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ARTICLE INFO ABSTRACT

Editor: Dr A Dickson The stable carbon isotope composition of both soil organic matter (SOM) and pedogenic carbonate are widely

used as paleoenvironmental proxies. This study utilizes 5'C analyses to reconstruct bioclimatic change from a

Keywords: series of buried soils in the central Great Plains of North America that developed between ca. 44-24 ka. Results
faleOSOIS revealed a paradoxical isotopic disequilibrium between the isotopic composition of bulk SOM (5'3Cgop) and
0€ess

pedogenic carbonate (8'3Ceqrp). Specifically, A13C values are 0.1 to 6.3 per mil greater than the highest expected
equilibrium value of 17 per mil in the Bk horizons. In contrast, A'3C values are 0.1 to 4.8 per mil lower than the
lowest expected equilibrium value of 14 per mil in the Ak horizons. A soil-forming factor approach was utilized
to establish multiple working hypotheses regarding the influence of climate, vegetation, parent material, and
time on the observed isotopic disequilibrium.

Of the various hypotheses presented, we suggest that the following most likely explain the observed isotopic
disequilibrium. The greater-than-expected A'3C values in the Bk horizons most likely reflects seasonal bias in
pedogenic carbonate formation, resulting in an apparent C4-biased signal. The lower-than-expected A'3C values
in the Ak horizons remains perplexing. The most likely explanation is that detrital carbonate contributions
affected the 513Ccarb record or that the 513Cmb and 513C30M records are asynchronous. Overall, it appears that
different factors have affected the 613C50M and 613Ccaﬂ, records independently and therefore results of this study
highlight the importance of assessing pedogenic carbonates for isotopic equilibrium as well as the need to un-
derstand past environmental conditions (i.e., soil-forming factors) when interpreting isotopic trends.

Gilman Canyon Formation
Pedogenic carbonate
Soil organic matter

1. Introduction

The five factors of soil formation (climate, organisms, relief, parent
material, and time; clorpt) are one of the most widely known frame-
works for understanding soil genesis (Jenny, 1941; Birkeland, 1999;
Amundson, 2021). Where factors function as independent variables,
individual factors can be investigated by holding the other factors con-
stant. This approach has been successfully used to study climosequences
(e.g., Webb et al., 1986; Chadwick et al., 2003; Driese et al., 2005),
toposequences (e.g., Yair, 1990; Beach et al., 2018; Deressa et al., 2018),
parent material sequences (Treadwell-Steitz and McFadden, 2000),
chronosequences (e.g., Tonkin and Basher, 2001; Dorji et al., 2009;
Layzell et al., 2012) as well as the relationships between the different
factors (e.g., Birkeland et al., 2003; Stiles et al., 2003; Eppes et al., 2008;
Johnson et al., 2015; Turner et al., 2018). The soil forming factor
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approach is particularly helpful when studying paleosols (e.g., buried
soils) as paleosols serve as important archives of paleoenvironmental
information and landscape history.

A variety of properties from buried soils have been investigated to
provide insights on landscape evolution and paleoenvironmental
change, including soil morphology, clay content, carbonate accumula-
tion, elemental composition, mineralogy, and magnetic susceptibility (e.
g., Alekseeva et al., 2007; Jacobs and Mason, 2007; Eppes et al., 2008;
Beach et al., 2018). In the Great Plains of North America, the stable
carbon isotope compositions of soil organic matter (SOM) in buried soils
have especially proven useful for reconstructing late Quaternary
bioclimatic change (e.g., Fredlund and Tieszen, 1997; Johnson and
Willey, 2000; Nordt et al., 2008; Mandel, 2008; Layzell and Mandel,
2020). Regional studies utilizing the isotopic composition of Quaternary
pedogenic carbonates in buried soils, however, are far more scarce (e.g.,
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Kelly et al., 1991; Humphrey and Ferring, 1994; Tecsa et al., 2020).
Here, we investigate a series of buried soils from the central Great Plains
that date to Marine Isotope Stage (MIS) 3. Paleoenvironmental change in
this region during MIS 3 remains unclear due to the lack of well-dated
high-resolution proxy records (Dorale et al., 1998; Voelker, 2002).
Therefore, isotopic analyses were performed on both bulk SOM and
pedogenic carbonates to reconstruct late Quaternary plant communities
and infer paleoclimatic change in the region. In turn, we demonstrate
how the factors of soil formation can be used as a framework to assess
the reliability of stable carbon isotopes as paleoenvironmental proxies.

1.1. Geology and loess stratigraphy

The study area (Fig. 1) is located in western Kansas and is part of the
High Plains section of the Great Plains physiographic province. The High
Plains is characterized by predominantly flat terrain with relief (5-20 m)
being largely confined to river valleys, dune fields and numerous small
playa basins. The region represents the remnant of a vast alluvial plain
formed by sediment shed eastward from the Rocky Mountains. These
deposits mostly comprise the Miocene and early Pliocene-aged Ogallala
Formation together with Quaternary alluvial and eolian sediments.
Loess deposits blanket the High Plains surface, ranging in thickness from
>20 m in parts of Nebraska to <5 m in southwestern Kansas (Bettis et al.,
2003). At least four Quaternary-aged loess units have been documented
in the region: the Loveland Loess, Gilman Canyon Formation (GCF),
Peoria Loess and Bignell Loess (e.g., Bettis et al., 2003; Layzell et al.,
2016).

