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The type-section of the Blackwater Draw Formation (BDF) consists of a series of five
paleosol horizons developed on eolian deposits and an overlying surficial soil. Previous
work has shown that magnetic properties (e.g., x, ARM, and IRM) as a function of depth in
this type-section, display both magnetically enhanced and magnetically depleted signals
for different paleosols. To better understand the magnetic mineralogy responsible for these
varying responses, various rock-magnetic experiments, scanning electron microscopy,
and Mdssbauer spectroscopy were conducted on representative samples from the six sail
units which constitute the BDF type-section. Our results show that sub-micron hematite
[with a minor contribution from single-domain sized hematite (Hc = ~600 mT) dominates all
the soils in terms of weight percent concentration. Whereas, low coercivity (Hc = ~35 mT or
less) magnetite/maghemitized-magnetite grains, largely in the PSD state (Mr/Ms=~0.14
+/—0.03588, Hcr/He=~2.68 +/- 0.298789), dominate the magnetic signal. Magnetically
depleted soils show a relatively higher proportion of goethite, while magnetically enhanced
soils show an increased contribution from SP/SSD magnetite/maghemite phases.By
combining our data-set with geochemically-derived climofunctions, we have correlated
the magnetically preserved, depleted, and enhanced sections of the type-section to three
distinct environmental phases (I-lll). The basal sediments of Phase | displays relatively
homogenous (neither enhanced nor depleted) magnetic properties due to relatively arid
conditions and minimal alteration of southerly derive eolian sands. Conversely, Phase II-Ill
represents a change in weathering intensities and provenance, resulting in a mix of
southerly derived sands and northerly derived silts. Phase I, experienced greater
precipitation levels, resulting in the dissolution of Fe-oxide phases and thus magnetic
depletion. The uppermost Phase Il experienced intermediate precipitation intensities
resulting in magnetic enhancement.Using previously published age models we
tentatively interpret these changing environmental conditions to be influenced by the
Middle-Pleistocene Transition (1.2-0.7 Ma), where the Earth’'s climatic cycles shifted
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Environmental Magnetic Study of the Blackwater Draw Formation

from a ~41 kyr to ~100 kyr cycles. However, ambiguities persist due to uncertainties in the
currently published age model. Due to the complexity of the magnetic signal, we
recommend future studies utilize a holistic approach, incorporating rock-magnetic,
geochemical, and microscopy observations for more accurate reconstruction of

regional paleoenvironments.

Keywords: blackwater draw formation, mid-pleistocene transition, rock magnetism, continental weathering, eolian
strata, environmental magnetism, soil magnetism, magnetic mineralogy

INTRODUCTION

Iron is the fourth most common element forming the planet
(Lepp, 1975; Thompson and Oldfield, 1986; Frey and Reed, 2012)
therefore iron bearing minerals, including magnetic iron oxides
(i.e. magnetite, maghemite, hematite, and others), are a common
constituent in most rocks in the Earth’s crust. Thompson and
Oldfield (1986) recognized that environmentally influenced
changes in iron oxide-bearing sediments correspond to changes
in the magnetic properties of the bulk sediment material. Since
then, numerous studies have shown that the magnetic properties of
sediments, as well as sedimentary rocks, may serve as a valuable
paleoclimate proxy (e.g., Evans and Heller (2003), and references
therein), although ambiguities still exist concerning interpretations
of the magnetic characteristics.

During pedogenesis, it is often the case that fine-grained
magnetite/maghemite particles form from the alteration of
parent material (Thompson and Oldfield, 1986; Maher et al.,
2003a, 2003b; Jordanova, 2016). These pedogenic magnetite/
maghemite particles include superparamagnetic (SP; grain size
typically <30 nm) in addition to geologically stable, single domain
(SSD; grain size 30-75 nm) grain populations (Zhou et al., 1990;
Liu et al., 2003, 2004b; Liu, 2004; Nie et al., 2016). This is in
contrast to detrital magnetic minerals which are often coarser
multidomain (MD; grain size 100-300 nm and larger) or pseudo-
single domain (PSD; grain size in between SSD and MD) grain
sizes (Levi and Merrill, 1978; Newell and Merrill, 2000; Maxbauer
et al., 2016a; Roberts et al., 2017).

Nevertheless the formation of new magnetic material during
pedogenesis can result in a net increase in commonly measured
rock magnetic parameters, such as bulk magnetic susceptibility
(x), anhysteretic remanent magnetization (ARM), and
isothermal remanent magnetization (IRM) with respect to
the parent material (a process often referred to as ‘magnetic
enhancement’) (Maher, 1986; Thompson and Oldfield, 1986;
Maher and Thompson, 1995; Evans and Heller, 2003; Torrent
et al., 2006; Jordanova, 2016). A well-known example of this
phenomenon, and its relation to climate cycles, is the intensely
studied loess deposits on the Chinese Loess Plateau (Heller and
Tungsheng, 1984; Zhou et al., 1990; Maher and Thompson,
1991; Liu et al., 1992, 2004a, 2007a; Verosub et al., 1993; Meng
et al., 1997; Torrent et al., 2007; Song et al., 2010). There the
variations in magnitude of x in relation to depth corresponds
not only with the alternating sequences of loess-paleosols but also
with established glacial-interglacial cycles based on geochemical
and geochronologic information as, first demonstrated by Heller
and Tungsheng (1984) and Kukla et al. (1988).

However, pedogenesis does not always strictly result in
magnetic enhancement of the parent material. Sequences that
have been studied in Alaska, Siberia, and Argentina are well-cited
examples where paleosols have lower magnetic values compared
to underlying loess deposits (Chlachula et al., 1997, 1998; Maher,
1998; Chlachula, 2003; Chlachula and Little, 2011; Jordanova,
2016). For these sites the “Siberian/Alaskan” model was
proposed, which states that glacial/interglacial time periods
correlate to strong/weak winds resulting in the deposition of
more/less magnetite/maghemite respectively (Chlachula et al,
1998; Matasova et al.,, 2001; Zhu et al., 2003; Matasova and
Kazansky, 2005; Kravchinsky et al, 2008). However, high
percent frequency dependence (%Xrp) values for magnetically
depleted palesols in Siberia suggest that pedogenesis is still a
relevant factor (Matasova et al.,, 2001; Kravchinsky et al., 2008).
Liu et al. (2008, 2013) offered an alternative model for magnetic
depletion, where oversaturation of soils with water favors the
conversion of detrital magnetite/maghemite into magnetically
weaker mineral phases such as goethite or paramagnetic clays (Lu
et al, 2012; Chen et al., 2015). Additionally, other researchers
have identified that rises in temperature can also lead to magnetic
depletion, through the conversion of magnetite into hematite
(Schwertmann, 1958; Kimpf and Schwertmann, 1983; Scheinost
and Schwertmann, 1999; Schwertmann et al., 1999; Liu et al,
2012; Wang et al.,, 2013; Jiang et al., 2018).

Understanding those specific circumstances where pedogenic
processes may result in enhancing or depleting the magnetic
signature of a soil is crucial to confidently interpreting rock
magnetic data as a reliable climate proxy. In this paper, we
contribute to ongoing research on the processes that might
favor magnetic enhancement over depletion through studies of
the magnetic mineralogy of the type section of the Blackwater
Draw Formation (Reeves and Mahaney, 1976; Holliday, 1989).
This formation consists of a series of Pleistocene eolian sediment-
paleosol couplets preserved on the Southern High Plains (SHP)
region of the United States (Figure 1), which display both
magnetically depleted and magnetically enhanced eolian
sediment-paleosol layers (Holliday, 1989; Gustavson and
Holliday, 1999; Stine et al., 2020).

Through the use of a holistic data set which includes: rock-
magnetic, geochemical, and scanning electron microscopy
observations; our study reveals the complex environmental
origins of the magnetic signal as a reflection of both changing
provenance and weathering intensities. Moreover, through the
use of geochemically-based climofunctions, three paleoenvironmental
phases are identified. The earliest Phase (I) represents a period when
increased aridity resulted in the relative preservation of the magnetic
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FIGURE 1 | (A) The North American continent during the Last Glacial Maximum (LGM), with emphasis placed on the location of major loess accumulations, the
maximum extent of Northern Hemisphere ice sheets during the LGM, and the Pecos River drainage area. Distribution of loess is adapted from (Muhs, 2018), and sources
therein). Extent of ice sheets is adapted from (Dyke et al., 2002). (B) Geographic extent of the Southern High Plains showing areas discussed in the text. Dashed line in
center of the Southern High Plains defines the inferred boundary between loess and cover sands (after (Reeves and Mahaney, 1976)). Figure modified from (Stine
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signal, which is carried by southerly derived eolian coarse magnetic
phases. This is followed by Phase I, characterized by a mix of southern
sands and northern loess, where increased humidity results in
magnetic depletion, through the destruction of magnetic phases.
The soils of Phase IIl are similar to Phase II in that both are
mixtures of southern sands and northern loess. However, Phase III
represents an intermediate level of precipitation, i.e. great enough to
result in magnetic enhancement but not so high as to destroy any
newly made magnetic phases.

Using current age constraints, these environmental phases are
tentatively correlated to Middle Pleistocene Transition (MPT),
when interglacial-glacial cycles shifted from ~41-k.y. cycles to
~100-k.y. cycles. However, ambiguities in the age model makes it
difficult to associate these environmental changes with larger
scale climatic shifts.

BLACKWATER DRAW FORMATION

Geomorphic Evolution and Age

The Pleistocene Blackwater Draw Formation (BDF) is a series
of eolian deposit-paleosol couplets that form a sheet like body
across the Southern High Plains (SHP) in the south-central
US. The SHP (often called the Llano Estacado) is a plateau
covering ~ 130,000 km® across the Texas panhandle
(Figure 1). The BDF varies in thickness across the SHP,
commonly ranging from <1 to about 9 m thick, but locally
is up to 27 m thick in the vicinity of Amarillo, Texas (Hovorka,
1995). Internally, the sediments are punctuated by distinct Bt
and Bk pedogenic horizons, the number of which varies from
4 to 14 different units depending on location (Holliday, 1989;
Hovorka, 1995; Stine et al., 2020). Notably, thicker intervals of
the BDF tend to exhibit a greater number of paleosol profiles
(Hovorka, 1995). The varying number of preserved paleosols
likely reflects localized wind deflation or soil welding

(Holliday, 1989). Nevertheless, each past soil-forming
episode is considered a widespread phenomenon, and the
(uppermost) soil , referred to as the “Surficial Soil”, represents
the most recent episode. Notably, the lack of exposures and a
relatively low-resolution age model for the formation have
made correlation of soil stratigraphy across the SHP
problematic, especially in the oldest buried horizons
(Holliday, 1989, 1997; Holliday et al., 1996a, 1996b, 2008;
Gustavson and Holliday, 1999).

At some localities, the presence of the Guaje ash (ca. 1.4 Ma) in
the lower sections of the BDF, where it is present above stage
IV calcisols of the BDF, indicates that the base of the
formation is likely older than ca. 1.4 Ma and potentially
as old as ~1.9 Ma (Izett et al., 1972; Gustavson and Holliday,
1999). At the type-section, the focus of this study, the
minimum age of the youngest paleosol is further
constrained by an OSL date of ~0.12 Ma (Holliday, 1989).
Although the Guaje ash is missing at the type-site, the
identification of a magnetozone of reverse magnetic
polarity implies that, at this specific locality, the lower
part of the BDF must predate the Matuyama/Brunhes
boundary and thus be older than ca. 0.773 Ma (Holliday,
1989; Patterson and Larson, 1990; Coe et al., 2004; Singer,
2014; Channell et al., 2020; Ogg, 2020).

Type Section

The type locality of the BDF is ~9 m in height and consists of five
paleosols punctuated by a surficial soil horizon (Stine et al., 2020)
(Figure 2). The topmost and youngest soil horizon is termed the
“Surficial Soil”; the physical characteristics of which were all
documented by Holliday (1989). This soil was classified as a
Paleustalf that contains three distinguishable horizons: A, Bt, and
Bk. The A horizon exhibits 5 YR 3/4 hues, is ~0.3 m thick, and is
noted for having a sandy clay loam texture. The Bt horizon
exhibits 5 YR 3/6 hues, is ~1 m thick, and has abundant clay films
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FIGURE 2 | Integration of sedimentologic, geochemical, and geochronologic data from the type section of the BDF. Horizontal lines represent soil boundaries.
Grain-size data are reported in relative proportions of sand, silt, and clay. Geochemical samples were acid leached to remove calcium carbonate so that silicate
weathering could be accurately assessed. Chemical index of alteration (CIA) is after (Nesbitt and Young, 1982). This figure also includes Wt % Fe vs depth, which was
constructed using Table 1 from (Stine et al., 2020) note how Paleosol 2 has the highest percentage of Fe. (Stine et al., 2020) noted that the anonymously high CIA
and 2Base/Al values for Paleosol 4 and 5 were due to the high quartz content rather than high weathering and hence are represented with open squares. Nevertheless,
CIA and 2Base/Al values for the other paleosols are more representative of relative weathering intensity, and are represented with closed squares. Magnetic polarity is
from (Patterson and Larson, 1990), and age calibration is from (Singer, 2014). Shaded gray background is the part of the section that closely aligns with the approximate
duration (1250-700 ka) of the mid-Pleistocene transition from (Clark et al., 2006). TL—thermoluminescence-obtained date, from (Holliday, 1989). The stratigraphic
position of the TL -date within Paleosol 1 is uncertain, hence it is currently interpreted to represent the minimum age of Paleosol 1. Soil horizon nomenclature follows
standard (Soil Survey Staff, 1990) procedures. Figure modified from (Stine et al., 2020).

on ped facies. Similar to the A horizon, the Bt horizon of the
Surficial Soil has a sandy clay loam texture (Holliday, 1989). The
Bk horizon was described by Stine et al. (2020) as a Stage III calcic
horizon that has 7.5 YR 5/8 hues, is ~1 m thick, and has a loamy
texture.

