horizon,
open symbols represent all other horizons. The positions of the samples shown in Figures 7a and 7b are marked.

[26] In our soil profiles the A-horizons are mag-
netically enhanced only in the Bull Lake soils
(Figures 4 and 5). Based on their investigations of
California beach terraces, Singer et al. [1992] sug-
gested that little magnetic enhancement is observed
in soils younger than approximately 40 ka, which
would explain the lack of magnetic enhancement
observed in the Holocene and Pinedale soil profiles.
The degree of magnetic enhancement increases
significantly between the late and early Bull Lake
profiles, probably because the early Bull lake soil
experienced interglacial climatic conditions during
the Sangamon that were more conducive to pedo-
genic enhancement.

[27] Hall [1999] suggested that older soils in the
Wind River Basin experienced significant deflation
and loss of upper soil horizon material which would
strip the older soil profiles of their magnetically

enhanced horizons. Magnetic enhancement is a
near-surface process and is usually most pro-
nounced in the topsoil. Therefore, long-term defla-
tion can explain the lack of magnetic enhancement
in the Sacajawea Ridge soil profile. Hall/ [1999] also
found no systematic trend in rubification of the
Bt-horizon. We see a systematic change in coer-
civity parameters with B, and HIRM increasing
and S-ratios declining with age (Figures 8d, 8e,
and 8f). Therefore, in contrast to the findings of
Hall [1999], high-coercivity minerals do system-
atically increase in the older soil profiles. However,
Hall [1999] studied Bt-horizons, which are only
weakly expressed in our studied soils. Consistent
hematite enhancement is only observed in the
A-horizons of the soils studied here. Furthermore,
increased hematite production may not necessarily
lead to further rubification if all grains are either
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already completely coated by hematite or if the
formation of additional hematite results in enlarging
existing hematite crystals rather than the formation
of new red material.

[28] To summarize trends in the A-horizons of the
studied soil profiles, we observe a loss of ferri-
magnetic materials and an increase in hematite.
Also, higher ARM/IRM ratios indicate that pedo-
genic ferrimagnets are created. This suggests that
pedogenic ferrimagnets are an intermediate product
of pedogenesis with hematite as the stable end-
member [Torrent et al., 2006]. In the B-horizons Y,
IRM and ARM trends are less clear (Figures 8a, 8b,
and 8c). Bk-horizon data do not have consistent
trends with age, even when magnetic parameters
are corrected for the presence of carbonates. This
may be due to the inhomogeneity of the parent
material or to complex deflation history, which
brings older material closer to the surface.

3.3. Estimates of Hematite Abundance

[29] XRD analyses of representative samples
(Figure 9) as well as soil color confirm that the high
coercivity component in our soil profiles is carried
by hematite. Therefore, estimates of high coercivity
distributions can be used to quantify hematite
abundance. To assess the consistency of common
magnetic coercivity proxies (S-ratio, HIRM and
coercivity distributions), we compared relative
hematite abundance estimates to Szgo,T Vvalues
(Figure 10a). The relationship between these two
parameters is fairly linear, which suggests that in our
case both methods yield comparable results and can
be used to detect qualitative changes in the relative
concentrations of high-coercivity minerals. In
Figures 10b and 10c the absolute contribution of the
high-coercivity component (hematite) to the mag-
netic remanence as determined by our analysis of
magnetic coercivity distributions is plotted against
HIRMj;q9, an alternative proxy for the absolute
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Figure 9. XRD analyses for two representative samples from the Sacajawea Ridge soil profile. Diffraction peaks
associated with quartz (Q), calcite (Cc) and hematite (H) are labeled.

hematite abundance. Both parameters have a posi-
tive correlation. The correlation between coercivity
distribution analyses and HIRM when coercivity
spectra are fitted by two coercivity components is
shown in Figure 10b. This analysis indicates a
good correlation between the two hematite proxies.
When coercivity spectra are fitted with three
coercivity distributions, often a broad medium-
coercivity component is added. This improves the
overall fit to the data but the added component
overlaps significantly with the remaining low- and
high-coercivity components and leads to a poorer
correlation between the two proxies (Figure 10c).