The GCF overlies the Loveland-Sangamon complex and is usually <2
m thick on the Great Plains (Bettis et al., 2003), and consists of a dark silt
loam that has been modified by episodes of cumulic soil development (e.
g., Reed and Dreeszen, 1965; Mandel and Bettis, 1995; Johnson et al.,
2007). Published ages (calibrated radiocarbon and optically stimulated
luminescence) from sites in the central Great Plains range from ca.
44-24 ka (Johnson et al., 2007; Mubhs et al., 2008; Layzell et al., 2016).

The Peoria Loess mantles the GCF and is the thickest, most extensive
loess deposit in the Great Plains (Bettis et al., 2003). The Peoria Loess
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typically is a light yellowish tan to brown silt loam. Peoria Loess accu-
mulated in the Great Plains between ca. 25-13 ka (Bettis et al., 2003;
Mason et al., 2007; Mubhs et al., 2008). After ca. 13 ka, the Brady Geosol
developed in the Peoria Loess but is only distinguishable from the
modern surface soil when buried by the Bignell Loess. The Brady Soil
typically is a dark gray to grayish brown silt loam with a well-expressed
B horizon (Johnson and Willey, 2000). The Bignell Loess began to
accumulate between ca. 11-9 ka, but deposition was spatially and
temporally variable throughout the Holocene (Mason et al., 2003; Muhs
et al., 2008; Tecsa et al., 2020).

1.2. Stable carbon isotopes

5'3C values determined on SOM (613CSOM) from buried soils reflect
the relative contributions of C3 and C4 vegetation to below ground
biomass production at the time of soil formation. Modern Cs plant
communities include trees, woody shrubs, and cool season grasses and
typically have 5'3Cgom values between —32%o and — 20%o with a mean
of —27%o0 (Kohn, 2010). In contrast, C4 plants, which include warm
season grasses, have 5'3Cgom values between —14%o and — 10%o, with a
mean of —13%o.

513C values from pedogenic carbonate (813Ccaﬂ,) also can be used to
assess past vegetation compositions. Pedogenic carbonate forms in car-
bon isotopic equilibrium with soil CO,, which is derived mainly from
root respiration and therefore reflects the relative contributions of C3
and C4 species. 613CC.,,rh values are offset, however, by 14-17%o relative
to 813C30M due to molecular diffusion of soil-respired CO; and isotopic
equilibria reactions between CO- and calcite (Cerling et al., 1989).

2. Methods
2.1. Coring
Three cores were collected in the study area to examine regional

loess stratigraphy. Two continuous 6.5 cm diameter cores (HP1A and
CMC) were collected from the High Plains surface in southwestern
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Fig. 1. Map showing locations of cores HP1A (37°39'25”, 100°39'53"), CMC (37°26'47”, 101°03'43), and TC1 (39°13'11”, 101°00'54) in the High Plains Section of

the Great Plains Physiographic Province.
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Kansas and one core (TC1) from northwestern Kansas (Fig. 1) as part of
the High Plains Ogallala Drilling Program at the Kansas Geological
Survey. Drilling and core retrieval were accomplished using an Acker
hollow-stem auger and wireline, split-spoon core sampler.

2.2. Soil properties

Soils were described and sampled using standard terminology (see
Birkeland, 1999; Schoeneberger et al., 2012) and sampled by horizon for
particle size analysis. However, where horizon thicknesses were > 50
cm, subsamples were collected and analyzed. Particle-size distribution
was determined using the pipette method (Gee and Bauder, 1986).
Percent calcium carbonate equivalent (CCE) and organic carbon were
determined during stable carbon isotope sample preparation and anal-
ysis, respectively (see section 2.3).

2.3. Stable carbon isotopes

Stable carbon isotope analyses were performed on bulk SOM
(613CSOM) and pedogenic carbonates (8'3Cearp) to investigate past
vegetation compositions in the region. All stable isotopic analyses were
performed at the University of Kansas W.M. Keck Paleoenvironmental
and Environmental Stable Isotope Laboratory following methods out-
lined by Boutton (1996). Bulk SOM samples were collected at regular
intervals (15-30 cm) from core. Samples were dried, ground with a
mortar and pestle, and approximately 1 g of ground sample was
extracted for decarbonation. Decarbonation consisted of adding 30 ml of
0.5 M HCl to each sample and agitating on a vortex mixer after 1 h and
approximately every 4 h thereafter over a 24-h period. This decarbon-
ation procedure was repeated until samples no longer visibly reacted to
additional HCl. Samples were then repeatedly rinsed by adding 30 ml of
DI water, centrifuging at 4000 rpm for 6 min, and then decanting rinse
water until supernatant reached a neutral pH. Rinsed samples were oven
dried at 50 °C and re-homogenized with a synthetic ruby mortar and
pestle. Weighing samples before and after desiccation allowed for the
determination of percent calcium carbonate equivalent (CCE). Decar-
bonated samples were combusted using a Costech Elemental Analyzer at
1060 °C and the resultant CO2 analyzed by a continuous-flow Thermo-
Finnigan MAT 253 mass spectrometer. The Elemental Analyzer also
reports the percentage of carbon in the sample. All §!3C data were
calibrated with in-house and international standards (DORM, USGS 24,
IAEA C6, IAEA 600) and are presented relative to the Vienna Peedee
Belemnite (VPDB) standard. Analytical precision is better than 0.10%o. A
simple mass balance equation was used to estimate the relative contri-
bution of C4 plants to SOM:

8" Csom = 8" Cey(x) +8"Ces(x) (1 —x)

where 613C30M is the measured §'3C value, 613CC4 = —13%o, 613CC3 =
—27%o and x is the relative contribution (%) of C4 plants to SOM.