Paleosol 1, classified as an argillic calcisol/calcic mollisol (Stine
et al., 2020), is 1.3-meter thick and contains a Bt and Bk horizon,
both of which exhibit 2.5YR 3/6 hues. The Bt horizon displays
subangular blocky peds in clay-rich pockets, while the Bk horizon
contains vertical columns of carbonate that grade laterally into
zones of calcareous nodules that envelop quartz grains. Mean
grain size (D) of the interval is coarse silt (5¢; 31 pm).
Additionally, the average mode is displaced from the mean
towards the coarser fraction, or finely skewed frequency
distribution.  Vertically, the interval records a slight
coarsening-upward profile.

Paleosol 2, classified as a loamy argillisol/mollisol (Stine et al.,
2020), is slightly more than a meter thick. This soil is

characterized by a single Bt horizon composed of angular
circumgranular peds with 2.5 YR 3/6 hues. Mean grain size
varies from fine sand in the basal 20-cm to medium to coarse
silt (6-4¢; 15-63 um) throughout the rest of the interval.
Paleosol 2 is similar to paleosol 1 in that the mean is
coarse skewed; however, this horizon shows a slightly
coarser signature. It should be noted that this horizon was
identified via unique geochemical and rock-magnetic
signatures (Stine et al., 2020), visually it can be difficult to
distinguish paleosol 2 from vertically adjacent horizons in
outcrop.

Paleosol 3, classified as an argillic protosol/mollisol (Stine
et al, 2020), is about 70-cm thick. This paleosol is
characterized by a single Bt horizon composed of prismatic
peds exhibiting 2.5 YR 3/6 hues. Mean grain-size increases
upward from fine sand (2.29¢; 31 um) in the basal 30 cm to
coarse silt (5¢; 31 um) at the top of the interval. Pedogenic
carbonate is observed only locally as matrix.
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signals are likely a reflection of environmental processes.

FIGURE 3 | Principal rock-magnetic parameters (xjow, xarm, and SIRM g1) in addition to Environmental-magnetic ratios (S-ratio, L-ratio, %xrp1-3, xarm/SIRMz o,

and xg) all plotted as a function of depth in the type section. Note the similarity in behavior among all of the principal rock-magnetic parameters. The various rock-
magnetic experiments in this paper show that the principal rock-magnetic parameters are primarily a reflection of the concentration of low-coercivity ferrimagnetic
phases (magnetite and maghemite) (Thompson and Oldfield, 1986; Evans and Heller, 2003; Jordanova, 2016). This is supported by the high and low values of the

S-ratio(Stine et al., 2020) and L-ratio (this study), respectively (Liu et al., 2007b). Low %xXrp1-a, xarm/SIRM2 g1, and xg values for Paleosols 5 and 4 imply that the magnetic
signal is controlled primarily by a wide distribution of coarse magnetic phases, which were likely detrital in origin (Thompson and Oldfield, 1986; Evans and Heller, 2003;
Hrouda, 2011; Jordanova, 2016; Stine et al., 2020). By contrast the relatively high %xrp1-a, Xarm/SIRM2 g7, and xg values for Paleosols 3- Surficial Soil implies that the
magnetic signal is controlled by fine, potentially SP-SD magnetic phases (Hrouda, 2011; Maxbauer et al., 2016a), and thus the magnetically enhanced and depleted
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Paleosol 4 represents a marked contrast from overlying
horizons. This interval, classified as an argillic calcisol/aridisol
(Stine et al., 2020), is about 1.5-m thick and contains a Bt and Bk
horizons. The Bt horizon is characterized by a massive
ped structure with 5 YR 9/1 hues, while the underlying Bk
horizon is composed of columnar and nodular carbonate with
5 YR 9/1 hues. Mean grain size is demonstrably coarser than
overlying layers and is predominantly fine sand (2.21¢; 216 pum).

Paleosol 5, classified as an argillic calcisol/aridisol (Stine et al.,
2020), is about 2.2 m thick and rests directly above the Caprock
Caliche. This interval is characterized by a single Btk horizon with
5 YR 4/8 hues, consisting of abundant pedogenic carbonate as
isolated nodules or matrix. However, vertical columns of
pedogenic carbonate are absent. This soil shows a relatively
constant grain size that averages around fine sand (3.18¢;
110 pm).

Based on detailed geochemical (Figure 2), rock-magnetic
parameter, and environmental magnetic ratio data sets

(Figure 3), Stine et al. (2020) concluded that the lowermost
paleosols (Paleosols 5 and 4) experienced relatively minor degrees
of weathering, and therefore that the relatively high magnetic
signal in them was in part due to the relative preservation of
magnetic parent material. Anonymously high chemical index of
alteration (CIA) values for Paleosols 5 and 4 were attributed to
the high quartz content and thus were disregarded for those two
layers (Figure 2). Moreover, given the existing age constraints,
Paleosols 5 and 4 record conditions prior to the Matuyama/
Brunhes boundary (Patterson and Larson, 1990), either prior to
or during the onset of the Middle Pleistocene transition (Imbrie
etal., 1993). In contrast, Paleosols 3 and 2, which directly overlie
Paleosols 5 and 4, experienced a relatively high degree of
weathering and hence the low magnetic values from these
soils are characterized by as a magnetically depleted signal
(Stine et al., 2020). Finally, the uppermost horizons, Paleosol
1 and the Surficial Soil, which displayed the highest magnetic
values, experienced a moderate degree of weathering and are
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defined as having a magnetically enhanced signal (Stine et al.,
2020).

The Middle Pleistocene Transition

Between about 1.2 and 0.7 Ma, the climate cycles of the planet
shifted from being primarily influenced by a ~41-ka obliquity
cycle to one that was dominated by a ~100-ka eccentricity cycle
(Imbrie et al, 1993). This shift in the temporal frequency of
glacial and interglacial cycles is referred to as the Middle
Pleistocene transition (MPT) and one of its most noticeable
effects was the global increase in ice volume (Mudelsee and
Schulz, 1997; Head and Gibbard, 2005; Clark et al, 2006;
Clark, 2012). However, the 100-ka frequency is the weakest
orbital parameter (Imbrie et al., 1993; Nie et al., 2008; Clark,
2012), therefore determining the forcings responsible for the
MPT has been the subject of a large body of research, and
various explanations have been proposed. Some workers suggest
that longer-lived and larger northern hemisphere ice sheets that
developed after the onset of the MPT are the direct result of an
internal forcing (Nie et al., 2008; Lisiecki, 2010). The causes of
which potentially include: long-term global cooling and CO,
decline [e.g. (Raymo et al., 1988, 1997; Berger and Jansen,
1994b, 1994a; Raymo, 1994, 1997)], disruption or alteration
of the thermo-haline, deep-water ocean current (Schmieder
et al., 2000), increased volume of sea-ice (Tziperman and
Gildor, 2003), or El Nifio-Southern Oscillation patterns in
the tropical Pacific ocean (McClymont and Rosell-Melé,
2005; Yu et al., 2018). However, in contrast to the previous
hypotheses that focus on northern hemisphere ice buildup,
Elderfield et al. (2012) proposed that the post-MPT 100-ka
cycle was initiated by an abrupt increase in Antarctic ice volume
at about 900 ka, implying that changes in northern hemisphere
ice volume were the consequence of southern hemisphere ice
buildup.

Nevertheless, most of these models rely heavily on
sedimentologic and geochemical data from marine settings.
In order to more fully understand the climatic effects of
the MPT, additional data are needed from terrestrial
settings. The challenge lies in the fact that many
Quaternary loess deposits in North America are relatively
thin (~20 m or less) and with few exceptions are no older
than the penultimate glacial period (ca. 110ka) (Muhs,
2018). This is in contrast to the thick and continuous
loess-paleosol deposits in Central Asia that continuously
span from the Holocene to at least the early Miocene and
potentially even to the Oligocene (Head and Gibbard, 2005;
Liu et al., 2007a; X. M. ; Liu, 2007; Muhs, 2013, 2018; Nie
et al., 2016; Bird et al., 2020). A notable exception is the
Quaternary BDF that mantles the Southern High Plains
(SHP) in North America (Holliday, 1989; Holliday et al.,
1996a, 1996b). Existing age control of the BDF indicates that
these sediments span at least the last 1.4 Ma and potentially
up to the last 2.0 Ma, therefore it is likely that the MPT is
recorded within the BDF (Holliday, 1989; Patterson and
Larson, 1990; Imbrie et al., 1993; Gustavson and Holliday,
1999). Implications that the MPT had on the specific
environmental conditions that favor either magnetic

Environmental Magnetic Study of the Blackwater Draw Formation

enhancement or depletion within the type site of the
formation are contemplated more extensively within the
discussion section.

METHODS

The type locality of the BDF (Reeves and Mahaney, 1976) where
we collected the suite of samples for this study lies 21 km north of
Lubbock, Texas (33.766269°-101.874261°). Exposures of BDF
deposits are rare on the SHP but here a gulley that first acted
as an anthropogenic thoroughfare has incised down to the
Caprock Caliche on top of the Ogallala Formation; this
provides a complete section of the formation. A total of ~7 m
of the BDF was able to be sampled for rock-magnetic
measurements, from ~40cm above the underlying Ogallala
Formation to ~1.6m into the Surficial Soil. The base of the
formation was inaccessible due to cover and the top of the
formation into the uppermost Surficial Soil was not sampled
due to anthropogenic disturbance.

Samples for rock-magnetic analyses were obtained at ~5-cm
intervals and were dug out of the exposure and collected into
plastic bags after scraping away a few centimeters of surficial
material with non-magnetic copper-beryllium tools. In the
laboratory, samples were cleaned of any organic material,
gently disaggregated with a mortar and pestle, and packed
into standard (IODP, 7 cc internal volume) plastic boxes,
while the remaining sediment were placed into marked
plastic bags for future rock-magnetic tests. Once fully
prepared these plastic boxes, served as the primary
specimens for the rock-magnetic data vs depth
measurements previously published in Stine et al. (2020),
including: mass-normalized bulk magnetic susceptibility
measured at 976 Hz (Yiow) and 15,616 Hz (Xnigh); ARM
measurements at AF fields of 100 mT with a DC bias field of
0.01 mT; IRM measurements measured at field intensities of
100 mT (IRMgomt) > 300 mT (IRM3g0mt), @ saturating field of
29T (SIRM), and a back-field of -300 mT (IRM_spomt). It
should be noted that for this paper, the anhysteretic
remanent susceptibility (xarm) will be used in liu of the
ARM reported by Stine et al. (2020). xarm Was calculated by
normalizing the ARM data previously reported by Stine et al.
(2020) to the DC bias field of 0.1 mT (79.77 A/m). Normalizing
the ARM to Xarm does not change the signal behavior,
nevertheless calculation of Xarym is recommended in order for
future studies to compare the results here with data from other sites
(Maher, 1998; Evans and Heller, 2003; Peters and Dekkers, 2003).

Environmental-magnetic ratios calculated from this complete
set of rock-magnetic data included parameters previously
reported in Stine et al. (2020): The S-ratio, HIRMj3pomts
%XED1-3 XARM/ Xlow> and Xarm/SIRM. Additionally, this paper
will also compare two new environmental-magnetic ratios: Xg
and the L-Ratio. These environmental magnetic ratios were
calculated by measuring mass-normalized bulk magnetic
susceptibility measured at 3,904 Hz (Xmea) and a backfield
IRM of -100 mT (IRM_jggp,t). Bulk magnetic susceptibility was
measured using a MFK 1-A Agico Kappabridge, while bulk
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remanence measurements were made using an Agico JR6-A spinner
magnetometer. All rock-magnetic parameters and environmental
magnetic ratios are displayed in Supplementary Datasheet S1.

Xr is a rock-magnetic parameter first proposed by Hrouda
(2011) which is theoretically independent from dia-, para-, and
MD ferromagnetic contributions in sediments. xr is useful for
determining the difference between wide and narrow
distributions of mean grain-size volume of SP-SSD particles in
a sediment (Hrouda, 2011). It is calculated by the following
equation:

Xlow - Xmed
X = ot
Xmed - Xhigh

The L-ratio first developed by Liu et al. (2007b) is interpreted
to reflect coercivity variations in magnetically harder phases (i.e.
hematite and/or goethite) where low/high values represent low/
high coercivities respectively. It is calculated using the following
equation:

[0.5% (SIRM + IRM_100mr)]  HIRM g0t

L - RATIO =

Select rock-magnetic data and environmental data from this
study and from Stine et al. (2020) are plotted against depth in
Figure 3. Calculations and common interpretations of all rock-
magnetic parameters and environmental parameters presented in
Figure 3 are summarized in Supplementary Datasheet S1, S2,
respectively. Moreover, all rock-magnetic parameters and
environmental magnetic ratios from this study and from Stine
et al. (2020) are displayed in Supplementary Datasheet S1.

