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• Space-for-time substitution entails mul-
tiple sites and may not exist for some
regions.

• Soil P fractions over time were evalu-
ated in a 450 ka vertical
chronosequence.

• Depthwise P fraction changes reflected
weathering time and paleoclimatic
variation.

• For interglacial periods, P fractions
aligned with the Walker-Syers model.

• Single-site vertical chronosequences can
evaluate long-term soil P dynamics.
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A B S T R A C T

Pedogenesis entails profound changes in terrestrial phosphorus (P) dynamics, yet means to understand how time-
and climate-induced soil weathering impacts P-cycling over geologic timescales remain relatively limited to space-
for-time substitution approaches with multi-site chronosequences. We tested an alternative approach for evaluating
terrestrial P dynamics described by the Walker-Syers model by measuring P pools in a ~ 450 ka loess–paleosol
sequence. This vertical chronosequence reflects episodic proglacial loess deposition during multiple glaciations and
interglacial soil development in central North America in a four-stage loess–paleosol sequence that initiated with
the pre-Illinois Episode glaciation. Changes in P pools estimated by sequential fractionation aligned with the
Walker-Syers P model for interglacial periods but not glacial periods, possibly reflecting limited soil weathering in
cooler and drier conditions of the latter. Total P decreased from 797 to 328 mg/kg with depth and was higher in
paleosols than underlying loess parent materials. During glacial periods, primary P increased due to loess deposition
and decreased during interglacial periods concomitantly with increased non-occluded and occluded secondary P
pools, the extent of which reflected differences in weathering environments of paleoclimatic conditions and loess
accumulation rates. That P fractions reflected the Walker-Syers model demonstrates that single-site vertical chro-
nosequences have potential for evaluating long-term soil P dynamics.
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1. Introduction

Pedogenesis entails changes in terrestrial phosphorus (P) cycling
traditionally quantified from the perspective of the soil-forming factor of
time. Using chronosequences, Walker and Syers (1976) proposed a
model of soil P transformations, from initial primary minerals to sec-
ondary P forms with time as a proxy for weathering intensity. Insights to
soil P dynamics using the Walker-Syers model have been developed
using multi-site chronosequences (Crews et al., 1995; Lajtha and
Schlesinger, 1988; Turner et al., 2013), a space-for-time substitution
focusing on horizontal rather than vertical (i.e., depthwise) space.
However, space-for-time substitution over a large area can entail
inherent and/or initial confounding differences (Damgaard, 2019),
compromising or limiting interpretation of temporal impacts. In
contrast, vertical chronosequences in a single location can be not only
more practical to sample, but also minimize non-temporal confounding
factors that are otherwise difficult to constrain, especially for large areas
of interest (e.g., central North America) entailing substantial variation in
other soil-forming factors. However, vertical chronosequences in which
(paleo)soil age increases with depth are a relatively underutilized
approach to assess terrestrial P dynamics over time (Kitayama and
Wagai, 2016).

Much of central North America that includes the Upper Mississippi
River Basin is covered by loess, a parent material with relatively high P
content largely present as calcium (Ca) associated forms such as apatite
(Fenton, 1999), yet the lack of multi-site chronosequences limits un-
derstanding of P cycling response to the glacial-interglacial dynamics
that shaped this loess-dominated subcontinental area. Alternating gla-
ciations and interglacial periods in concert with loess deposition,
weathering, and burial have significantly influenced soil P dynamics.
Originating from (largely physical) weathering of rock by glaciers, loess
is fine-textured material transported by wind (i.e., eolian) that buried
soils during glacial periods (Grimley et al., 2003; Rao et al., 2006).
Forms of P in loess mainly exist as primary P or Ca-associated P
(Mehmood et al., 2018), though this can vary by rock type (Porder and
Ramachandran, 2013). Weathering of minerals is more limited during
glaciations when the climatic conditions are cool and dry. During
interglacial periods, loess deposition is discontinuous and the warmer
temperature and more humid conditions accelerate chemical weath-
ering associated with vegetation growth and enable soil profile devel-
opment, which is recorded in distinct loess–paleosols sequences
(Grimley et al., 2003).