The isotopic composition of pedogenic carbonate (8'3Cearp) was
determined from discrete nodules (2-8 mm diameter) that were
collected from the same intervals as SOM samples where present in the A
and B horizons of the soils. Individual nodules were powdered and
analyzed with a Kiel III device coupled to a dual inlet ThermoFinnigan
MAT 253 mass spectrometer. Analytical precision is monitored by daily
analysis of NBS-19 and NBS-18 and is better than 0.10%o.

The isotopic composition of organic matter occluded within car-
bonate nodules (613C00M) was also analyzed and compared to 613C50M
values. Organic matter was extracted from select nodules following
procedures designed to remove carbonate minerals and concentrate any
finely disseminated occluded organic matter within the acid-treated
residue. Individual nodules were initially reacted with 30 ml of 0.5 M
HCI until they no longer effervesced, then reacted with 1 ml of 12 M HCl
solution for at least 24 h. Fresh aliquots of HCl were added every 12 h
until no further reaction could be detected. Samples were then rinsed
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and analyzed as outlined above for bulk SOM samples.

In this paper we use the %, symbol for measured 8'3C values relative
to VPDB and the term “per mil” to refer to the magnitude of difference
between measured 5'3C values. The A'3C notation is used to indicate the
difference between 5'3C values determined on SOM and pedogenic
carbonate (613Cmrb — som)-

2.4. Micromorphology

Samples of core containing pedogenic carbonate nodules from buried
soil horizons in the CMC and HP1A cores were vacuum impregnated
with epoxy resin, thin sectioned, and micropolished. Thin sections (0.03
mm) were investigated with a Reliotron III cathodoluminescence (CL)
imaging system at the Kansas Geological Survey to assess diagenetic
alteration. Microscopic images were collected under transmitted light
and CL using an Olypmus DP73 17 mpx digital camera mounted on an
Olympus BX41 microscope.

2.5. Chronology

Numerical-age control was provided by radiocarbon (14C) dating of
SOM. In addition, we utilize two C ages and two optically stimulated
luminescence (OSL) ages obtained from the HP1A and CMC cores, re-
ported in Layzell et al. (2016). Radiocarbon samples from the TC1 core
were submitted to DirectAMS Inc. for processing, including standard
physical and chemical pretreatment to remove roots and carbonates. All
radiocarbon dates were calibrated (Table 1), and in the text of this paper
are presented as median calibrated ages.

Table 1
Age information.

Radiocarbon ages

Core Lab no. Depth  '“C age Calibrated age Median
range” calibrated
(m) (yr B.P.) (yr B.P.) age (ka)
D- 19,900 +
CMC AMS021617 2.0 75 24,150-23,780 23.9
24,900 +
CMC!  0s-112461 2.8 840 30,870-27,590 29.1
30,300 +
cMct 0S-112462 3.2 1700 38,775-31,130 34.7
D- 22,600 +
TC1 AMS037071 8.1 95 27,210-26,460 27.0
D- 27,430 +
TC1 AMS037072 8.7 145 31,680-31,160 31.4
D- 29,030 +
TC1 AMS037073 9.1 110 33,960-33,180 33.6
D- 31,490 +
TC1 AMS023229 9.4 150 36,200-35,450 35.9
OSL ages
Core Lab Depth No. of Dose De + 20 oD OSL
no. (m) aliquots Rate (Gy) (%) age +
(Gy/ 26
ka) (ka)
USU- 3.39 150.08 37.2 44.3
HP1A' 1110 3.9 29 (46) +0.16 + 21.79 + 5.4 +7.8
USU- 2.79 145.36 17.2 52.2
cMC! 1518 4.4 8 (55) +0.14 +22.24 + 6.5 +9.6

! Data originally reported in Layzell et al. (2016).
2 Calibration (2 sigma) was performed with CALIB 8.1 using calibration
dataset IntCal20.
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3. Results
3.1. Soils and stratigraphy

All three cores contain surface and buried soils developed in late-
Quaternary eolian parent materials (Fig. 2). In the HP1A and CMC
cores, the upper stratum is about 2 m thick and comprises the Peoria
Loess. The upper stratum in the TC1 core is about 75 cm thick and is
interpreted as comprising the Bignell Loess. The surface soil (Soil 1) is
similar in all three cores and has a moderately expressed A-Bk-Ck pro-
file. Horizon thicknesses of the surface soil, however, are less in the TC1
core. Soil 2 in the TC1 core has a moderately expressed Ak-Bk-Ck profile
and is interpreted as the Brady Soil developed in Peoria Loess. The
thickness of the Peoria Loess in the TC1 core is substantially greater (~7
m) than the other two cores, likely reflecting a more proximal location to
loess sources. Also, the Peoria Loess in the HP1A and CMC cores has a
relatively high clay content (Fig. 3), suggesting a location more distal to
loess sources.