In order to determine magnetic mineralogy several rock-
magnetic experiments were conducted on representative
specimens from each paleosol. These specimens were collected
from the remaining sediment not packed into corresponding
plastic boxes. Specimens were chosen based on how closely the x
measurements of a corresponding box specimen matched the
median value for the paleosol as a whole. The corresponding
depths are displayed on each figure in order to allow for easier
correlation between the results published here and Stine et al.
(2020).

Bulk magnetic susceptibility versus continuous heating/
cooling experiments (x vs temperature [T]) were conducted
using ~0.7 g of material in an argon environment with a MFK
1-A AGICO Kappabridge interfaced with a CS4 thermal-heating
attachment. First-order numerical derivatives of the bulk
magnetic susceptibility with respect to temperature (dy/dT)
were calculated in order to determine the Curie temperature.
However, this process of differentiation did enhance noise,
therefore a loess model with a 0.25°C-window was constructed,
using the smooth.m function on Matlab R2019b. and compared
to the raw dy/dT.

Step-wise acquisition of IRM, from 0 to ~2.9 T, was imparted
on representative samples using an ASC impulse magnetizer,
and measured using a JR-6A dual-spinner magnetometer.
Following an applied field of 2.9 T, where saturation was
essentially reached, the samples were then subjected to step-
wise progressive DC demagnetization of IRM until the
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magnetization crossed the abscissa, defining the coercivity of
remanence (H.). Magnetic-component unmixing analysis
using the MAX UnMix protocol (Maxbauer et al,, 2016b)
was used in order to accurately determine the contribution
of magnetic phases to the IRM signal.

In order to conduct the three-component test, ~1 g of
material was taken from representative samples from all six
soils. This material was then mixed with zircar cement after
being placed into a 7 cc nonmagnetic ceramic box (Pluhar and
Kirschvink, 1991; Prothero, 2011), these served as the primary
specimens for the experiment. After drying, each specimen was
imparted with a high-coercivity IRM (2.9 T), a medium-
coercivity IRM (300 mT) and a low-coercivity IRM (50 mT),
in that order, along three perpendicular axes. The magnetic
remanence of each specimen was measured as it was
progressively stepwise heated from room-temperature to
~685°C (Lowrie, 1990). All measurement were conducted
using a 2G-Enterprises cryogenic magnetometer equipped
with DC squids housed in a magnetically shielded room at
the University of Texas at Dallas.

For measurements requiring smaller volume specimens,
pressure pellets for each paleosol were prepared. This was
done by mixing 0.03 g of sample with 0.1 g of Spectroblend
binding material, once mixed the sample was then placed
within a pellet die assembly and flattened with a hydraulic
press for approximately 3 min. This process forms solid
cylindrical specimens that are compact enough to prevent
movement of the grains during various room temperature and
low temperature measurements.

Room-temperature measurements conducted on the
pressured pellets included hysteresis and First-Order Reversal
Curves (FORCS). Both of which were measured on a PMC
Vibrating Sample Magnetometer (VSM) 3900 series. Analysis
of the first order reversal curves was conducted using FORCinel v.
3.0 originally designed by Harrison and Feinberg (2008).

Low-temperature remanence experiments were also
conducted on the pressure pellets at the Institute for Rock
Magnetism at the University of Minnesota, Minneapolis. All
low-temperature remanence experiments were conducted using
the Magnetic Properties Measurement System (MPMS-XL).
Low-temperature remanence experiments included low-
temperature demagnetization of room temperature Saturated-
IRM (RTSIRM-LTD), the FC-ZFC procedure, and the low
temperature hematite-goethite test (Lagroix and Guyodo,
2017).

The theoretical goethite contribution was removed from the
RTSIRM-LTD by constructing a model similar to the parabolic
behavior seen by synthetic goethite manufactured by the Alifa
Aesar Co. (Lascu and Feinberg, 2011). For each Paleosol, this
parabolic model was constructed using a loess smoothing model
with a 100 K-window on the warming curves of the RTSIRM-
LTD data. By subtracting this model from the raw-data, phase
transitions (i.e the Morin and/or Verwey transition) become
more evident.

The hematite-goethite test is a slight variation from that
originally proposed by Guyodo et al. (2006), Lagroix et al.
(2014), and Lagroix and Guyodo (2017), in that it involves
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FIGURE 4 | Scanning electron microscopy (SEM) images of Blackwater
Draw sediment images a-f respectively represent specimens from Paleosols
5-Surficial Soil. (A) Paleosol 5: Cubic shaped magnetite grain surrounded by
clay, note the general absence of shrinkage cracks. (B) Paleosol 4:
Aggregation, of magnetite particles, the triangular faces are interpreted to
represent octahedral faces. (C,E,F) Paleosol 3,1, and Surficial Soil
respectively: Heavily weathered magnetite grains, the shattered appearance
of the grain is interpreted to represent an overabundance of shrinkage cracks,
which in turn suggest low-temperature oxidation (Johnson and Merrill, 1973;
Petersen and Vali, 1987; Cui et al., 1994; Zhou et al., 2001; Vahle et al., 2007;
Gehring et al., 2009; Nowaczyk, 2011; Haltia and Nowaczyk, 2014). (D)
Paleosol 2: Hematite platelet, in general the SEM was only able to detect a few
examples of hematite in the specimens (Supplementary Files C_I-C_VI); this
suggests that the majority of hematite content is likely submicron in scale.

subjecting the sample to a continuous magnetic field of 2.5 T
while simultaneously heating the sample from room temperature
(~300K) to the Néel temperature of goethite (~400 K) (Mathé
et al., 1999) and back to room temperature.

Afterwards the DC field is removed and the MPMS is set to
oscillation mode which generates an oscillating DC current that
begins at -300 mT and then decreases in amplitude until the
sample is in a near-zero field, thus subjecting the sample to a
rough equivalent of being AF demagnetized at 300 mT (Lagroix
et al., 2014; Lagroix and Guyodo, 2017; B. Moskowitz and Dario
Bilardello, personal communication, 2020). The purpose of this
AF demagnetization procedure at ~300 mT is to eliminate any
contribution from lower coercivity phases (ie. magnetite/
maghemite), although it should be noted that this AF
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procedure is considered to be not as effective as more
traditional methods (Bruce Moskowitz and Dario Biladerllo,
personal communication, 2020). After AF demagnetization,
the remanence of the sample is measured while it is
simultaneously cooled from 300K to 15K in a zero field.
Then the remanence is measured while the sample is heated
from 15K to 400K, which should thermally unblock any
remanence residing in goethite. Finally, the remanence of the
sample is measured while the sample is cooled from 400 K to 15 K
and warmed back to room temperature. During this final step any
remaining remanence can be attributed to those magnetic phases
with a coercivity greater than 300 mT and a Néel temperature
greater than 400 K (i.e. hematite).

In addition to low temperature remanence measurements,
Mossbauer spectroscopy experiments were also conducted on
representative specimens at the Institute of Rock Magnetism. Five
representative specimens, as magnetic separates, were measured
on a Ranger Scientific Mdssbauer Spectrometer. All specimens
were measured at room temperature, and three of the five
specimens were also measured at 18 K in order to determine
the presence of magnetic phases with low blocking temperatures.
All Mossbauer spectra were fitted to known models using the
mossferret software available at the Institute of Rock Magnetism.

Finally, scanning electron microscopy (SEM) inspection was
carried out on six representative samples in order to determine
the presence of micron scale (or larger) magnetic mineral phases.
In order to maximized the likelihood of observing magnetic
minerals, a neodymium magnet was used to magnetically
separate magnetic phases from nonmagnetic phases of detrital
or pedogenic origin (i.e., quartz, calcite, clay minerals). All SEM
inspection was conducted on these magnetic separates.

RESULTS

Scanning Electron Microscopy

SEM inspection of the six magnetic separates from representative
samples shows that the samples consist largely of clay minerals
and quartz, although some Fe-oxide grains, interpreted to be
either magnetite (Figure 4A-C, and e-f) or hematite (Figure 4D),
are present. Moreover, monazite was also observed in specimens
from Paleosol 1 and the Surficial Soil (Supplementary Datasheet
§5, $6). Fe-oxide grains (e.g., hematite or magnetite/maghemite)
are readily identified based on their higher atomic number and
resulting brightness relative to surrounding clay minerals (Ul-
Hamid, 2018) and by energy dispersive X-ray analysis (EDS)
spectra (Supplementary Datasheet S1-S6). If apparent,
crystallographic form and habit were used to further define an
Fe-oxide as either magnetite (isometric forms such as cubes or
octahedrons if, possibly, authigenic in origin or sub-rounded to
rounded, anhedral, somewhat equant forms if detrital) or
hematite (platy, micaceous, or tabular habit if authigenic)
(Schwertmann and Cornell, 1991; Cornell and Schwertmann,
2006; Klein and Dutrow, 2007) (Figure 4). Some magnetite
grains, inferred to be of detrital origin on the basis of their
morphology, show shrinkage cracks (Figure 4C,E,F), which is
evidence of low-temperature oxidation of magnetite into
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maghemite (Johnson and Merrill, 1973; Petersen and Vali, 1987;
Cui et al.,, 1994; Zhou et al., 2001; Vahle et al., 2007; Gehring et al.,
2009; Nowaczyk, 2011; Haltia and Nowaczyk, 2014). Hematite
particles are present (Figure 4D) yet scarce in all specimens
observed (Supplementary Datasheet S1-S6). No grains
unambiguously identified as goethite were identified in these
specimens.

SEM observations show that the specimens from Paleosols 5-4
appear to have the highest concentration of what are inferred to
be detrital Fe-oxide particles (Figure 4A,B), although some
shrinkage cracks, indicative of maghemitization, were noted
(Supplementary Datasheet S1, S2). Fe-oxide grains showing
clear shrinkage cracks become much more prevalent, at the
expense of fresher grains, in the specimen from Paleosol 3
(Figure 4C). Additionally, the intensity of grain cracking,
potentially indicative of past weathering intensities, is more
severe in Paleosol 3, with some magnetite grains appearing to
be so damaged that they appear porous (Figure 4C). With the
exception of a few tabular hematite crystals (Figure 4D) there are
notably fewer observable Fe-oxides in the specimen from Paleosol
2, at least in the scale of resolution by the SEM. Nevertheless, it
should be noted that some submicron Fe-oxides are evident in
Paleosol 2, although their specific mineralogy is ambiguous
(Supplementary Datasheet S4). Fe-oxide grains present in the
specimens from Paleosol 1 and the Surficial Soil are largely
characterized by shrinkage cracks (Figure 4E,F) resulting in a
“shattered” appearance.

Rock-magnetic data and environmental

proxies vs depth

Comparing rock-magnetic parameters from this study and Stine
et al. (2020) allow for the calculation of two new environmental-
magnetic ratios: xg and the L-ratio. Summaries of the calculation
and common interpretation of the environmental-magnetic
ratios obtained in this study and in Stine et al. (2020) are
provided in Supplementary Datasheet S1, S2.

When compared to depth, the L-ratio at appears to be the
inverse of the S-ratio, though subtle differences are apparent in
Paleosols 2-Surficial Soil upon closer inspection (Figure 3).
Paleosol 2 has a relatively narrower distribution of L-ratio
compared to S-ratio values, which implies a smaller variation
in the concentration of higher coercivity phases (i.e. hematite
and goethite) compared to lower coercivity phases (i.e magnetite
and maghemite) (Liu et al., 2007b). Moreover, the L-ratio
appears to be more efficient than the S-ratio at demarcating
the boundaries between the Bt and Bk horizons of Paleosol 1 and
the Surficial Soil. These boundaries, correlate to subtle increases
in L-ratio values, implying that each layer is separated by a
slightly higher concentration of higher coercivity phases (Liu
et al., 2007b).

The xr signal is distinct from the other environmental
magnetic ratios, in that values begin to steadily increase in the
top half of Paleosol 4, reaching peak values in Paleosol 2, and then
begin to decrease in Paleosol 1. This behavior seemingly forms a
concave arc which is facing lower values (Figure 3). High/low
values for yr are interpreted to correlate to narrow/wide
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FIGURE 5 | Room temperature Méssbauer spectra of samples from the
Surficial Soil, Paleosol 1, Paleosol 2, Paleosol 4, and Paleosol 5; in addition to
low temperature spectra of Paleosols 1,2, and 5. Regardless of temperature
of the experiments, all spectra can be fit to a hematite model and a
doublet model, the latter indicating paramagnetic material (de Grave and
Vandenberghe, 1990; Vandenberghe et al., 2000; Zhi et al., 2000; de Grave
et al., 2002; Jelenska et al., 2010; Necula et al., 2015).

distributions of magnetic grain-sizes, respectively (Hrouda,
2011). Therefore, paleosol 2 which has the highest median xg
values (0.7111) is interpreted to be characterized by a relatively
more homogenous (in terms of grain-size) population of
magnetic phases. By contrast, Paleosol 5, the bottom half of
Paleosol 4, and the Surficial Soil are interpreted to more likely
constitute a mix of varying grain sizes due to their low median xg
values of 0.4729, 0.4353, and 0.5625, respectively.
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FIGURE 6 | Results of bulk magnetic susceptibility vs heating/cooling (red, blue respectively) experiments for representative samples from all soil horizons identified
in the BDF for Paleosol 5 (6a), Paleosol 4 (6b), Paleosol 3 (6¢), Paleosol 2 (6d), Paleosol 1 (6e), and the Surficial Soil (6f). The derivative of bulk magnetic susceptibility with
respect to temperature (dx/dT) is inset in the bottom left of each graph. The red-dashed lines represents the raw dy/dT, while the light reddish-pink line represents the
smoothed model, which was created in order to highlight the general trends. In general, the smoothed dy/dT shows Curie temperatures of ~540°-560°C indicates
the presence of low-Ti magnetite and or partially maghemitized magnetite (Tarling, 1983; Maher and Thompson, 1999; Hanesch et al., 2006). Loss of susceptibility after
heating is interpreted to represent the inversion of maghemite into hematite (Dunlop and Ozdemir, 1997).