Phosphorus fractions in the loess–paleosol sequences can therefore
reflect variations in paleoclimatic conditions that improve understand-
ing of soil P dynamics and ecosystem functioning over geologic time-
scales that generally exceed chronosequence study durations because
multiple episodes of soil development are preserved. Soil total P con-
centration tends to be higher in the unweathered loess compared to the
associated paleosols (Rao et al., 2006). With increased soil development,
primary P is transformed into secondary forms such as labile P, sec-
ondary P, and organic P (Po) (Mehmood et al., 2018; Walker and Syers,
1976), and mean particle size decreases (Lu, 1997; Lu and An, 1998).

We capitalized on a 450 ka vertical chronosequence containing
multiple loess-paleosol sequences from central North America (Grimley
et al., 2003) to assess how P pool sizes were influenced by pedogenesis.
We used an intact core from a well-preserved, four-stage loess–paleosol
sequence that captures periods of continuous loess deposition and sub-
sequent soil development since pre-Illinois Episode glaciation. Soils and
paleosols were developed on compositionally similar loess parent ma-
terials, limiting changes in soil P dynamics to impacts of time and cli-
matic conditions (two of the soil forming factors). We hypothesized that
loess parent material and loess-derived (paleo)soils would reflect
documented differences from past weathering conditions, defined
broadly as (paleo)climate and age of the deposit or (paleo)soil before
burial. Specifically, we hypothesized that Ca-associated P (i.e., primary
P) would be the dominant P form across the vertical chronosequence,

which would decrease concomitantly with soil age (i.e., burial depth),
with lesser decreases in non-occluded P and Po forms and increases in
occluded P. Additionally, we hypothesized that concentrations of the
dominant Ca–P pool would be higher in the unweathered loess parent
materials than the corresponding (paleo)soils (i.e., paleosol units that
originated from the same loess deposition), whereas non-occluded P and
Po fractions would show opposite trends due to P transformation from
primary P to secondary P with soil weathering during interglacial pe-
riods, the degree of which would depend on interglacial climatic
conditions.