All three cores contain a buried soil (Soil 2 in cores HP1A and CMC;
Soil 3 in core TC1), interpreted as representing a soil developed in the
GCF (Fig. 2). Soil morphology is similar in all three cores, consisting of a
moderate to well-expressed Ak-Bk-Ck profile. The Ak horizons range in
thickness from 1 to 1.25 m and consist of very dark grayish brown to
brown (10YR 3/2 to 4/3) silty clay loams with subangular to angular
blocky structure. The blocky structure of the Ak horizons is likely a
product of the relatively high clay contents (21-36%) (Fig. 3). Common
fine threads and films of calcium carbonate and few fine (< 5 mm)
spheroidal carbonate nodules occur in the Ak horizons (Stage I-II).
Calcium carbonate equivalent values range from 2.2 to 11.7% (Fig. 3).
The Bk horizons are between 60 and 80 cm thick and have yellowish
brown colors (10YR 5/4 to 6/4) and loam, silty clay loam, and clay loam

C, biomass (%)
0 20 40 60 80 100
T
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textures with subangular to angular blocky structure. Calcium carbonate
equivalent values range from 12.4 to 24.8% (Fig. 3). Secondary car-
bonate accumulations consist of common fine (< 1 cm) spheroidal
nodules, threads, and films (Stage II). The texture of the Ck horizons in
the HP1A and CMC cores consists of sandy loam compared to silt loam
and clay loam in the TC1 core (Fig. 3). The upward-fining sequence
evident in Soil 2 from the HP1A and CMC cores has been interpreted as
reflecting an increase in loess deposition relative to more locally derived
eolian sands during soil formation (Layzell et al., 2016).

OSL samples from the Ck horizons of Soil 2 in the HP1A and CMC
cores yielded ages of 44.3 and 52.2 ka, respectively (Layzell et al., 2016).
SOM from the upper and lower 10 cm of the Akb1 horizon and the upper
10 cm of the Bkb1 horizon of Soil 2 in the CMC core yielded ages of 24.0,
29.2 and 34.6 ka, respectively (Table 1). A suite of three l4c samples
from the Akb2 horizon and one sample from the upper 10 cm of the Bkb2
horizon of Soil 3 in the TC1 core yielded ages of 26.9, 31.3, 33.3 and
35.4 ka, respectively. In sum, the numerical chronology indicates that
soil development began shortly after ca. 44 ka and continued for
approximately 20 ky. The deposition of Peoria Loess buried the GCF soil
between ca. 27-24 ka, though burial occurred earlier at the TC1 core
locality, likely reflecting a location closer to loess sources. Regional
studies have provided remarkably similar ages of ca. 45-24 ka for the
GCF (e.g., Souders and Kuzila, 1990; Johnson et al., 2007; Mubhs et al.,
2008) as well as for coeval buried soils developed in alluvial fills (e.g.,
Layzell et al., 2015; Mandel et al., 2016).

3.2. Stable carbon isotopes

In the HP1A core, 8'3Cgoum values from the GCF soil (Soil 2) increase
from an average of —23.5%o in the Ckb horizons to —15.6%o at the top of
the Akb horizon (Fig. 2). This latter value indicates the presence of a Cy4-

C, biomass (%)
0 20 40 60 80 100
T
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Fig. 2. Soil stratigraphy, chronology, and stable carbon isotope profiles from cores HP1A, CMC, and TC1. BL = Bignell Loess, PL = Peoria Loess, GCF = Gilman
Canyon Formation. Note that the §!3C.,y, axis is positioned to reflect a 15 per mil offset relative to 8'>Cgop.
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dominated plant community with C4 biomass contributing up to 81% of
organic carbon to the soil. 613C50M values are relatively high in the Ck
horizon of Soil 1 (average of —17.1%o), likely reflecting detrital contri-
butions of organic matter, and increase to a peak of —12.7%o (100% C4
biomass) near the top of the modern surface soil.

Trends in 613C50M values from the CMC core are similar to those in
the HP1A core. 5'3Cgoym values from the GCF soil (Soil 2) increase from
an average of —23.3%o in the Ckb horizon to —17.0%o (71% C4 biomass)
at the top of the Akb horizon (Fig. 2). 5'3Cgom values become slightly
more negative in the Ck horizon of Soil 1 (average of —18.4%o) before
increasing to peak at —14.1%o (92% C4 biomass) near the top of the
modern surface soil.

In core TC1, SISCSOM values from the GCF soil (Soil 3) increase from
—22.3%o at the bottom of the soil to —16.5%o at the top (Fig. 2). The peak
513Cgom value of —15.9%0 occurs at a depth of 8.5 m and indicates the
presence of up to 79% C4 biomass. 613C50M values become more nega-
tive in the Ckbl horizons of Soil 2 (average of —20.0%.) before
increasing to —16.4%o at the top of Soil 2 (the Brady Soil), reflecting an
increase in the amount of C4 biomass (up to 76%). The surface soil (Soil
1) has the highest SISCSOM value of —13.5%o (up to 96% C4 biomass).