Mossbauer Spectroscopy
Mossbauer spectroscopic experiments were conducted on magnetic

separates from representative samples from five of the six paleosols
in the type section. All Mdssbauer spectra display a sextet with a
doublet (Figure 5). Modelling of the sextet form suggests that all
samples are dominated by hematite (de Grave and Vandenberghe,
1990; Vandenberghe et al., 2000; Zhi et al., 2000; de Grave et al.,
2002). This implies that any magnetite identified in other rock
magnetic experiments is extremely minor in terms of weight/
modal percent, despite dominating the overall magnetic signal.
The persistence of the doublet at low temperatures indicates that
itis caused by Fe-bearing paramagnetic clay minerals, such as illite or
Fe-bearing kaolinite (Jeleiska et al., 2010; Necula et al.,, 2015).

TEMPERATURE DEPENDENT BEHAVIOR
OF SUSCEPTIBILITY AND REMANENCE

Bulk Susceptibility vs Temperature

experiments

Most magnetic susceptibility vs. heating/cooling experiments yield
a relatively low ( ~8 to 6 percent) reduction in susceptibility upon
cooling, implying that during the heating process the original
magnetic mineralogy is partially thermally altered to new phases
with reduced magnetic susceptibility (Figure 6). This behavior
suggests the transformation of either maghemite (which is
thermally unstable) and/or magnetite into hematite, which
results in a loss of magnetization (Tarling, 1983; Maher and
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FIGURE 7 | RTSIRM-LTD data. 7a: Cooling (black) and warming (green) RTSIRM curves for all five paleosols and the Surficial Soil. Note the humps present on the
cooling curve, this is indicative of maghemitization (Ozdemir and Dunlop, 2010). The dashed purple line is a loess smooth of the warming curve, representing the potential
contribution of goethite which often has a similar parabolic shape in RT-SIRM curves of synthetic samples (Lascu and Feinberg, 2011). 7b: Subtracting the loess-model
from the raw RT-SIRM data, this theoretically removes the goethite contribution. 7c: Focusing on the detrended warming curve, note how the Morin (Tyy) and
Verwey (Ty) transitions are now visible (Verwey, 1939; Morin, 1950). 7d: Derivatives of the Smoothed RTSIRM curves with respect to temperature. Note the change in
slope of the dM/dT cooling curves at ~120 K evident in all the soils, this is interpreted to be the Verwey transition that the detrending procedure enhances.

Thompson, 1999; Hanesch et al., 2006; Zan et al., 2017). Further
evidence of experimentally induced thermal alteration is supported
by the observation that the heating curves of Paleosols 5, 4, 3, and
the Surficial Soil (Figure 6A,B,C) demonstrate a noticeable
increase in magnetic susceptibility between ~200°C and ~
400°C. This behavior is potentially caused by maghemite
becoming superparamagnetic before reaching its Curie
temperature (Gehring et al., 2009). However, considering that
the specimens lose most magnetization between ~580 and
600°C and also the fact that most samples only display a slight
decrease in magnetic susceptibility once cooled to room
temperature, the likely magnetic mineral assemblage is
dominated by magnetite with a relatively minor contribution
from maghemite. Smoothing the derivatives of the heating
curves shows that most samples have Curie temperatures
ranging from ~540°C ~550°C, implying a titanomagnetite
with low Ti concentration (Figure 6) (O’Reilly, 1976, 1984;

Dunlop and Ozdemir, 1997; Fabian et al., 2013). Above ~620°C
all samples still display a weak magnetic signal, which is
consistent with the presence of hematite, which becomes
paramagnetic above ~675°C (Néel temperature) (Dunlop and
Ozdemir, 1997).

Paleosol 1 (Figure 6E) shows a substantial (up to ~60%) increase
in susceptibility with cooling and this behavior suggests that the
magnetic signal is due to magnetite alone with small contributions
from hematite. The increase in magnetic susceptibility is likely due to
some of the hematite fraction being converted to magnetite during
heating (Tarling, 1983; Zan et al., 2017).

Low Temperature Behavior: RTSIRM LTD &
ZFC-FC Curves

Low temperature behavior of remanence permits the
identification of certain magnetic minerals without risking any
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is interpreted to represent the Verwey transition of magnetite (Verwey, 1939).

form of chemical alteration commonly associated with
experiments at elevated temperatures. Moreover, certain
magnetic minerals display diagnostic behavior at depressed
temperatures, including the “Verwey transition” (~120 K) and
the “Morin transition” (~250-260 K), exhibited by magnetite and
hematite, respectively (Verwey, 1939; Morin, 1950). When either
of these minerals are cooled to and below those temperatures, a
marked change in magnetization is identified, which is correlated
to first order phase transitions of the minerals (Verwey, 1939;
Morin, 1950; Stacey and Banerjee, 1974)

A slight change in slope, potentially caused by the Verwey
transition, is shown by both the RTSIRM-LTD and ZFC-FC
curves for all samples (Figures 7,8). The reason why the
transition is so subtle could be potentially due to partial
maghemitization of the magnetite grain surfaces, which has
been shown to shift, subdue, or even mute the Verwey
transition (Ozdemir and Dunlop, 2010). Further evidence for
maghemitization is revealed by the wide humps observed within

all the RTSIRM-LTD data, which form wide arcs that begin at
~300 K and terminate at ~120 K that later of which corresponds
to the Verwey transition (Figure 7). The specimen from Paleosol
3 serves as the exception, with a narrow hump around 100 K -
40 K, potentially representing the low-temperature shifting of the
Verwey transition due to maghemitization, fine-grained
hematite, or domain-wall pinning of magnetite (Strangway
et al, 1967b; Ozdemir et al, 2008; Ozdemir and Dunlop,
2010; Jiang et al, 2014; Dunlop and Ozdemir, 2018).
Furthermore, the RTSIRM results for all samples display an
increase in magnetization values with decreasing temperatures,
a behavior that is attributed to the presence of goethite (Dekkers,
1989b). Subtracting a model of goethite from the RTSIRM-LTD
curves results in a much more noticeable Morin transition and
Verwey transition in the heating curves, though the Verwey
transition is still muted or absent in specimens from Paleosols
3,2, and the Surficial Soil (Figure 7C). It should also be noted that
the detrended RTSIRM-LTD curves all display hump like features

Frontiers in Earth Science | www.frontiersin.org

12

June 2021 | Volume 9 | Article 601401


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Environmental Magnetic Study of the Blackwater Draw Formation

A Paleosol 5 (1.44 m) D Paleosol 5 (1.44 m)
2 on
2 025
= o
= olis
0 S0 100 150 200 250 300 350 400 050 100 150200 250300 350 400
Temperature (K) E Temperature (K)
Paleosol 4 (2.905 m) N Paleosol 4 (2.905 m
0.136
3 0134
o
£ oo
Z o
Z 0126
012l = n 0124
0 S0 100 150 200 250 300 350 400 030100 130 _ 200 250 300 330 00
Temperature (K) Temperature (K)
Paleosol 3 (4.14 m) F Paleosol 3 (4.14 m
% 0195
i H
= o ) Morrin Transition
s i Hematite
0185 !
0

0 50 100 150 300350 400 0 00 150 200

Tempera

300 350 400

750
¢ (K)

20350
Temperature (K)

Palcosol 2 (5.115 m) Paleosol 2 (5.115 m)

0 50 100 150 250

Temperature (K)

Paleosol 1 (5.81 m)

300 350 400 0 100 150 200 250

0
Temperature (K)

Paleosol 1 (5.81 m)

300 350 400

civity Maghemite?
resistant Goethite?

100 150 200 250

Temperature (K)

050 300 350 400 0 00 150 2 250 300 350 400
Temperature (K)

Surficial Soil (7.115 m) Surficial Soil (7.115m)

0 50 100 150 200 250 300 350 T00 150 200 250 300 350 400
Temperature (K) Temperature (K)

Magnetization: 300 K May

~20 K (after AF demagnetization)

K —~400 K (T,, of Goethite)

~20K

Magnetization: ~400 K erature)

FIGURE 9 | Low-temperature hematite-goethite test for all six soils in the Blackwater draw type-site after AF demagnetizing the TRM acquired by field cooling each
sample from 400 K to 300 K'in a 2.5 T field. Brown curve represents cooling from 300 K to ~20 K after AF demagnetization at 300 mT. Magenta curve represents
warming from ~20 K to 400 K in order to thermally demagnetize goethite. Green curve represents cooling from 400 K to ~20 K. Red curve represents final warming
curve from ~20 K to 300 K. Figure 8A-C and Figure 8G-I includes all four curves for Paleosols 5-3 and Paleosols 2- Surficial Soil respectively. Note the difference

in magnetization values between the first two curves (brown and magenta curves) and the final two curves in the sequence (green and red curves); the loss in
magnetization in the final two curves is attributed to the thermal demagnetization of the goethite contribution at 400 K. Figure 9D-E and Figure 9J-L merely focus on the
final two curves (green and red curves) of Figure 9A-C and Figure 9G-I, respectively so that they can be observed in more detail. Theoretically these curves should only
represent the isolated hematite contribution for each soil specimen although the increase in magnetization with decreasing temperature (evident in Paleosols 5,2,1 and
Surficial Soil) indicates that either high-coercivity maghemite was not completely AF-demagnetized or that a goethite contribution was not adequately thermally
demagnetized. Nevertheless, all specimens display a Morin transition at ~220 K — ~200 K indicating the presence of hematite. Morin transitions shifted towards lower
temperatures, in addition to the “humps” around ~100 K — ~25 K are interpreted to represent a distribution of very fine (potentially nano-sized) hematite grains (Ozdemir

et al., 2008; Jiang et al., 2014).

from ~90 K to ~40 K, which is first evident in the raw-data from
Paleosol 3. This feature is tentatively interpreted to be caused by
ilmenite, which can be magnetized by the surrounding magnetic
phases after the former is cooled towards its ordering temperature
of ~57 K (Fabian et al., 2008). Nevertheless, other possible causes
such as finer-grained hematite or highly oxidized magnetite
cannot be completely ruled out (Ozdemir and Dunlop, 2010;
Jiang et al., 2014; Dunlop and Ozdemir, 2018).

For all paleosol samples, both the FC and ZFC curves display a
monotonous increase in magnetization values, resulting in two
similarly shaped curves that become closer in magnitude with
increasing temperature (Figure 8). At lower temperatures, the FC
curve always shows greater values than the ZFC curve, although
the magnitude of the observed difference varies depending on the
paleosol. This behavior is interpreted to reflect the presence of a
combination of maghemite and goethite, as both minerals display
a monotonous increase in LTSIRM values with decreasing
temperature (Dekkers, 1989b; Rochette and Fillion, 1989;
Ozdemir and Dunlop, 2010). However, although pure
maghemite has a completely reversible ZFC-FC curve
(Ozdemir and Dunlop, 2010), goethite is characterized by an FC
curve that is double in value to the ZFC curve (Rochette and Fillion,
1989; Guyodo et al., 2003; Liu et al., 2006). Therefore, the greater the
difference between the FC and ZFC curves, the greater the implied
goethite contribution. On the basis of the data obtained, Paleosol 2 is
interpreted to have the highest concentration of goethite.

Finally, at ~50 K all specimens show a noticeable change in
slope, which is especially evident as a sharp peak in the derivatives

(Figure 8). This is tentatively interpreted to indicate the presence
of ilmenite which has a Néel temperature of ~ 57 K (Ishikawa and
Akimoto, 1957).

The Low Temperature Behavior:

Hematite-Goethite test

All representative samples lose about 80% of their remanence
after the AF-demagnetization procedure (Supplementary
Datasheet S3), implying a substantial contribution from low-
coercivity phases (Tarling, 1983; Thompson and Oldfield, 1986;
Evans and Heller, 2003; Tauxe, 2010; Lagroix and Guyodo,
2017). After AF- demagnetization all samples display a further
loss in remanence when heated to 400 K, indicating the presence
of goethite in all samples (Figure.9A-C; Figure 9G-I)
(Strangway et al, 1967a, 1968). Nevertheless, all samples
retain a remanence even after magnetite and goethite are
both demagnetized, this surviving magnetization is attributed
to the presence of hematite due to the identification of clear
Morin transitions evident in the final cooling and warming
curves for all the samples (Figure 9D-F; Figure 9J-L) (Morin,
1950; Lagroix and Guyodo, 2017). The presence of finer-grained
(potentially nanometer-sized) hematite is attributed as the cause
of samples that display Morin transitions shifted towards lower
temperatures (~200 K) (Strangway et al.,, 1967b; Ozdemir et al., 2008;
Jiang et al., 2014). The general trend of increasing magnetization with
decreasing temperature, as observed in Paleosols 5,2, 1, and the
Surficial Soil, are attributed to goethite and or maghemite that
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survived the thermal and AF demagnetization procedures
respectively (Lagroix and Guyodo, 2017).