2. Material and methods

2.1. Thebes core

Located in southwestern Illinois in Alexander County, USA, the
Thebes Section is adjacent to a segment of the Mississippi River that
formed approximately 12.3 and 11.9 ka (Porter and Guccione, 1994).
Spanning up to 17 m in height, the Thebes Section was a road cut
exposed during construction along Illinois Route 3. A core was drilled
adjacent to the road cut. The Section and core exhibit a well-preserved
four-stage loess–paleosol sequence (Fig. S1), which formed over the
last ~450 ka and captures different stages of soil development. Within
each loess deposit, an upper layer was developed during interglacial
periods, as well as in modern times at the current surface. The loess was
deposited on relatively flat terrain with gentle slopes (Grimley et al.,
2003), which later became hilly due to the incision of the Mississippi
River Valley during the last glaciation. Loess parent materials exhibit
consistent grain size distribution and mineralogical composition
(Figs. S2 and S3) according to Grimley (1996). Stratigraphically, starting
at the surface, the 0–2 m depth is the modern soil (S0), a fine-silty,
mixed, superactive, mesic Typic Hapludalf. At ≈2–7 m depth, loess is
classified as the Peoria Silt (here termed L1LL1), a yellowish-brown to
grey loess deposited during the latter part of the Wisconsin Episode
between 29 and 18 ka (Follmer, 1996; Grimley et al., 2024; Hansel and
McKay III, 2010; Wang et al., 2000). Going deeper, the weakly devel-
oped paleosol at 7.3–8.4 m depth was formed during the Farmdale
Interstadial (L1SS1) (Follmer, 1983). The Farmdale Geosol was devel-
oped in loess classified to the Roxana Silt (L1LL2) at 8.4–12.2 m depth, a
mixture of pinkish-brown to tan loess and colluvial silt deposited during
the middle part of the Wisconsin Episode in Marine Isotope Stage (MIS)
3 around 30–33 ka (Curry et al., 2011; Grimley and Leigh, 2022; Grimley
et al., 1998; Leigh, 1994). Underlying Roxana Silt is the Sangamon
Geosol (S1) at 12.2–14.5 m depth, which is the last interglacial soil in the
central North America from 130 and 55 ka (Curry et al., 1992; Grimley
et al., 2020; Hansel and McKay III, 2010; Markewich et al., 1998). The
underlying Loveland Silt (L2) at 14.5–16 m depth is predominantly loess
deposited during Illinois Episode between 160 and 130 ka (Forman
et al., 1992; Grimley, 1996; Hansel and McKay III, 2010; Maat and
Johnson, 1996), and the parent material for Sangamon Geosol in up-
lands beyond the Illinoian glaciation ice margin (Stumpf and Ismail,
2013). The Yarmouth Geosol (S2) at 16–18.6 m depth, overlain by the
Loveland Silt, developed in the pre-Illinoian Crowley's Ridge Silt (Jacobs
and Davis, 2018; Leverett, 1898; Stumpf and Ismail, 2013). The Yar-
mouth Geosol has distinct soil horizons that are relatively thick and
significantly more weathered compared to other interglacial paleosols,
possibly due to the relatively extended duration (over 200 ky) of for-
mation during a much warmer and humid climate than present
(Holman, 1980). The Crowley's Ridge Silt at the site is correlated to
similar deposits in the Lower Mississippi Valley (Porter and Bishop,
1990) and was deposited during the pre-Illinois Episode glaciation
during MIS 12 between 440 and 450 ka (Curry et al., 2011; Grimley and
Oches, 2015; Markewich et al., 1998). Underlying the Crowley's Ridge
Silt at 18.6–19.8 m depth is cherty residuum developed over cherty
Paleozoic bedrock.

A 19.8-m long continuous core was sampled from a flat crest of a hill
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above the section where the modern soil was relatively undisturbed
(Grimley et al., 2003). The core was subsampled at 10 cm intervals, and
air-dried for storage. The material was disaggregated and ground to pass
a 2 mm sieve for P fractionation (Text S2), and for total P analysis were
further ground to <0.1 mm diameter (Text S1). Soil total P and P frac-
tions were analyzed using one-way ANOVA, and the Spearman corre-
lation was used to test relationships among P fractions with depth (Text
S3).

3. Results & discussion

3.1. Depth sequence distribution of total P

Soil total P generally decreased with depth, ranging from approxi-
mately 872 to 328 mg/kg (Fig. 1) and higher concentrations were
measured for the modern soil and paleosols than the underlying loess
parent materials (Fig. S6), in part attributed to a greater degree of
weathering at the original loess surface (Grimley et al., 2003; Muhs,
2018). In the modern soil at the beginning of the chronosequence, total P
increased from 815 to 1014 mg/kg over the depth of 0–0.65 m, then
decreased to approximately 850 mg/kg at 2 m depth. Within the

underlying Peoria Silt and Roxana Silt loess units, total P gradually
decreased with depth by 20 % and 16%, respectively, but increased by
49 % with depth for the Loveland loess from 266 mg/kg. Within the
paleosols, total P increased by 10 % in Farmdale Geosol but decreased by
62 % in Sangamon Geosol. Total P concentration in the Yarmouth
Geosol initially decreased by 39 % to 17 m depth, and then increased
with depth, likely reflecting biological pumping of P to the paleosurface
from underlying depths (Friesen et al., 1997; Han et al., 2021) during the
(interglacial) Yarmouth Episode. The clay-sized fraction in paleosols
was generally greater (mass basis) than in the corresponding loess
parent materials (Grimley et al., 2003), consistent with a greater degree
of weathering and thus P retention capacity in the paleosols (Demattê
and Garcia, 1999; Harris et al., 1996).