613C50M values show consistent depth trends in the soils, becoming
less negative upward through the solum (Fig. 2). 8'3Cearp, values, how-
ever, appear to have the opposite trend, decreasing upward through the
soil profile. 5'3Cearp, values from the Bk horizons of the GCF soil are
similar in all three soils. In the HP1A core, Bk horizon §'3C,y, values are
relatively invariant and range from —0.1%o to —1.0%o. In the CMC core,
613ccarb values are uniform in the middle part of the Bkb horizon,
ranging between 0.2%o and 0.3%o, with more negative values of —1.8%o
and — 1.6%o at the top and bottom of the horizon, respectively. In the
TC1 core, Bkb2 horizon §'3Ceyp, values range from —0.3%o to —0.9%o.
The 8'3Cearp, values in the Bk horizons of the GCF soils are similar to
those recorded in the Bk horizon of the Brady Soil (—0.2%o to —0.9%o)
but slightly more negative than those from the Bk horizons of the surface
soils (0.7%o to 1.3%o).

83C
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At the bottom of the Ak horizons of the GCF soils, 8'3Cayp, values shift
and start to become more negative relative to values in the Bk horizons.
5'3Cearp values peak in the middle to upper part of the Ak horizons and
are significantly more negative compared to the Bk horizons (Fig. 2). In
the HP1A core, 8'3Cap, values in the Akb horizon range from —3.0%o to
—6.5%0. In the CMC core, 613Cmrb values for the Akb horizon range
between —2.7%o and — 4.9%o, whereas in the TC1 core, §'3Ceqr, values
for the Ak1b2 and Ak2b2 horizons range from —4.3%o to —6.4%o.

The 8'3C results indicate an apparent lack of carbon isotopic equi-
librium between 8'3Ceap and 5'3Csoy in the GCF soils. A'3C values
(613Cmrb —som) in the Bk horizons are 0.1 to 6.3 per mil greater than the
highest expected equilibrium value of 17 per mil (see Cerling et al.,
1989) (Fig. 4). In contrast, A'3C values in the Ak horizons are 0.1 to 4.8
per mil lower than the lowest expected equilibrium value of 14 per mil.

4. Discussion

Using a soil-forming factor approach allows for the establishment of
multiple working hypotheses regarding the influence of climate, vege-
tation, parent material, and time on the observed trends in §13C values
and, specifically, the documented carbon isotopic disequilibrium be-
tween 8'3Cearp, and 5'3Cgop. In the following discussion, we consider the
effect of changes in temperature, aridity, seasonality, water saturation,
and carbon sources during MIS 3 as well as potential changes in parent
material contributions and diagenetic overprinting over time.

4.1. Stable carbon isotopic composition of soil organic matter

513Csom values increase upward through the GCF soil profiles,
indicating an increase in the contribution of C4 biomass during soil
formation. Specifically, 613CSOM results from the Bk horizons of three
soils developed in the GCF, indicate a transition from a Cz-dominated
plant community with up to 26% C4 biomass to a C4-dominated plant
community with up to 69% C4 biomass between ca. 44-35 ka. 5'%Csom
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Fig. 4. Plot of '%Cgopm vs 8'3Cearp for samples from the GCF soils. Filled symbols = Ak horizons; Open symbols = Bk horizons. Area between dashed lines indicates
theoretical offset of 14-17 per mil between §'3Cgop and 8'3Cayp, values (see Cerling et al., 1989).
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results from the Ak horizons of the GCF soils, indicate the presence of a
C4-dominated ecosystem with C4 biomass contributing between 57%
and 81% of organic carbon to the soil from ca. 35-24 ka. The regional
dominance of C4 vegetation during late MIS 3 was likely favored by
lower atmospheric CO levels before the Last Glacial Maximum (e.g.,
Ehleringer et al., 1997). However, other environmental factors favoring
C4 plants, including summer temperature, aridity, and the seasonal
distribution of rainfall (e.g., Terri and Stowe, 1976; von Fischer et al.,
2008; Knapp et al., 2020), likely played a role.

It is important to note that the more negative 5'>Cgoy values in the
Bk horizons may reflect a greater contribution of detrital organic ma-
terial to the isotopic signal as pedogenic inputs of organic carbon are
lower in subsurface horizons. For example, percent carbon in the GCF
soils ranges from 0.05% to 0.17% in the Bk horizons compared to be-
tween 0.15% and 0.45% in the Ak horizons (Fig. 3). The higher pro-
portion of organic carbon in the Ak horizons makes it more likely that
any detrital isotopic signal will be overridden. However, the carbon
content in the GCF soils is still relatively low compared to the surface
soils and the Brady soil, which have >1% organic carbon. SOM in buried
soils is susceptible to decomposition, which can result in 13C enrichment
of several per mil relative to the original biomass (Wynn, 2007).
Furthermore, the degree of 13C enrichment increases with lower organic
carbon content. Given the low carbon content in the GCF soils, we
cannot rule out the effect of 1C enrichment from decomposition on the
reported SISCSOM values. However, in the TC1 core, for example, the
peak organic carbon content in the GCF Ak horizon is about 40% that of
the surface and Brady soils, suggesting that any enrichment from
decomposition is likely on the order of 1-2 per mil (see Wynn, 2007).
Such an effect does not alter our observation that plant communities
during late MIS 3 were dominated by C4 grasses based on the 5'3Csom
record.