Similar to the detrended RT-SIRM LTD curves, each specimen
displays ~150 K - ~40 K humps which are likewise interpreted to
represent ilmenite (Fabian et al., 2008). Nevertheless, it should be
noted that these features may also be reflective of high-oxidation
or domain-wall of a higher-coercivity magnetite that was
insufficiently demagnetized by the AF-procedure (Ozdemir
and Dunlop, 2010; Dunlop and Ozdemir, 2018).

Three-Component Thermal

Demagnetization of IRM

The response of the three IRMs acquired in different fields in
relation to progressive thermal demagnetization for all five
Paleosols in addition to the Surficial Soil (Figure 10) shows
that the low-coercivity component in samples of Paleosols
1—5 was thermally unblocked by ~580° to 600°C indicating
the presence of a low-Ti magnetite/maghemite (Dunlop and
Ozdemir, 1997; Lattard et al., 2006; Karumuri et al, 2009).
Minor maghemitization of magnetite is interpreted to be
responsible for laboratory unblocking temperatures slightly

Environmental Magnetic Study of the Blackwater Draw Formation

temperature for magnetite (580°C) (Gehring et al, 2009). In
contrast, the low-coercivity component of the Surficial Soil is
not thermally unblocked until about 640°C indicating the
presence of fine-grained, thermally-stable maghemite (Ozdemir
and Banerjee, 1984; Liu et al., 2010).

Both the intermediate— and high—coercivity IRM components
of Paleosols 4, 3 and 2, in addition to the intermediate—coercivity
component of Paleosol 1, are thermally unblocked at ~640°C,
indicating that these components are also dominated by fine-
grained maghemite (Ozdemir and Banerjee, 1984; Dunlop and
Ozdemir, 1997; Liu et al, 2010). The intermediate— and
high—coercivity component of Paleosol 5 were both thermally
unblocked at ~620°C indicating a thermally stable maghemitized-
magnetite (Gehring et al., 2009). Finally, the intermediate— and
high—coercivity IRM components of the Surficial Soil, in addition
to the high—coercivity IRM component of Paleosol 1, lose a large
percentage of remanence at ~640°C, but are not completely
unblocked until ~675°C. This indicates the presence of both
fine-grained thermally-stable maghemite and a sufficient
concentration of hematite, the latter of which either originally
existed within the sediment or potentially was formed by thermal
inversion of maghemite (Ozdemir and Banerjee, 1984; Dunlop and

above the traditionally accepted maximum unblocking — Ozdemir, 1997; Liu et al, 2010). Nevertheless, the plethora of other
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positive hematite tests indicate that the hematite identified in Paleosol
1 and the Surficial Soil is natural, rather than laboratory induced.

ISOTHERMAL ROOM-TEMPERATURE
BEHAVIOR

Hysteresis Data, and

First-Order-Reversal-Curves

Hysteresis experiments (Figure 11A) conducted on
representative samples were carried out using a peak field of
500 mT. The paramagnetic contribution to the hysteresis curves
varies throughout the section, with the maximum contribution
associated with samples from Paleosol 2. After correcting for the
paramagnetic contribution, all hysteresis loops are relatively
narrow, with coercivity (Hc) values ranging from 5 to 10 mT.
Moreover, all samples reach saturation between 300 and 400 mT.
This behavior is consistent with other rock magnetic
measurements, indicating that low to moderate coercivity
ferrimagnetic minerals dominate the magnetic signal (Tarling,
1983; Thompson and Oldfield, 1986; Tauxe et al., 2002; Tauxe,
2010). Overall, the values of Hc, as determined by hysteresis

six

Environmental Magnetic Study of the Blackwater Draw Formation

measurements, appear to correlate with x values in that samples
with low x values (e.g., Paleosol 2) typically have lower Hc values
than those with higher susceptibility (e.g., Paleosols 4 and 5). This
feature could potentially reflect differences in grain sizes and/or
the increase in concentration of higher coercivity phases such as
hematite (Tarling, 1983; Thompson and Oldfield, 1986; Evans
and Heller, 2003; Tauxe, 2010; Ozdemir and Dunlop, 2014).

In order to construct Day plots, the squareness ratio (Mrs/Ms)
and the coercivity ratio (Hcr/Hc) were calculated using the
parameters obtained from the hysteresis experiments for all the
paleosols (Supplementary Datasheet S2 ) (Day et al, 1977;
Dunlop, 2002a, 2002b). Overall, the ratios vary little regardless
of paleosol with a squareness ratio average of 0.143208 + 0.03588
(n=6 samples) and a coercivity ratio average of 2.68144 + 0.298789
(n=6 samples), which correlate to a domination by PSD magnetite
particles (Dunlop, 2002a, 2002b; Tauxe et al., 2002).

First-Order-Reversal-Curves (FORC(s)) were measured and
analyzed for representative samples from all the soil units within
the type section. All data display a central ridge that extends from
the origin and descends past ~30-40 mT (Figure 11B). Generally,
closed contour density focuses at ~10 mT, indicating the presence
of low-coercivity-SD magnetite, although the slight spread along
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the Bu axis does indicate some grain-interaction (Roberts et al.,
2000, 2014; Egli et al., 2010; Egli, 2013; Ao et al,, 2017). The
presence of PSD magnetite (or maghemite) grains is indicated by
the divergence of the outer contours along the Bu axis
(Muxworthy and Dunlop, 2002; Egli and Winklhofer, 2014),
however this behavior may also be reflective of a magnetic
vortex state as demonstrated by Roberts et al. (2017).

Stepwise IRM Acquisition, Backfield
Curves, and Component Unmixing Analysis:

Representative whole-rock samples were selected from the BDF
for step-wise IRM acquisition curves (to a maximum field of
2.9 T) and step-wise backfield analysis (to a maximum required
opposite field of 45 mT) (Figure 12). Most specimens attained a
near-saturation IRM value within 90% and 95% of that acquired
at IRM, o1 between DC field values of 30 mT and 180 mT,
respectively. This behavior further implies that relatively low
coercivity magnetic minerals are the primary magnetic phases in
the BDF (Dunlop, 1986). The only exception to this is Paleosol 2
which attained an IRM within 90 percent and 95 percent of the
SIRM, o+ between DC field values of 220 mT and 500 mT
respectively. This indicates the presence of some higher
coercivity material such as SSD magnetite and hematite
(Merrill, 1968; Robertson and France, 1994; Dunlop and
Ozdemir, 1997; Ozdemir and Dunlop, 2014). Moreover, the
fact that all samples show a further steady increase in IRM to
29T (and likely beyond) indicates a relatively minor amount of
high coercivity material (e.g., hematite and/or goethite)
(Strangway et al., 1968; Dekkers, 1989a; Dunlop and Ozdemir,
1997; Tauxe, 2010; Ozdemir and Dunlop, 2014).

After saturation or near-saturation at a DC field of 29T,
backfield demagnetization yields a steady decrease in intensity
and Hcr values typically between about 35 and 45 mT. The Her
values also indicate that relatively low coercivity magnetic
minerals (magnetite or maghemite) are primarily responsible
for the magnetic signal within the BDF, but that they are also
influenced by the presence of higher coercivity phases (Dunlop,
1986; Dunlop and Ozdemir, 1997; Tauxe, 2010).

In order to further utilize the IRM acquisition data as a means
to understand the magnetic mineralogy of representative parts of
the BDF, magnetic component unmixing analysis was utilized
based on the MAX UnMix protocol (Maxbauer et al., 2016b) for
the IRM acquisition data (Figure 12). Although possibly
unrealistic, we assume that the data for all specimens are best
represented by a set of five magnetic components. Unmixing
analysis reveals a dominant component with Bh values of ~35 mT
(magnetite/maghemite), and a secondary component with Bh
values ~130-150 mT (high-coercivity maghemite/magnetite).
Although these two components contribute the most to the
remanence, three very minor components could also be
identified, which included: a very low coercivity component
(Bh values between ~5-~10mT) (low-coercivity maghemite/
magnetite), a high coercivity component (Bh values between
~600—~700 mT) (hematite), and a very high coercivity component
(Bh values between ~3000—~6000 mT) (goethite). The dominant and
secondary coercivity components, Bh = ~35mT and Bh = ~130-

Environmental Magnetic Study of the Blackwater Draw Formation

150 mT respectively, are well-defined in that the range of coercivities is
quite narrow (standard deviation of Bh (Bh.sd) is less than 0.145 log
units). The two higher coercivity components are associated with a
range of typically higher standard deviation values than the primary
and secondary components, nevertheless standard deviation values are
typically lower than 0.145 log units (Figure 12).

DISCUSSION

Effects of Provenance and Varying
Weathering Intensity on Magnetic
Enhancement vs Magnetic Depletion in the
Blackwater Draw Formation

Opverall, each of the paleosols in the Blackwater Draw Formation
(BDF) contains roughly the same magnetic mineralogy,
consisting of fine (potentially SP/SD-sized) hematite, goethite,
and partially maghemitized magnetite in a range of domain states
(SP, PSD, and SD) (Figures 6-12). Furthermore, Mossbauer
analysis indicates that regardless of the varying weathering
intensities reported by (Stine et al, 2020), each paleosol is
dominated, in terms of volume percent, by hematite. This
observation alone is not completely unexpected, for many
researchers have noted that hematite and/or goethite are often
the dominant Fe-oxides in terms of weight/volume percent
within paleosols (e.g., Maher, 2011). However, this implies
that the geochemically determined Fe concentrations of the
BDF (Stine et al, 2020), is primarily a reflection of the
hematite concentration rather than maghemite or magnetite.

Furthermore, the relative scarcity of hematite identified via
SEM inspection indicates that the typical grain size of the
hematite population is at the submicron (potential nanometer)
scale. Nanoscale hematite, potentially pedogenic in origin, could
possess domain states that range from SD to SP, which would
affect the frequency dependence of this material as well as shifting
or muting morin transitions (Strangway et al., 1967b; Cornell and
Schwertmann, 2006; Ozdemir et al., 2008; Ozdemir and Dunlop,
2014; Jiang et al., 2018). However, we note that this suggestion is
purely speculative, and thus future studies of the Blackwater
Draw paleosols should utilize techniques capable of imaging at
the nanometer scale (e.g., transmission electron microscopy or
scanning TEM).

Despite the dominance of hematite throughout the profile, the
rock magnetic experiments utilized in this study are interpreted
to indicate that the magnetic signal, as typically evaluated using
parameters such as bulk x, Xara» and IRM intensity as a function
of depth, primarily reflects the variations in concentration of
magnetite/maghemite throughout the BDF. This is of course a
reflection of the high saturation magnetization of magnetite/
maghemite. These phases have been noted to dominate the
magnetic signal of other paleosols in eolian sequences, even if
present as a very small volume/weight percent (Geiss and Zanner,
2006; Jordanova, 2016).

In spite of the general uniformity of the magnetic mineralogy,
geochemical evidence, and granulometric evidence presented in
Stine et al. (2020) indicates that the coarser-grained Paleosols 5

Frontiers in Earth Science | www.frontiersin.org

June 2021 | Volume 9 | Article 601401


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Environmental Magnetic Study of the Blackwater Draw Formation

Normalized Magnetization

-

0

H,=3342mT

Normalized Magnetization

B

500

A H,=3741 mT

Normalieze Magnetization

Surficial Soil (7.83 m)

o0 B0 W 20

Applied DC FielduT)

Paleosol 1 (6.23 m)

1000 1500
Applied DC Field (uT)

2000

Paleosol 2 (5.205 m)

—_

500

AT W, =46.56mT

Normalized Magnetization

1000
Applied DC Field ()

1500 2000

Paleosol 3 (3.51 m

7500

500
21|} H,=36.59 mT

Normalized Magnetization

1 1500

000 200
Applied DC Field ()

Paleosol 4 (1.97 m)

AM/dlog(B)

AM/dlog(B)
18 20

10

05

10

08

dM/dlog(B)
0.6

04

02

dM/dlog(B)

dM/dlog(B)

500
H_=34.01 mT

Normalized Magnetization

500
H,=33.98mT

FIGURE 12| Coercivity analysis for specimens from representative samples of all five paleosols and the Surficial Soil in the BDF. Left side for each sample: Curves
showing the acquisition of an isothermal remanent magnetization (IRM) and backfield direct field demagnetization of specimens. Right side for each sample:
Corresponding magnetic component unmixing analysis results using the MAX UnMix protocol of (Maxbauer et al., 2016b) for IRM acquisition data. In terms of results of
the unmixing analysis, Bh is the mean activating field (coercivity) of each component grain population and Bh.sd the standard deviation. Dp is the dispersion
parameter, defined as one standard deviation in log space and Dp.sd the standard deviation. P is the optimum model parameter and P.sd the standard deviation. The
IRM acquisition and backfield demagnetization data indicate the dominance of relatively low coercivity ferromagnetic phases in these intervals of the BDF and is

1 1500 2000
Appled DC Fiek (u)

Paleosol 5 (0.3 m)

w150
Appied DC Field ()

200

2500

dM/dlog(B

20
log B (mT)

25

15 20
log B (mT)

25

20

log B (mT)