The exception to this trend in total P changes across the vertical
chronosequence was observed in samples of the Farmdale Geosol, which
had slightly lower total P concentrations than the underlying loess
parent material (Roxana Silt) (Fig. S6), consistent with having relatively
lower clay content (Grimley et al., 2003). This difference is likely
because soil development occurred over a shorter time (~3000 y) and in
a cooler and wetter climate (mean annual temperature ~ 3 ◦C). This
interstadial period was appreciably cooler than the modern environment

Fig. 1. Loess–paleosol sequence and changes in P fraction a) concentrations (mg/kg) and b) proportion (%) from the Thebes Core located in Alexander County,
Illinois, USA. The stratigraphic and soil horizon data are from Grimley et al. (2003) and Muhs (2018). The CA horizons are transitional between C and A horizons and
represent upwardly growing soil profiles formed by deposition. CB horizons are leached of carbonates. The darker brown shading denotes the paleosols and the
modern soil. The lighter brown shading denotes a fully developed loess unit as paleosol. The codes in parentheses and in bold font represent the probable, equivalent
paleosol and loess units described in the Luochuan loess in China (Muhs, 2018). S0, modern soil during Holocene (current-12 ka); L1LL1, loess during the last stade of
the late Wisconsin Episode (13–30 ka); L1SS1, weakly pedogenic loess during the interstade of the middle Wisconsin Episode (30–33 ka); L1LL2, loess during the stade
of the middle Wisconsin Episode (33–55 ka); S1, paleosol during the last interglacial period of Sangamon Episode (55–130 ka); L2, loess during the second last glacial
period of Illinois Episode (130–190 ka); S2, paleosol during the moderate interglacial period of pre-Illinois or Yarmouth Episode (190–425 ka). AEM-Pi, anion ex-
change membrane extractable inorganic P; H2O-Po, water extractable organic P; NaHCO3-Pi or -Po, 0.5 M sodium bicarbonate extractable inorganic or organic P;
NaOH-Pi or -Po, 0.1 M sodium hydroxide extractable inorganic or organic P; HCl-Pi or -Po, 1 M hydrochloride acid extractable inorganic or organic P; Residual P, the
difference between total P and the sum of all above P fractions.
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(mean annual temperature ~ 9 ◦C) and the interglacial period during the
Sangamonian Episode (mean annual temperature ~ 13 ◦C) (Anderson
et al., 2000; Markewich et al., 2011). Furthermore, different soil
development indexes from Grimley et al. (2003) indicated that the
Farmdale Geosol is less developed than the modern soil, which could
also explain the relatively constant increase by depth in total P in the
Farmdale Geosol and why for other paleosols total P concentrations
generally decreased with depth. In well-developed soils formed in loess
that have well defined horizons, the concentration of total P generally
decreases with depth (Sun et al., 2022; Xu et al., 2020). A similar trend
in total P with depth was also found in the upper 11-m of a S0-L1-S1
sequence of a 130 m depth Luochuan loess section in China (Rao et al.,
2006), suggesting overall similar time and climate impacts on soil total P
distribution in loess-paleosol sequences.

Across paleosols, total P concentrations decreased with depth,
following the hierarchy S0 > S1 > S2, whereas total P across loess units
remained stable in the upper depths before decreasing with depth (i.e.,
L1LL1 ≈ L1LL2 > L2) (Fig. S6). The decreasing trend of total P with soil
development was consistent with the P dynamic model proposed by
Walker and Syers (1976). Since the climate during glacial periods of
loess deposition was substantially cooler than during interglacial pe-
riods of paleosol development, the degree of weathering in the loess was
more limited than in the paleosols (Markewich et al., 2011; Ruhe et al.,
1974). The decrease in total P across loess units suggested a dominant
time effect on total P change during glaciations as the consistent cool
and dry glacial condition likely limited soil weathering. The sharp
decrease in total P in the vertical profile extending from the modern soil
into the Sangamon Geosol could be due to higher precipitation (e.g.,
monsoons) and temperatures, and a longer time of weathering (King and
Saunders, 1986; Markewich et al., 2011) during the Sangamon Episode
relative to Holocene, which gave rise to the modern Ultisol belt that
reaches as far north as southern Illinois (Ruhe et al., 1974).