4.2. Comparison between stable carbon isotopic composition of soil
organic matter and pedogenic carbonate

The 6!3C results indicate an apparent lack of carbon isotopic equi-
librium between 613Ccarb and 613C50M in the GCF soils. Specifically,
A3C values in the Bk horizons are greater than expected equilibrium
values whereas A'3C values in the Ak horizons are lower than expected.
Given these findings, several hypotheses regarding the effect of climate,
vegetation, parent material, and time on the formation of pedogenic
carbonate must be considered.

4.2.1. Climate and vegetation

The diffusion gradient of CO; in a soil is well documented and re-
flects two-component CO, mixing with changing contributions of at-
mospheric CO; and soil-respired CO, with depth (e.g., Cerling, 1984;
Quade et al., 1989). Generally, mixing of atmospheric CO5 is minimal at
soil depths of 30-50 cm and a majority of carbonate nodules sampled
were collected at depths of >30 cm from the interpreted paleosurface.
Changes in temperature, aridity, and associated soil productivity,
however, can affect the isotopic record of pedogenic carbonate by
altering the diffusion gradient of CO5 in a soil. For example, more arid
conditions with associated low plant density and reduced respiration
rates allows for a greater degree of atmospheric CO, mixing in the soil
(e.g., Pendall et al., 1994; Montanez, 2013). Similarly, lower winter
temperatures allow for increased additions of atmospheric CO; into the
soil through freezing and frost heave (e.g., Cerling, 1984; Stevenson
et al., 2005). Because atmospheric CO5 is more enriched in 13C than soil
CO», increased depth of atmospheric CO, penetration could explain the
higher-than-expected A'3C values in the Bk horizons of the GCF soils but
not, however, the lower-than-expected values in the Ak horizons.

Another hypothesis is that the positive enrichment of up to 6 per mil
in 8'3Capp, for Bk horizons reflects seasonal bias in pedogenic carbonate
formation. Breecker et al. (2009) suggest that pedogenic carbonates only
form during the summer in semi-arid environments when the soil is dry
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and moisture stress strongly limits respiration rates. Therefore, 8'3Cearb
values are biased toward a C4 signal and may be enriched in semi-arid
soils by 2-3 per mil. This may explain the greater-than-expected A'3C
values in the Bk horizons. However, for samples where 'C enrichment is
>3 per mil, one must also invoke concomitant effects such as that of
detrital organic matter on the 613C50M signal. Breecker et al. (2009) also
postulate that wet-dry cycles may be required for pedogenic carbonate
formation. Therefore, the presence of pedogenic carbonates in the GCF
soils indicates that climatic conditions at the time of soil formation must
have been seasonally dry, reflecting either monsoonal or frequent
drought conditions.

Finally, regarding the less-than-expected A'3C values in the Ak ho-
rizons, another hypothesis related to climate is that the pedogenic car-
bonate in the Ak horizon formed in water-saturated conditions. Studies
have shown that phases of carbonate formation, reflecting formation
during water-saturated parts of the year, had significantly more negative
513C values than carbonate that formed in well-drained conditions (e.g.,
Mintz et al., 2011; Tabor et al., 2013). This hypothesis can be rejected,
however, as there is no morphological evidence of water-saturated
conditions (e.g., gleying, mottling, or other redoximorphic features) in
the GCF soils.

4.2.2. Parent material

Particle size analyses indicate both a notable increase in the pro-
portion of silt and clay in the Ak horizons of the GCF soils (Fig. 3). These
textural observations likely signify increased inputs of loess and fine
dust during pedogenesis (e.g., Jacobs and Mason, 2005, 2007; Layzell
et al., 2016). Hence, the Ak horizons of the GCF soils are a product of
cumulization processes, where soil formation was able to keep pace with
sedimentation, resulting in soil upbuilding (e.g., Birkeland, 1999).

Cumulization processes could have affected the isotopic signal of
pedogenic carbonates in the Ak horizons in three ways. First, because
the paleosurface was aggrading we cannot be confident that carbonate
nodules sampled originally formed at depths >30 cm. It is possible that
carbonate nodules formed at shallower depths, which would allow for a
greater influence of atmospheric CO3 on the isotopic signal. However, as
previously noted (see Section 4.2.1.) atmospheric CO, effects would
result in higher-than-expected A'3C values rather than the lower-than-
expected values documented in the Ak horizons.