25

Surficial Soil (7.83 m)
Values Component ] === |Component 2 1_[Component3 Component4 === |Component 5w
[Log Units [Linear Scale [Log Units [Linear Scale [Log Unils [Linear Scale [Log Units [Linear Scale |Log Units [Linear Scale
Bh 0.763 5795 1530 33893 2158 143824 | 2649 | 45158 | 3523 | 3332270
Bhsd [ 0.074 1186 0.007 1016 0.010 1023 0.057 1141 0.050 L121
DP 0262 1828 0296 9 0185 1531 0244 1754 0174 1494
DP.sd | 0.040 1.097 0.005 1011 0.006 1015 0.065 1.162 0.024 1.058
P 0032 0032 0992 0992 0310 0310 0.031 0.031 0.109 0.109
[Psd | 0007 0007 0003 0003 0015 0015 0.004 0.004 0.005 0.005
Paleosol 1(6.23 m)
Values|Component | ==[Component? == [Componet3 Componentd ms== |Component5 mess
Log Uit [Linear Scale [Log Units [Linea r Scale [Log Units [Linear Scale [Log Units [Linear Scale [Log Units [Lincar Seale
Bh 0.836 6.858 1548 35346 2154 142410 | 2872 | 744891 3623 | 4195413
Bhsd | 0.047 L1114 0010 1023 0012 1028 0028 1.067 0.094 1242
DP 0274 1.880 0297 1982 0.185 1531 0231 L1701 0214 1638
DPsd | 0.030 1071 0.006 1015 0.006 1015 0038 1.092 0.061 LIS1
P 0.067 0.067 0987 0987 0302 0302 0052 0052 0032 0032
Psd 0011 0011 0.004 0.004 0018 0018 0.003 0.003 0.008 0.008
Paleosol 2 (5.205 m)
5 ‘omponent |  mmsm Component2 === (Component3 omponentd wmmm Components e
[Log Units |Linear Scale [Log Units |Linear Scale |Log Units [Linear Scale [Log Units [Linear Scale |Log Units |Linear Scale
Bh 0946 8828 1539 | 34568 | 2179 | 150857 | 2786 | 610784 [ 3509 | 3231463
Bhsd | 0.045 L1110 0012 1027 0012 1027 0025 1058 0057 1140
DP 0310 2083 0304 2013 0170 1479 0236 1724 0.155 1428
DP.sd | 0038 1090 0.006 1015 0.008 1019 0020 1.047 0037 1089
P 0.070 0.070 0997 0997 0321 0321 0.113 0.113 0.050 0.050
Psd 0015 0.015 0.007 0.007 0019 0019 0.004 0.004 0010 0.010
Paleos_ol 3(3.51 m)
Vaues Compnentl = Component omponent3 omponent4 === [omponent$ ==
[Log Units |Lmear Scale |Log Units [Linear Scale |Log Units |Linear Scale [Log Units |Liear Scale [Log Units |Linear Scale
Bh 1.049 11205 3553 2125 | 133345 | 2799 | 630.084 | 3.505 | 3198353
Bhsd | 0.027 1.063 1.028 0019 1044 0038 1091 0071 LI78
DP 0292 1.958 1.800 0.203 1.595 0262 1828 0.246 1.762
DPsd [ 0017 1041 1021 0011 1026 0061 1152 0058 1142
P 0.140 0.140 0960 0394 0394 0.063 0.063 0.033 0.033
Psd 0.026 0.026 0011 0019 0019 0.004 0.004 0.008 0.008
Paleosol 4 (1.97 m)
Values [Component L == Component2 !_{Component3 omponent4 === |Component ==t
Log Units [Linear Scale [Log Units [Linar Scale [Log Units [Linear Scale [Log Units [Linear Scale [Log Units [Linear Scale
Bh 1.056 11373 1542 34.806 2080 | 120307 | 2729 | 535812 | 3302 | 2005.09
Bhsd | 0.021 1.049 0012 1029 0018 1042 0037 1088 0037 1.089
DP 0299 1993 0234 172 0197 1574 0237 1725 0147 1403
DP.sd | 0.018 1.042 0010 1024 0011 1.026 0053 L131 0.036 1.087
P 0221 0221 0948 0948 0490 0490 0.064 0.064 0059 0059
[Psd | 0027 0.027 0.018 0018 0.021 0.021 0.006 0.006 0.008 0.008
Paleosol 5 (0.3 m)
Values |-Component | = Komponent2 == [Component3 omponent4 s Components
Log Units [Linear Seale [Log Units [Linear Scale [Log Units [Linear Scale [Log Unis [Linear Scale [Log Units [Lincar Seale
Bh 0799 6297 1532 | 34069 | 2132 | 135610 | 2798 | 628752 [ 3613 | 4104895
Bh.sd | 0.045 L1108 0.009 1022 0013 1030 0019 1o 0132 1354
DP 0226 1681 0292 1959 0200 1584 0163 1456 0284 1925
DP.sd | 0.022 1051 0007 1016 0.007 1017 0017 1040 0046 1112
P 0.067 0.067 0984 0984 0337 0337 0073 0073 0.050 0.050
Psd 0.011 0011 0.006 0.006 0018 0018 0.004 0.004 0.006 0.006

(Continued)

Frontiers in Earth Science | www.frontiersin.org

17

June 2021 | Volume 9 | Article 601401


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Environmental Magnetic Study of the Blackwater Draw Formation

FIGURE 12 | supported by the results of the unmixing analysis that reveals two primary component: one dominant component with Bh values of about 35 mT (purple
area —component 2) and a secondary component with Bh values ~130-150 mT (light blue area —component 3). The unmixing analysis also indicates very minor
contribution of a low coercivity phase with Bh values of ~5-~10 mT (darker blue area —component 1) and two much higher coercivity phases with Bh values of about
600-700 mT (red area —component 4) and ~3000-~6000 mT (green area —component 5)

and 4, predominantly sand (Figure 2), are primarily sourced
from the geographically closer Pecos River Valley area in the
south. Moreover, the presence of titanomagnetite and ilmenite
(Figures 6-9) indicates a potential influx of igneous material into
the Pecos River Valley sediments. Likely sources for igneous
material, include the volcanic areas in New Mexico (such as the
Latir and Ocate volcanic fields) which are known to have
provided sediment for the underlying Ogallala formation in
the SHP (Eichler, 2020). Conversely, the finer-grained
Paleosols 3, 2, and 1 constitute a mix of Pecos River sediments
and wind-blown silt that may have had a northern derivation
(Figure 2). When creating cross-plots of the various data sets,
both Stine et al. (2020) and this study (Figure 13 a, b, and d) show
that two distinct populations can be identified which correlate to
the single-sourced Pecos sands (i.e., Paleosols 5-4) and the mixed
sediments (i.e. Paleosols 3-1). The geochemical classification
diagram by (Herron, 1988) (Figure 12A,B), shows that the
mixed-source cluster possesses less quartz, implying a
granulometric control. However, spider-plots of select
elements normalized to the North American Shale Composite

(NASC) from (Condie, 1993), reveal that Paleosols 3-1 are also
substantially enriched in Zr, Nb, Hf, and Ta (Figure 13C). This
suggests that Paleosols 3-1 contain more heavy minerals such as
zircon or columbite, implying that the silt comes from a more
felsic source compared to the Pecos sands (Parker and Fleischer,
1968; Armstrong-Altrin et al, 2013; Nagarajan et al., 2016).
Indeed, SEM inspection noted that, compared to other soils,
the most Zircon grains were present in the specimens from
Paleosols 2-1, and the Surficial Soil (Supplementary Datasheet
S5, S6).

Ambiguity exists concerning the provenance of the Surficial
Soil due to the lack of trace element data. However, SEM
inspection of specimens from both Paleosol 1 and the Surficial
Soil reveals the presence of monazite, a phase enriched in La and
Ce, as well as zircon in both soils. This implies that the Surficial
Soil has similarly high concentrations of rare earth elements and
Zr as Paleosol 1, suggesting similar sources (Figure 13C)
(McLennan, 1989; Stine et al., 2020). Therefore, the Surficial
Soil is tentatively interpreted to consist of a mix of Pecos River
sediments and wind-blown silt, similar to Paleosols 3-1.
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FIGURE 13 | Comparing the geochemical and rock-magnetic data set from (Stine et al., 2020) in order to determine change in provenance. Figure 13A,B are
log10(Fe>03/K»0) vs log10(SiOo/Al,O3) geochemical classifications based off of (Herron, 1988), with Figure 13B merely focusing in on the data-points. Note the
clustering of the solely-pecos sediments (dark-grey circle: Paleosols 5-4) and the mixed-source sediments (light-grey circle: Paleosols 3-1), defined by (Stine et al., 2020).
The few Paleosol 3 data-points that plot in the solely-Pecos region are from the basal-most section of the unit, and potentially represent a transitional zone from
Paleosol 4 to 3. Figure 13C shows a spider-diagram of select trace element concentrations normalized to the North American Shale Composite (NASC) (Condie, 1993).
Note how Paleosols 3-1 have substantially higher concentrations of Zr, Nb, Hf, and Ta, implying different provenance (Parker and Fleischer, 1968; Armstrong-Altrin et al.,
20183; Nagarajan et al., 2016; Stine et al., 2020). Figure 12D is a cross-plot of xagm Vs the Zr concentration, note how the clustering of solely-Pecos and mixed-source
sediments, similar to Figure 13B. This implies that the change in provenance is partly responsible for the change in magnetic properties.
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Sand sourced from the southern Pecos river valley to the south
of the study area likely contained coarser ferrimagnetic phases
than the potentially northern derived silt. Indeed, relatively wider
FORC distributions, low Hcr, and low Xy values from this study
(Figures 3, 11-12) coupled with the lower magnetic granulometry
ratio (Xarm/Xiow Xarm /SIRM, and %xgp) values from Stine et al.
(2020) (Figure 3) indicate that the sandier single-source Paleosols
5 and 4 are composed of a wider distribution of coarser magnetic
phases than the finer mixed-source Paleosols 3, 2, and 1 (Figures
2,3,11) (Maher, 1988; Dunlop, 1995; Heider et al., 1996; Roberts,
et al., 2000; Evans and Heller, 2003; Hrouda, 2011; Jordanova,
2016). The effects of changing provenance on the magnetic
properties are also evident in cross-plots of rock-magnetic
values vs immobile elements (e.g: xarm to Zr, (Figure 13D).
Thus, the higher and relatively consistent ¥, xarm, and IRM
intensity values for Paleosols 5 and 4 are tentatively interpreted to
be due to a higher concentration of coarser ferrimagnetic phases
singularly sourced from southern Pecos river valley sands as
compared to the mixed-source Paleosols 3, 2, and 1.

Although shrinkage cracks are present in many detrital
magnetite grains, the relatively low degree of alteration of
magnetite grains in Paleosols 5-4 compared to other soils, as
observed in the SEM (Figure 4), implies that weathering, and thus
magnetic depletion, was minimal. Moreover, although the
presence of maghemite, goethite and hematite (Figures 5, 7-
10) implies some degree of alteration, in general the minimal
presence of SP-SSD phases, inferred from the lower magnetic
granulometry ratio (X arm/Xiows Xarm /SIRM, and %Xgp) (Figure.
3) (Supplementary Datasheet S1) (Stine et al., 2020), suggests
little pedogenic neoformation of magnetite commonly attributed
with increasing the magnetic signal of soils (Maher, 1988; Zhou
et al., 1990; Dunlop, 1995; Heider et al., 1996; Soreghan et al,,
1997; Liu et al., 1999, 2007b; Evans and Heller, 2003; Jordanova,
2016). Therefore, we interpret Paleosols 5-4 as being relatively
magnetically preserved, i.e. experiencing minimal magnetic
depletion and/or enhancement.

In contrast to Paleosols 5-4, pedogenic modification is
interpreted to be far more consequential for the magnetically
depleted Paleosols 3-2 and the magnetically enhanced Paleosol 1-

Environmental Magnetic Study of the Blackwater Draw Formation

Surficial Soil, all of which are inferred as mixed southern and
northern sources (Stine et al., 2020). Indeed, Figure 14, shows
that Paleosols 3-1, have a moderate negative correlation with CIA
values, suggesting that the magnetically depleted soils are a result
of weathering intensities higher than what the magnetically
enhanced soils experienced. Paleosols 3 and 2 also contain a
relatively higher percentage of goethite as indicated by the ZFC/
FC experiment (Figure 8), the low-temperature hematite-
goethite experiment (Figure.10) (Supplementary Datasheet
S3), relatively high Hecr (Figure 12) and L-ratio values
(reported here; Figure 3), as well as low S-ratio values (from
Stine et al., 2020; Figure 3) (Stober and Thompson, 1977, 1979;
Bloemendal et al., 1992; Maxbauer et al., 2016a).

Goethite is thermodynamically stable at surface conditions,
therefore its presence is expected, even in minute quantities, for
most soils on the planet (Schwertmann, 1971; Schwertmann and
Taylor, 1972, 1989; Scheinost, 2004). Soils characterized by
greater abundances of goethite are typically associated either
with more humid climates (Thompson and Oldfield, 1986;
Schwertmann, 1988) or those surface environments that
experience less variation in precipitation seasonality (Balsam
et al,, 2004; Zhang and Nie, 2017). A truly humid climate is
unlikely for the BDF due to the pervasive occurrence of pedogenic
carbonate (Machette, 1985), and thus variation in precipitation
seasonality is likely a factor.