When considering total P change during interglacial soil-forming
periods, it is important to estimate magnitudes of possible input and
output fluxes of P such as atmospheric deposition and soil P loss in order
to account for potential negative or positive P balances. However, we
believe these P fluxes to be relatively minor, and that their exclusion
from this study likely does not impact our estimation of total P change at
geological timescales. The current P concentration of atmospheric
deposition (wet and dry) in southern Illinois is estimated to be 19.54 ppb
(0.02 mg/kg of dust) (Lynam et al., 2023), which is negligible relative to
the soil P concentrations of 328–872 mg/kg at our study site. The
modern (January 1, 2013 to March 31, 2020) atmospheric P deposition
rate was estimated to be 24.38 mg/(m2 y) in southern Illinois (Lynam
et al., 2023). Similarly, soil P loss in the watershed of this region (i.e.,
Thebes, Illinois) in recent decades is estimated to range from 30 to 40
mg/(m2 y) (David and Gentry, 2000). Without anthropogenic in-
fluences, these P input and output levels were likely less significant
during previous interglacial periods, although the exact P fluxes remain
uncertain. Given that the atmospheric P deposition and P loss in surface
water are of similar magnitude, these minor input-output fluxes likely
negate each other (Margenot et al., 2024).

3.2. Changes in soil P pools in loess–paleosol sequences

Among inorganic P (Pi) fractions, the HCl-Pi fraction, which is
commonly interpreted as Ca-associated P (McDowell et al., 2003, 2002)
and thus regarded as primary P, was often the dominant fraction in loess
(20–78 % of total P) (Fig. 1), and was generally higher in the loess
compared to associated paleo(soils) (Fig. S6). This was expected given
the dominance of Ca–P of loess (Mehmood et al., 2018), and greater
preservation during a cooler and drier climate associated with glaciation
that would limit weathering. Primary P generally decreased with depth
within each paleo(soil), except for the modern soil, and increased within
each loess (Fig. S4). On the contrary, labile P (i.e., AEM-Pi + NaHCO3-Pi)
and non-occluded P (i.e., NaOH-Pi) pools (i) generally increased with

depth within a given paleosol, (ii) decreased within the loess units, and
(iii) were higher in paleosols than the loess, except for Farmdale Geosol,
which had weaker soil development (Grimley et al., 2003). As hypoth-
esized, primary P concentrations exhibited a similar trend with depth as
total P concentrations, whereas labile P and non-occluded P were
negatively correlated with primary P (Fig. S5), possibly reflecting the
transformation of primary P into secondary P forms during the inter-
glacial periods when weathering conditions were elevated (Mehmood
et al., 2018; Walker and Syers, 1976). Soil Pi pool sizes across paleosols,
excluding the Farmdale Geosol, generally decreased with depth (i.e., S0
> S1 > S2) due to the combined influences from time and climate,
whereas labile and non-occluded P pools across loess were relatively
constant, or increased slightly in the upper part before decreasing with
depth (i.e., L1LL1 ≈ L1LL2 > L2). Unlike other Pi pools, primary P con-
centrations across loess units consistently decreased with depth (i.e.,
L1LL1 > L1LL2 > L2).