Second, additions of detrital carbonate in the form of loess and dust,
derived from either carbonate bedrock or older reworked pedogenic
carbonate, may have provided a third component to CO5 through sub-
sequent dissolution processes. Most studies investigating the effect of
three-component CO, mixing in soils have focused on marine carbonate
bedrock parent materials (e.g., Quade et al., 1989; Wang et al., 1996;
Monger et al., 1998; Kraimer and Monger, 2009; Michel et al., 2013).
Contributions of CO, from the dissolution of marine carbonates are
typically '3C-enriched relative to the other two components of CO5 (i.e.,
soil and atmospheric sources). Therefore, if carbonate bedrock was a
significant carbon source, then more positive 613Ccarb values would be
expected in contrast to the more negative values recorded in the Ak
horizons. Fewer studies have investigated the contributions of fine-
grained detrital carbonates from eolian sources; however, most as-
sume that dissolution of fine-grained detrital carbonate will equilibrate
with soil COy and thereby not provide a unique carbon source for
pedogenic carbonate (e.g., Pendall et al., 1994; Wang et al., 1996; Tabor
et al., 2013).

Finally, the isotopic signal of detrital carbonate may have been
physically occluded into the pedogenic carbonate. If that is the case
then, the observed negative trend in 5'3Cearp values upward through the
Ak horizon could reflect increasing contributions of detrital carbonate
from loess and fine dust deposition that was subsequently occluded by
pedogenic carbonate nodules during Ak horizon formation. Mineralog-
ical, geochemical, and isotopic studies have shown that the loess in the
central Great Plains is primarily sourced from siltstones of the White
River Group with additional contributions from the Arikaree Group and
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fine-grained facies of the Ogallala Formation (e.g., Aleinikoff et al.,
2008; Muhs et al., 2008). Yang et al. (2017) reported similar results from
western Nebraska, though deposition of the basal Peoria Loess and GCF
included a greater contribution of material from Rocky Mountain
sources. 8'3Cearp, values for the White River Group have been shown to
range between —6%o and — 7%o (Mullin, 2010) whereas Slsccarb values
for Ogallala Group carbonates range between —3.5%c and — 6.5%o
(Gardner et al., 1992). Those values are notably similar to 613Ccarb
values in the Ak horizons of the GCF soils. It is therefore feasible that this
detrital isotopic signal was incorporated into the pedogenic carbonates
of the GCF Ak horizons. CL analyses indicate that detrital carbonate is
present in the form of small (<10 pm) grains that exhibit orange lumi-
nescence (Fig. 5 B and D). Detrital carbonate grains are predominantly
present in the soil matrix with minor amounts occluded within the
nodules. Therefore, given the volumetric difference between detrital and
authigenic carbonate it is unlikely that isotopic signal of the nodule was
altered by detrital material.

4.2.3. Time

The first consideration in terms of the effect of time on the observed
isotopic disequilibrium between §13C qrp, and 8'3Csoy is that of post-
formational diagenetic alteration of authigenic carbonates. Studies
have shown that pedogenic carbonates can undergo diagenetic alter-
ation over time in the presence of dissolved inorganic groundwater
carbon (e.g., Deutz et al., 2001; Budd et al., 2002; Michel et al., 2016).
To assess the degree of potential diagenetic alteration of pedogenic
carbonate nodules, thin sections were examined via petrographic tech-
niques and CL imaging. The visible light CL emittance from different
carbonate components provides information on the oxidation state of
the soil water at the time of formation and the possible presence of
recrystallization.

Pedogenic nodules in both the Ak and Bk horizons exhibit non-
luminescence indicating formation in an oxidizing vadose depositional
environment (Fig. 5B and D). There is no evidence for orange Mn-
activated CL luminescence, indicating that there has not been
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overprinting in reducing phreatic groundwaters, nor multiple
dissolution-precipitation events over time. Moreover, unimodal crystal
size domains in the nodules as opposed to juxtapositions of micritic and
microspar domains indicates that the nodules retain a primary record.
Overall, carbonate nodules in the GCF soils exhibit the ideal petro-
graphic and CL characteristics recommended for conducting paleo-
environmental reconstructions (see Michel et al., 2016).

A second hypothesis related to the time factor is that the 8'*Ceqrp, and
§'3Cgom records are asynchronous. Studies have shown that secondary
carbonates in the form of nodules and rhizoliths can form post-
depositionally (e.g., Gocke et al., 2011) and may therefore be in iso-
topic equilibrium with a different carbon pool (e.g., Kelly et al., 1991;
Wang et al., 1993; Budd et al., 2002). In this case, Ak horizon pedogenic
carbonate may have formed in isotopic equilibrium with a later soil
carbon pool that was dominated by C3 biomass. The observed progres-
sive negative shift in 613Cca,b values during Ak horizon formation may
be reflective of the progressive development of a C3-dominated carbon
pool (Fig. 3). However, SOM turnover in silt and clay-dominated soils
typically occur over tens to hundreds of years (Balesdent et al., 1988)
whereas the turnover rate for pedogenic carbonate occurs over thou-
sands of years or longer (e.g., Amundson et al., 1988; Cerling and Quade,
1992; Wang et al., 1993). It is therefore surprising that a later Cs-
dominated carbon pool is not reflected in the bulk 813C50M data.