Regardless, the relatively higher chemical index of alteration
values (CIA) for Paleosols 3 and 2 coupled with increased
presence of goethite indicates that these soils were subjected to
more intense weathering conditions than the older paleosols,
likely due to the increased presence of water (Chebykin et al.,
2002; Sheldon et al., 2002; Wang et al., 2020). Magnetic depletion
would have followed as both northern and southern-sourced
aeolian magnetite/maghemite grains were converted into
magnetically-weaker and/or non-magnetic phases (Santana
et al,, 2001; Jiang et al.,, 2018).

It should be noted that Paleosol 2 also displays higher %Xzp
and xarm/SIRM, ot values (Figure 3), and a relatively narrower
FORC distribution (Figure 11D), suggesting the presence of finer
magnetic SP and SD phases within this soil (Maher, 1988;
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FIGURE 14 | Scatter-plots comparing x1, xarwm, and SIRM; gt to the Chemical Index of Alteration (CIA) calculated by (Stine et al., 2020). Note how each scatterplot
results in two clusters. The cluster associated with the mixed sediments (Paleosols 3-1), shows a moderate negative correlation between rock-magnetic values and
weathering intensities. This implies that the magnetically depleted values are related to the degree of weathering. The cluster associated with the Pecos-derived
sediments (Paleosols 5-4), shows a low correlation between the high-magnetic values of those paleosols and the calculated weathering intensities. Nevertheless, it
should be noted that the CIA values for Paleosols 5-4 are suspect due to high quartz content (Stine et al., 2020).
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Dunlop, 1995, Heider et al., 1996; Roberts, et al., 2000; Evans and
Heller, 2003; Hrouda, 2011; Jordanova, 2016). However, the low
X> XarMm > and IRM values suggest that these finer magnetic phases
likely take the form of the magnetically weaker hematite or
goethite rather than magnetite, as suggested by the high Fe-
content, high L-ratio, and low S-Ratio values (Liu et al., 2007b;
Chaparro et al., 2020; Stine et al, 2020) (Figures 2,3). The
presence of SP phases within a magnetically depleted soil can
be explained as an initial process of pedogenic formation of SP-
magnetite grains, most of which are sequentially converted
(oxidized) into a magnetically weaker phase with increasing
weathering intensity, potentially due to relatively high soil
temperature (Schwertmann, 1958; Liu et al., 2012; Wang et al,,
2013; Jiang et al., 2018). Indeed, the detrended RTSIRM-LTD
warming curves for these specimens show a notably muted
Verwey transition indicating a high degree of oxidation
(Paleosol 2 in Figure 7C) (Ozdemir and Dunlop, 2010).

The magnetically enhanced Paleosol 1 is similar to the
magnetically depleted Paleosols 3 and 2 in that all three are
characterized by high environmental magnetic granulometry
ratio values, indicating the presence of finer ferrimagnetic
(sensu lato) phases (Evans and Heller, 2003; Jordanova, 2016).
Furthermore, high xR values for Paleosols 3, 2, and 1 indicate that
all three paleosols have similar distributions of fine ferrimagnetic
phases (Hrouda, 2011), implying that Paleosol 1’s higher X, Xarm>
and IRM intensity values are likely not the result of a higher
proportion of southern- vs northern-sourced sediment. Instead,
weathered magnetite grains, high frequency dependence, low H,,
narrow FORC distributions, low L-ratio, and high S-ratio values
(Figures 3,4,11,12) all imply that the magnetically enhanced
values of Paleosol 1 are the result of the neoformation and
preservation of SP/SD pedogenic maghemite/magnetite grains
(Zhou et al., 1990; Soreghan et al., 1997; Liu et al., 1999, 2007b;
Evans and Heller, 2003; Jordanova, 2016) (Figures 3,12). Lower
CIA values for Paleosol 1 (Stine et al., 2020) (Figure 2) imply an
intermediate degree of weathering intensity is the cause of
magnetic enhancement. In other words, a moderate degree of
weathering is required for pedogenesis to begin and ultrafine
maghemite/magnetite grains to form, but weathering would not
be so intense as to result in the complete conversion of this new
material into hematite or goethite (such as what occurred in
Paleosols 3 and 2).

The neoformation and preservation of SP/SD pedogenic
maghemite/magnetite grains are also interpreted to be
responsible for the high X, xarm> and IRM intensity values of
the Surficial Soil (Eyre and Shaw, 1994; Evans and Heller, 2003;
Liu et al, 2004a; Orgeira et al, 2011; Jordanova, 2016).
Nevertheless, the lower yr values imply some contribution
from coarser phases (Hrouda, 2011). This, in conjunction with
the lack of geochemical data for this paleosol, means that an
increased contribution from southern sources cannot be
completely ruled out as a partial cause of the high magnetic
values for the Surficial Soil.

Finally, it should be noted that both the magnetically depleted
and enhanced soils seem to possess a slightly higher and narrower
FORC distribution along the Hc axis than the magnetically
preserved section (Figure 11). Coupling this observation, which

Environmental Magnetic Study of the Blackwater Draw Formation

implies the presence of pedogenic SD magnetites (Egli, 2004), with
the dominance of hematite (Figure 5), suggests that magnetic
enhancement and depletion are competing processes during soil
development. However, as above, which process ultimately
dominates appears to correlate to weathering intensity
(Figure 14). The paleoenvironmental implications of this
observation are discussed in more detail in the following section.

Combining Geochemically-based
Climofunctions with Rock-Magnetic Data to
Identify Changing Paleoenvironmental and

Paleoclimatic Conditions

Through the use of geochemical data from modern soils under
varying climate conditions, regression equations have been
derived that estimate mean annual temperature (MAT) and
mean annual precipitation (MAP) conditions that can be
applied to paleosols (Sheldon et al., 2002). The calculations for
determining these climofunctions are summarized in
Supplementary Datasheet S4. The high SiO, (typically 88-
90%) content of Paleosols 5 and 4 provide misleading
calculations of MAT and MAP because there is not enough
weathered product in the profile, and these paleosols were
inferred to be predominantly quartz sand deposited as eolian
sand sheets (Stine et al., 2020). Moreover, the Surficial Soil does
not have any geochemical data. Thus, calculations of MAT are
not possible for the Surficial Soil and Paleosols 5 and 4, whereas,
MAP calculations are reserved only for the Surficial Soil and
Paleosol 4, which contain a Bk horizon and through use to the
depth to that horizon (Retallack, 2005) it is possible to provide
rough estimates of MAP. This allows for the determination of
relative MAT and MAP values for Paleosols 4-Surficial Soil
(Figure 15). As above, Paleosol 5 consists solely of a well-
developed Btk horizon, therefore no MAT or MAP values
could be calculated.

Through the combined use of these proxies with the
remainder of the data set, we tentatively model three
paleoenvironmental ~phases which correspond to the
magnetically preserved, depleted, and enhanced sections of the
type-section respectively.

Phase I: Arid Environment leads to Magnetic
Preservation of Pecos River-Valley Sands

[Paleosols 5-4]

The first environmental phase, recorded by the basal two Paleosols
5 and 4, is characterized by a coarser set of eolian sediments,
consisting of MD and PSD magnetite phases, primarily sourced
from the Pecos River valley region in the south. Relatively warmer
temperatures likely resulted in the development of maghemite rims
around the eolian-sourced magnetite through oxidation in
addition to the development of ultrafine hematite. Using the
depth to Bk method, the MAP is calculated to be about
650 mm/yr for Paleosol 4, and no MAT was calculated. It
should be noted that the error range of the calculated MAP
coincides with what has been recorded for the SHP in modern
times, measured at 310 to 560 mm/yr (Bomar, 1983). Therefore,
Paleosol 4 is tentatively interpreted to have experienced
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for paleoenvironmental reconstruction are discussed in the text. The modern record of MAT for the SHP, represented by the yellow bar, is 14°C and 18°C (Bomar,
1983), however the error bars are high, and thus more studies are recommended in order to confirm our initial findings.

precipitation at levels more similar to contemporary times than ~ Phase Il: Subhumid to Semiarid Environment leads to
different. Although neither MAP or MAT values were calculated ~ Magnetic Depletion of Pecos Sands and Northern

for Paleosol 5, the presence of well-developed carbonate horizons ~ Loess Mixture [Paleosols 2 and 3]

in both paleosols indicates that Paleosols 5-4 formed in similarly =~ The magnetically depleted Paleosols 2 and 3, were deposited within
arid conditions (Machette, 1985; Holliday, 1989; Gustavson and  the second environmental phase, which is differentiated from the
Holliday, 1999; Stine et al, 2020). These observations, in  previous phase by a mixed provenance and higher precipitation.
conjunction with the general lack of frequency dependent SP  Error weighed average of MAP is about 910 (mm/yr) for Paleosol 3
phases and minimal goethite implies that the environment  and about 1020 (mm/yr) for Paleosol 2. These values indicate that
characteristic of Phase I was sufficiently arid such that neither =~ Phase II represents a distinctly wetter period than what has been
magnetic enhancement nor magnetic depletion occurred (Balsam  recorded for the SHP in modern times (Figure 15), the latter of
et al, 2011). Therefore, we define Phase I as being relatively ~ which ranges from 310 to 560 mm/yr (Bomar, 1983). The presence

magnetically preserved (Figure 2). of goethite also implies relatively less seasonality than what may

In order to better understand the paleoenvironmental causes, have occurred in the previous phase (Balsam et al., 2004; Zhang and
it is useful to use the contemporary SHP as an analog. Indeed, ~ Nie, 2017). Increasing both the frequency and total amount of
many remote sensing studies (Lee et al., 2009, 2012; Ginoux etal.,  annual precipitation would have resulted in the increased chemical

20125 Li et al,, 2018; Achakulwisut et al., 2019; Kandakji et al,  weathering of the parent material, including the conversion of
2020) have noted that the Pecos River Valley region appearstobe ~ eolian magnetite into lesser magnetic phases. This general
a significant source of dust for the numerous dust-storms that  correlation of relatively high MAP and magnetic depletion
afflict the SHP. These dust storms are noted to occur most agrees with Balsam et al. (2011) observation that modern
frequently during the late winter/early-spring which is  surficial soils which experience higher rainfall have a
typically when precipitation is lowest in the region, thus  corresponding decrease in magnetic susceptibility. Due to these
providing sediment that might otherwise be stabilized by  factors, Phase II is tentatively interpreted to represent a subhumid-
vegetation cover (Chepil, 1957; Lee et al., 1994; Stout, 2001;  semiarid environment

Crabtree, 2005; Novlan et al, 2007). The similarities A MAT 0of 10.9°C for Paleosol 3 and 10.7°C for Paleosol 2 was also
particularly in provenance imply that the Phase I paleosols  calculated using the methods outlined in Supplementary Datasheet
were likely influenced by similar environmental conditions as  $3. This is notably cooler than the modern SHP MAT of 14°C to
the contemporary SHP, therefore this setting is best described as  18.6°C (Bomar, 1983), nevertheless the higher error bars does cast
an arid to semiarid environment. some doubts on the accuracy of our MAT calculations. A colder SHP
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in conjunction with the addition of wind-blown silt to the sediment
budget that was potentially northerly derived is consistent with glacial
influence from the north as larger ice sheets developed during the
mid-Pleistocene transition. However, this would require future
studies to confirm our MAT measurements.

Phase lll: Semiarid to Arid Environment leads to
Magnetic Enhancement of Pecos Sands and Northern
Loess Mixture [Paleosol 1 and Surficial Soil]

The third and final phase consists of the uppermost layers, Paleosol
1 and the Surficial Soil, the latter of which was paired with Paleosol 1
due to similar characteristics in the rock-magnetic data set and
similarities in SEM observations. MAT and error weighted average
MAP are 9.45°C and about 790 mm/yr respectively for Paleosol 1.
MAP values of about 570 mm/yr are calculated for the Surficial Soil,
initially implying that this soil was deposited during environmental
conditions more similar to Phase I and the modern era (Bomar,
1983). However, similar rock-magnetic characteristics and SEM
observations imply that Paleosol 1 and the Surficial Soil share
similar provenance and weathering intensities. Therefore, we
tentatively interpret Paleosol 1 and the Surficial Soil as having
formed in similar environmental conditions. Moreover, the
presence of SP-magnetic phases suggests a higher degree of
pedogenesis, and in turn precipitation, than what occurred in
Phase I (Evans and Heller, 2003; Maxbauer et al, 2016a;
Jordanova, 2016). Incidentally, we interpret the soils of Phase III
to represent environmental conditions which were distinct from the
contemporary SHP and Phases I and IL

Opverall, Phase III is interpreted to represent a semiarid to arid
environment, relatively drier than Phase II, yet wetter than what
was experienced in Phase I or the modern SHP. Moreover, it
should be noted that Phase III is estimated to be a colder
environment than Phase II and this, coupled with the
continued presence of loess, indicates a possible relationship
between larger northern hemisphere ice sheets and regional
temperatures in the SHP. Although this later point is purely
speculative until: (1) magnetic data from more sites are collected;
(2) and future studies confirm our MAT results.