[30] Liu et al. [2007] introduced the L-ratio (later,
the modified L-ratio) to assess the validity of
HIRM and S-ratios as proxies for the abundance of

high-coercivity minerals (hematite and goethite).
According to Liu et al. [2007], HIRM only reflects
the abundance of high-coercivity minerals if the
(modified) L-ratio remains fairly constant, other-
wise, changes in HIRM are mainly due to changes
in magnetic coercivity. The modified L-ratio is
plotted versus HIRMj3 for all samples in Figure 11a.
Considerable variations in the L-ratio have very
strong site-specific linear trends. According to Liu
et al. [2007] the data in Figure 11a suggests that, in
our case, HIRM is poorly suited to estimate changes
in hematite abundance. Liu et al. [2007] sug-
gested a detailed analysis of coercivity distributions
(Figures 2-5) to further clarify the contributions
of high-coercivity minerals to the magnetic signal
because magnetic coercivity spectra do capture
changes in magnetic coercivity more completely
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than single-valued parameters such as HIRM or

S-ratios. Our comparisons indicate that both tech-

niques yield comparable results (Figure 10), which

05 — confirms the usefulness of simple HIRM measure-

ments when estimating hematite abundance even
when the corresponding L-ratios are highly variable.
A two-component fit (which gave the best correla-
tion between coercivity-distribution-based and
HIRM-based estimates) separates the coercivity
spectra into two low- and high-coercivity com-
ponents that are fairly well defined (narrow range
of By, and D, values) and well separated from each
other (Figure 11b). A three-component fit of the
coercivity data improves the overall quality of the
fit, but these improvements are most pronounced
for the low-coercivity part of the spectrum (B <
5 mT). The mid- and high-coercivity part of the
spectrum is well characterized by two coercivity
distributions. The distinct separation and relative
homogeneity of these two distributions may be
the reason why all techniques yield comparable
results. Our analyses suggest that the abundance
of hematite is reasonably well quantified using
HIRM and S-ratios even when L-ratios are not
constant, and it appears that all proxies for
hematite abundance (HIRM, analysis of coerciv-
ity distributions) reflect true changes in the
abundance of hematite in the studied soil profiles.

4. Conclusions

[31] We have demonstrated that the magnetic prop-
erties of pre-Bull Lake soil profiles have little mag-
netic enhancement. In the late and early Bull Lake
profiles (soil age 100 and 130 ka) magnetic suscep-
tibility and ARM/IRM increase in the upper soil
horizons, similar to soils studied elsewhere, for
example, from the Chinese Loess Plateau or the
Midwestern United States. Magnetic enhancement
appears to have occurred slowly, with no enhance-
ment before a soil age of 100 ka. There is no simple
relationship between soil age and the degree of

Figure 10. Comparison of hematite abundance esti-
mates from S;g0m1, HIRM300 and coercivity distributions.
(a) Relative abundance estimates from coercivity distri-
butions versus S-ratio. (b) Absolute remanence contribu-
tions carried by hematite based on a two-component
(high- and low coercivity component) fit of the coerciv-
ity distributions shown in Figures 1-5 versus HIRM3¢y.
(c) Absolute remanence contributions carried by hematite
versus HIRM3(, but with coercivity distributions ana-
lyzed using a three-component (high-, medium- low-
coercivity) fit.
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magnetic enhancement, and enhancement trends do
not extend to our oldest (610—730 ka) soil profile
(Sacajawea Ridge, WIN10C). Deflation over long
time-scales may have stripped the fine-grained,
magnetically enhanced topsoil of the Sacajawea
Ridge profile. With respect to age from the Pinedale
through Sacajawea Ridge profiles, a loss of ferri-
magnets and an increase in hematite occurred
(Figure 8).

[32] The soils investigated in this study formed in
coarse-grained fluvial deposits. The observed low
rates of magnetic enhancement suggest that any
equilibrium between climate and soil-magnetic
properties is achieved much more slowly than in
soils that developed under similar climatic condi-
tions in loess [e.g., Maher and Hu, 2006], which
severely limits the use of similar paleosols records
for quantitative reconstructions of rapid climate
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change even if high sedimentation rates allowed for
the formation of multiple paleosols. It is unlikely
that the magnetic properties of such rapidly buried
soils reached equilibrium with the climatic condi-
tions under which they formed.

[33] The observed increase in hematite suggests that
pedogenic magnetite may only be an intermediate
product in the conversion of iron-bearing minerals
to antiferromagnets, with hematite as the stable end
product, as suggested by Torrent et al. [2006].
However, our findings are also compatible with the
magnetic enhancement model of Balsam et al.
[2004], which predicts the formation of hematite
under hot and dry climatic conditions with negligi-
ble formation of ferrimagnetic iron oxides.

[34] Our comparison of several hematite abundance
proxies demonstrates that HIRM, S-ratios and mag-
netic coercivity distributions all indicate an increase
in absolute and relative accumulation of hematite
with soil age. It appears that HIRM can quantify
actual increases in hematite abundance even though
the modified L-ratio is not constant for these soil
profiles and is well suited for rapid, semiquantitative
determinations of hematite abundance.
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