Total Po (16–63 % of total P) was dominated by the labile Po pool (i.
e., H2O-Po + NaHCO3-Po, 86–99 % of total Po) across the vertical
chronosequence and generally decreased with depth in all units. The
exception was the Roxana Silt, for which there was an increase (261 mg/
kg labile Po and 276 mg/kg total Po) possibly due to mixing of the sur-
face soil horizon of the underlying Sangamon Geosol (Grimley et al.,
2003), which had an A horizon of organic matter accumulation (King
and Saunders, 1986; Markewich et al., 2011). Within each loess deposit,
total Po was generally higher in paleosols than their loess parent mate-
rials, except for the Farmdale Geosol, indicating Po depth trends were
driven by pedogenesis. This is consistent with Po trends observed for the
Luochuan loess section in China (Rao et al., 2006). Total Po was slightly
higher in the upper part of each loess unit, indicating soil organic matter
accumulation at the surface of the loess deposits, which were likely
under tundra vegetation (Bettis et al., 2003). Across paleosols, excluding
the Farmdale Geosol, total Po concentration decreased with depth (i.e.,
S0 > S1 > S2), suggesting the influence of both time and climate factors,
whereas total Po across loess units slightly increased and then decreased
with depth, suggesting the time impact on total Po change. The occluded
P pool, based on the non-extractable residual P fraction, generally varied
between 0 and 80 mg/kg from 0 to 16 m depth, with a minor peak in
concentration (145 mg/kg) in the Sangamon Geosol, and then increased
at 16–19.8 m depth. The depthwise distribution of occluded P concen-
tration was similar to that of the soil weathering index (TiO2/Na2O)
(Grimley et al., 2003), reflecting accumulation of occluded P with
weathering. The initial accumulation of occluded P is proposed to be
relatively slow (Walker and Syers, 1976), which could potentially
explain the relatively low magnitude depthwise increase of occluded P
across paleosols.

4. Summary

Changes in soil P pools measured in the Thebes Core (Fig. 2) con-
formed to the Walker-Syers model of P quantity and quality changes
with time of weathering (Walker and Syers, 1976) during interglacial
period but not during glacial periods, likely due to limited weathering
during the cool and dry glacial periods. Primary P (e.g., apatite)
increased in absolute value and as a proportion of total P was associated
with loess deposition during glaciations, and was depleted during
interglacial periods when increased pedogenesis led to larger non-
occluded and occluded secondary P pools, consistent with higher tem-
peratures and precipitation. Differences in P dynamics during the gla-
ciations and interglacial periods suggest that the assessments of soil P
pool dynamics in vertical chronosequences could be confounded by
differences in climate and potentially nuanced influences of loess sedi-
mentation rates that would impact soil formation. Although P dynamics
across loess units during glaciations is expected to be primarily
controlled by time, the interplay between time and climate is likely
equally important during interglacial periods. Similar to co-variation in
climate and biology in soil development transects (e.g., a
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bioclimosequence) (Gu et al., 2020; Wilson et al., 2022), for vertical
chronosequences the combined influence of time and climate is difficult
– and unrealistic to the point of being non-sensical – to disentangle, and
should be the subject of future investigation. On the other hand,
sequentially extracted P fractions appear to capture paleoclimatic vari-
ation, loess accumulation rates, and landform stability. Depthwise P
fractionation affords insights to the soil forming processes active in the
paleosol and loess parent materials within the proglacial regions of
central North America. Our approach provides a basis for integrating
temporal and climatic impacts on soil P dynamics in order to decipher
soil P cycling over longer time periods at a single geographic location.
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Demattê, J.A.M., Garcia, G.J., 1999. Alteration of soil properties through a weathering
sequence as evaluated by spectral reflectance. Soil Sci. Soc. Am. J. 63 (2), 327–342.

Dendy, S.N., Guenthner, W.R., Grimley, D.A., Conroy, J.L., Counts, R.C., 2021. Detrital
zircon geochronology and provenance of Pleistocene loess and contributing glacial
sources, midcontinental USA. Quat. Sci. Rev. 273.

Fenton, T.E., 1999. Phosphorus in Iowa Soils. Iowa State University, Agronomy
Department.