Phase III represents an intermediate position in terms of
precipitation levels, and the correlation between intermediate
MAP and magnetic enhancement implies that pedogenic
ultrafine SP/SD magnetite require specific conditions in order
to develop in the SHP. In short, precipitation levels need to be
greater than what occurred in Phase I in order for pedogenesis to
take place and nanomagnetites to form (Balsam et al., 2011), yet
not so intense as to result in the dissolution of magnetic material
(Balsam et al., 2011; Liu et al., 2013), as was the case for Phase II

Comparing magnetic data sets from modern surficial soils
throughout the northern hemisphere and equatorial regions,
Balsam et al. (2011) observed that magnetic enhancement
generally only occurred in soils experiencing MAP from

200 mm/yr to 1000-1200 mm/yr. Any soil subjected to
precipitation greater/less than 1200 / 200 mm/yr would
experience magnetic depletion or no magnetic change,

respectively (Balsam et al,, 2011). Although our calculated MAP
does not perfectly agree with Balsam et al. (2011) observations; the
seeming correlation between low, intermediate, and high
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precipitation ~ respectively =~ with  magnetic  preservation,
enhancement, and depletion is worth noting. This nonlinear
relationship between magnetic properties and precipitation,
complicates the wuse of magnetic parameters as a
paleoprecipitation proxy, therefore it is highly recommended
that future studies take a more holistic approach by
incorporating both geochemical and rock-magnetic datasets to
avoid ambiguity.

Correlation of Environmental Models to
Previously Established Age Models: Effects
of the Laurentide Ice Sheet and the Middle

Pleistocene Transition?

Fundamental questions remain concerning the forcings
responsible for: (1) changing provenance from southerly
derived Pecos River Valley sands in Phase I to a mix of Pecos
sands and wind-blown silt for Phases II and III; and (2) changing
MAT and MAP values from Phase II to III. However, correlation
of these results to established paleoclimatic shifts, i.e., the Middle-
Pleistocene Transition (MPT), is problematic due to the lack of
precise age control at the BDF type site.

Nevertheless, previous magnetic polarity stratigraphy work
(Patterson and Larson, 1990), the presence of stage IV calcisols, in
addition to age estimates derived at other sites, all imply that the
BDF as a whole is likely no older than ca. 1.4 Ma (Izett et al., 1972;
Gustavson and Holliday, 1999) and that the base of the type-
section in particular is at least older than ca. 773 ka (Holliday,
1989; Patterson and Larson, 1990; Coe et al., 2004; Singer, 2014;
Channell et al,, 2020; Ogg, 2020). Within the context of these
rough age constraints, it is highly likely that the MPT is recorded
within the type-section of the BDF.

As above, the MPT is a time interval between ca. 1.2 and 0.7 Ma
during which the frequency of glacial-interglacial cycles shifted from
a~41 ky cycle to a ~100 ky cycle (Imbrie et al., 1993). Within North
America, the MPT coincided with the coalescence and expansion of
the Laurentide Ice sheet as the longer ~100 ky cycles led to enhanced
ice growth (Mudelsee and Schulz, 1997; Head and Gibbard, 2005;
Clark et al., 2006; Batchelor et al., 2019). Moreover, magnetic polarity
data (Balco et al., 2005; Balco and Rovey, 2010; Jennings et al., 2013)
and numerical models (Batchelor et al, 2019) imply that the
Laurentide ice sheet first reached a geographic extent comparable
to the last glacial maximum (LGM) at ~0.9 Ma, when 100 ky cycles
first become dominant in the Marine Isotope Stage (MIS) records
(Hughes and Gibbard, 2018, and references therein).

MPT-influenced expansion of the Laurentide ice sheet in turn
led to a change in river drainage patterns (Lemmen et al., 1994;
Wickert et al., 2013; Wickert, 2016) weakening of the North
American Monsoon (NAM) (Bhattacharya et al, 2017, 2018),
and the deposition of vast amounts of loess on the continental
interior (Muhs, 2018; Muhs et al., 2018; Li et al., 2020). Although
the mechanisms are still debated, it has been hypothesized that the
expansion of the Laurentide Ice sheet likely affected regional
atmospheric circulation and subsequent weather of adjacent
regions such as the SHP (Bromwich et al, 2004, 2005;
Lofverstrom and Lora, 2017). If future studies confirm our
MAT measurements for Phases II and III, then this could
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potentially be explained as the migration of the polar jet stream to
much lower latitudes which in turn could have brought colder air
to the SHP (Munroe and Laabs, 2013). Moreover, it also likely that
the presence of the Laurentide ice-sheet substantially affected
wind direction (Broccoli and Manabe, 1987; Klink, 1999;
Bromwich et al., 2004, 2005; Lofverstrom and Lora, 2017). In
modeling surface-wind directions during the LGM (~20ka to
~12 ka), Lofverstrom and Lora (2017) determined that a more
expansive Laurentide ice sheet (at ~20ka) and a diminished
Laurentide ice sheet (at ~12 ka) corresponded to mean surface
wind directions that primarily flow from north to south and west
to east, respectively, for the SHP during the winter. Using data
from 1961 to 1990, Klink (1999) calculated that the SHP has a
mean winter wind direction which flows from the southwest to the
northeast. The combination of historical and modeled data sets
suggests that the single-Pecos-sourced sediments of Phase I likely
represent a time period when the Laurentide Ice sheet was
substantially diminished, resulting in more winds from the
southwest to carry Pecos sand. Moreover, this style of southerly
derived material from the Pecos River Valley likely extended back
into the late Miocene as recorded in the upper part of the
underlying Ogallala Formation on the SHP (Gustavson and
Holliday, 1999). A sole source is in contrast to the mixed
sediments of Phases II and III, both of which likely represent
periods where a larger Laurentide ice sheet resulted in a stronger
north to south wind, which would have carried northerly derived
silt to the SHP (Stine et al., 2020).

Gustavson and Holliday (1999) hypothesized a minimum age
of at least ~0.910 Ma for our Phase I strata based on: (1) the
stratigraphic position below the consistently reverse polarity
Paleosol 2, indicating a minimum age greater than ~0.773 Ma
(Patterson and Larson, 1990; Channell et al., 2020) ; and (2) the
presence of well-developed Stage III-IV calcic horizons, which
require a minimum of ~50ky to ~100ky to develop (Bachman
and Machette, 1977; Machette, 1985). Moreover, the minimal
weathering intensities indicated by our data set imply a
minimal degree of soil welding, suggesting that the calcic
horizons of Phase I did not develop contemporaneously.
With these admittedly rough age controls, we tentatively
interpret the lack of glacial loess and arid conditions of
Phase I to be the result of having occurred prior to the onset
of strong, well-developed 100ka climate cycles in North
America. However, until better age control is established,
ambiguity exists on whether this correlates to a period prior
to the MPT (at a time prior to ~1.2 Ma) (Imbrie et al., 1993); or
simply when the Laurentide ice sheet first demonstrated 100 ka
cycles (at about 0.9 Ma) Balco and Rovey, 2010.

Using similar criteria as above, Phase II is interpreted to have
occurred at about the time of the MPT (1.2 Ma-0.7 Ma). Marine
isotope records from this period indicate the inception of 100 ka
climate cycles as well as a general decreasing trend in stable isotope
values, likely corresponding to a decreasing trend in global
temperatures during this time period (Lisiecki and Raymo, 2005;
Lowe and Walker, 2015). This implies that the onset of the MPT
(1.2 Ma - 0.7 Ma) was a warmer time period than Post-MPT times
(0.7 Ma - Modern) (Imbrie et al,, 1993). On a regional scale, slightly
warmer 100ky. glacial cycles may have resulted in different
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environments than colder counterparts in more recent times. If our
initial MAT measurements prove to be correct than this could
potentially provide an explanation for the change in precipitation
in the SHP during the MPT. Rainfall can often result during weather
fronts, which is when large hot and cold air masses interact (Barry and
Chorley, 2010). Therefore, it is possible that the interaction between
the colder air of the Laurentide ice sheet and the relatively warmer air
of the SHP region could have resulted in an initial increase in
precipitation during the MPT, although more sites and numerical
models are needed in order to confirm this hypothesis. Alternatively,
the increase in precipitation in the SHP during the MPT, could have
been the result of either “squeezing” (Oster et al., 2015; Putnam, 2015)
or “splitting” (COHMAP Members, 1988) of the westerlies jet stream,
both of which have been cited as explanations for why other North
American regions (i.e. Great Basin) were similarly more humid during
glaciations (Putnam, 2015; Wang et al., 2021).

Finally, Phase III is interpreted to have occurred after the
cessation of the MPT, and younger than ca. 0.773 Ma, when
climate change was dominated by 100-ka cycles. Moreover, the
lowering of MAT and MAP in this phase also agrees with post-MPT
global climatic trends of lower global temperatures and more arid
climates (Rea, 1994; Werner, 2002; Winkler et al., 2002; Martin,
2006; Sun et al., 2012; Yann et al., 2013; Lang et al., 2014). Assuming
that future studies confirm our initial MAT results, then a regional
decrease in annual temperature could provide a potential
explanation for the increase in aridity. Colder air masses contain
less moisture than their warmer counterparts, which results in less
precipitation (Barry and Chorley, 2010). Therefore, it is possible that
any weather front due to the interaction of Laurentide- and SHP-
sourced air masses, could have resulted in less precipitation during
Phase III than in Phase II, though once again confirmation of this
hypothesis would require more sites and numerical models.

Despite the increase in aridity, climate models for the time of the
LGM (Bromwich et al., 2004, 2005) have suggested that large post-
MPT ice sheets would have resulted in relatively enhanced levels of
precipitation for the SHP during the summer. Throughout the SHP
and adjacent regions, increased seasonality is also evident in the
proliferation of C4 plants, which preferentially develop in arid and
semi-arid regions with wetter summers (Ehleringer et al., 1997;
Huang et al., 2001; Edwards et al,, 2010; Stromberg, 2011; Cotton
et al,, 2016; Green et al., 2017). Correlation of this numerical model
and regional distribution of C4 plants with our observation of
ultrafine SP/SSD magnetite in Phase III soils, could explain how
precipitation became great enough in an otherwise arid environment
to result in magnetic enhancement. Moreover, if Bromwich et al.
(2004, 2005) ideas are indeed correct this would also support the
hypothesis that the formation of magnetically enhancing, pedogenic
magnetite is the result of increased seasonality as suggested by
Balsam et al. (2004) and Zhang and Nie (2017).

CONCLUSIONS

Representative samples from all paleosols and the overlying
Surficial Soil from the type-site of the BDF subjected to a range
of both non-magnetic and magnetic experiments provide an
improved understanding of the magnetic mineralogic cause of
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magnetic enhancement and magnetic depletion within the
formation profile, observations which might be applied to
similar sites. Results show a relatively uniform mineralogy,
where the magnetic signal is dominated by partially
maghemitized magnetite grains, despite the fact that the
magnetic mineralogy is dominated by hematite, potentially
sub-micron in size, in terms of weight/volume percent.
Moreover, the presence of fine-grained hematite within all
the samples, regardless of weathering intensity, as reported
by (Stine et al, 2020), implies that the intensity of the

magnetic signal (x, ARM, IRM) with that magnetic
enhancement and magnetic depletion are competing
processes during soil development of the BDF. The

dominating process is related to weathering intensity, which
in turn is tentatively interpreted to be caused by MAP.

For the BDF at its type section, we have identified three
environmental phases (I-III) which we tentatively correlate to
the Middle-Pleistocene transition (MPT), a time period when the
frequency of glacial-interglacial cycles shifted from a ~41ky.
cycle to a ~100 k.y. cycle, between about 1.2 and 0.7 Ma (Imbrie
et al, 1993). Phase I represents a relatively arid environment
which occurred prior to the onset of the MPT. During this phase
the dominance of ~41-ky cycles limited the growth of the
Laurentide ice sheet, which allowed southwest to northeast
winds to carry Pecos river sands to the SHP. Coarse magnetite
grains were carried with the Pecos sands and preserved by the arid
environment, resulting in a relative preservation of the magnetic
signal.

Phase II represents a relatively subhumid to semiarid
environment, which occurred during the onset of the MPT.
During this phase the onset of ~100-k.y. cycles allowed for the
expansion of the Laurentide ice sheet. The presence of the ice
sheet so far south resulted in stronger to south winds which
deposited newly created loess onto the SHP, where it mixed with
Pecos sands. An increase in precipitation levels resulted in the
dissolution of eolian magnetic material and thus magnetic
depletion. Though the source of this precipitation increase is
difficult to explain, we tentatively propose that it is higher
regional mean annual temperatures (MAT) and the larger
Laurentide ice sheet. Nevertheless, the high error bars of our
MAT calculations implies that future research should attempt
different methods in order to determine MAT and confirm or
deny our results.

Finally, Phase III represents a semiarid to arid environment,
which occurred after the MPT was completed and ~100-k.y.
glacial-interglacial cycles dominated. Phase III is similar to
Phase II, in that it is a mix of Pecos river sands and northern
loess, likely due to the enhanced Laurentide ice sheet. Phase III
represents a relatively intermediate level of precipitation; in that it
is less than Phase II but greater than Phase I. This moderate level
of precipitation resulted in the pedogenic neoformation of
ultrafine SP and SSD magnetite which enhanced the
magnetic signal.

The results of this research show that the magnetic signal of
the SHP is the result of a complicated interaction between
changing provenance and precipitation levels. Therefore, we
recommend that, at least for the SHP, a holistic approach be

Environmental Magnetic Study of the Blackwater Draw Formation

taken in reconstructing paleoenvironment which incorporates
rock-magnetic, geochemical, and microscopy observations.
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