In order to investigate this hypothesis further, we tested whether
513C values from bulk SOM and organic matter occluded in carbonate
nodules were similar. Occluded organic matter samples from the Ak
horizon (8.8 and 9.1 m depth) and the Bk horizon (9.8 and 10.1 m depth)
in the TC1 core yielded 613C00M values between —26.8%o0 and — 28.4%o
(Fig. 2). Bulk 8'3Cgoy values at comparable depths range between
—16.6%0 and — 20.2%o, suggesting the presence of a unique occluded
organic matter source. However, like the bulk SOM, the occluded
organic matter is not in isotopic equilibrium with the pedogenic car-
bonate. The A'3C values between occluded organic matter and pedo-
genic carbonate range from —21.3 to —28.1 per mil and are therefore 4.3
to 11.1 per mil greater than the highest expected equilibrium value of 17

Fig. 5. Microscopic images of carbonate nodules from the TC1 core. (A) and (B) show a nodule from the Akb2 horizon under transmitted light and cath-
odoluminescence, respectively. (C) and (D) show a nodule from the Bkb2 horizon under transmitted light and cathodoluminescence, respectively. Whites arrows in

(B) and (D) point to examples of detrital carbonate grains.
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per mil. Hence, the most parsimonious explanation is that the occluded
organic matter represents a detrital component that is unrelated to the
observed isotopic trends in 513Carp values.

An interesting finding is that 5'3Cearb values in the Ak horizons of the
GCF appear to be in isotopic equilibrium with bulk §'3Cgoy values from
the overlying C horizons of the Peoria Loess. For example, in the Ck
horizon of Soil 1 in the CMC core §'3Cgoy values range from —19.1%o to
—18.1%o. Comparing these values to the 5'3Carp values of the Ak hori-
zon of Soil 2 results in A'3C values ranging between —16.4%. and —
13.2%o, with most values within the expected offset range of 14-17 per
mil. Similarly, in the TC1 core, 613CSOM values in the Ck2b1 horizon of
the Peoria Loess range from —20.7%o to —18.9%.. Comparing these
values to the 8'3C,ay, values of the Ak horizon of Soil 3 indicates A'3C
values ranging between —16.4 and — 12.5 per mil, with most values
within the expected range of 14-17 per mil. Also, the negative shift in
bulk 613CSOM values in the C horizons of the Peoria Loess is mirrored in
the 8'3Cearp values but at a greater depth. For example, the 53Csom
record indicates a trend of increasing C3 biomass in the TC1 core be-
tween 8.1 and 7.4 m depth whereas the 8'3Cearp record indicates a
similar shift between 9.4 and 8.5 m depth (Fig. 2).

One possible mechanism for the patterns described above is the
penetration of roots from Cs plants growing during Peoria Loess depo-
sition into the Ak horizon that provided the carbon source (i.e., respired
COy) for secondary carbonate formation. However, while the drop in
pCO, may have facilitated carbonate precipitation in the form of rhi-
zoliths and hypocoatings along root traces, it is unclear how root
respired CO, would facilitate carbonate nodule formation, especially
when the isotopic composition of the bulk SOM in the Ak horizon ap-
pears to have been unaffected. Also, it should be noted that a potential
relationship between Ak horizon 5'3Cearp values of the GCF and bulk
613CSOM values in the overlying Peoria Loess is not seen in the HP1A
core. In sum, while it is possible that the SOM and pedogenic carbonate
in the Ak horizons formed asynchronously, without numerical ages on
the pedogenic carbonate we can neither confirm nor refute this
hypothesis.

5. Conclusions

Given that the stable carbon isotopic composition of both SOM and
pedogenic carbonate are widely used as paleoenvironmental proxies, the
results of this study have important implications for interpreting and
understanding the fidelity of the paleoenvironmental record. Isotopic
analyses of SOM and pedogenic carbonate nodules from buried soils that
developed between ca. 44-24 ka on the High Plains of western Kansas
revealed paradoxical isotopic disequilibrium between &'%Cgoy and
813Cearp. AL3C values are 0.1 to 6.3 per mil greater than the highest
expected equilibrium value of 17 per mil in the Bk horizons. In contrast,
A'3C values are 0.1 to 4.8 per mil lower than the lowest expected
equilibrium value of 14 per mil in the Ak horizons.

A soil-forming factor approach was utilized to establish multiple
working hypotheses regarding the influence of climate, vegetation,
parent material, and time on the observed trends in 5!C values. Of the
various hypotheses presented, we suggest that the following most likely
explain the observed isotopic disequilibrium. The greater-than-expected
§'3Cearp values in the Bk horizons most likely reflects seasonal bias in
pedogenic carbonate formation, resulting in a Cy-biased signal. The
lower-than-expected 5'3Cearp values in the Ak horizons remains per-
plexing. We suggest that the effects of parent material, through detrital
carbonate contributions, and time (i.e., that 613ccarb and 613C30M re-
cords are asynchronous) are the most plausible explanations. However,
with the available evidence we are unable to definitively explain the
observed isotopic disequilibrium in the Ak horizons. Overall, it appears
that different factors have affected the SISCSOM and 8'3Cay, records
independently and therefore results of this study highlight the impor-
tance of assessing pedogenic carbonates for isotopic equilibrium as well
as the need to understand past environmental conditions (i.e., soil-
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forming factors) when interpreting isotopic trends. In this regard, the
utilization of other independent proxies in conjunction with stable
isotope records is warranted.
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