Follmer, L.R., 1983. Sangamon and Wisconsinan pedogenesis in the Midwestern United
States. In: Porter, S.C. (Ed.), The Late Pleistocene. University of Minnesota Press,
Minneapolis, Late Quaternary Environments of the United States, pp. 138–144.

Follmer, L.R., 1996. Loess studies in central United States: evolution of concepts. Eng.
Geol. 45 (1–4), 287–304.

Forman, S.L., Bettis III, E.A., Kemmis, T.J., Miller, B.B., 1992. Chronologic evidence for
multiple periods of loess deposition during the Late Pleistocene in the Missouri and
Mississippi River Valley, United States: implications for the activity of the Laurentide
Ice Sheet. Palaeogeogr. Palaeoclimatol. Palaeoecol. 93 (1–2), 71–83.

Friesen, D.K., Rao, I.M., Thomas, R.J., Oberson, A., Sanz, J.I., 1997. Phosphorus
acquisition and cycling in crop and pasture systems in low fertility tropical soils.
Plant Soil 196 (2), 289–294.

Grimley, D.A., 1996. Stratigraphy, Magnetic Susceptibility, and Mineralogy of Loess-
Paleosol Sequences in Southwestern Illinois and Eastern Missouri. University of
Illinois at Urbana-Champaign.

Grimley, D., Leigh, D.S., 2022. Roxana Silt (loess) provides evidence for MIS-3 glaciation
in the Upper Mississippi River Drainage Basin, USA. In: Geological Society of
America, 2022 Annual Meeting; GSA Connects 2022, Denver, Colorado.

Grimley, D.A., Oches, E.A., 2015. Amino acid geochronology of gastropod-bearing
Pleistocene units in Illinois, central USA. Quat. Geochronol. 25, 10–25.

Grimley, D.A., Follmer, L.R., McKay, E.D., 1998. Magnetic susceptibility and mineral
zonations controlled by provenance in loess along the Illinois and central Mississippi
River valleys. Quat. Res. 49 (1), 24–36.

Grimley, D.A., Follmer, L.R., Hughes, R.E., Solheid, P.A., 2003. Modern, Sangamon and
Yarmouth soil development in loess of unglaciated southwestern Illinois. Quat. Sci.
Rev. 22(2–4), 225–244.

Grimley, D.A., Follmer, L.R., Nelson, W.J., 2020. Surficial Geology of Williamson County.
Illinois State Geological Survey, STATEMAP Williamson County-SG, Illinois.

Grimley, D.A., Loope, H.M., Jacobs, P.M., Nash, T.A., Dendy, S.N., Conroy, J.L., Curry, B.
B., 2024. Updated chronology for Peoria Silt (loess) accumulation in Illinois and
western Indiana from radiocarbon dating of terrestrial gastropod shells. Quat. Res.
(in press).

Gu, C.H., Wilson, S.G., Margenot, A.J., 2020. Lithological and bioclimatic impacts on soil
phosphatase activities in California temperate forests. Soil Biol. Biochem. 141.

Han, E.S., Li, F., Perkons, U., Kupper, P.M., Bauke, S.L., Athmann, M., Thorup-
Kristensen, K., Kautz, T., Kopke, U., 2021. Can precrops uplift subsoil nutrients to
topsoil? Plant Soil 463 (1–2), 329–345.

Hansel, A.K., McKay III, E.D., 2010. Quaternary period. In: Kolata, D.R., Nimz, C.K.
(Eds.), Geology of Illinois. Illinois State Geological Survey, Champaign, IL,
pp. 216–247.

Harris, W.G., Rhue, R.D., Kidder, G., Brown, R.B., Littell, R., 1996. Phosphorus retention
as related to morphology of sandy coastal plain soil materials. Soil Sci. Soc. Am. J. 60
(5), 1513–1521.

Holman, J.A., 1980. Paleoclimatic implications of Pleistocene herpetofaunas of eastern
and central North America. Transactions of the Nebraska Academy of Sciences and
Affiliated Societies 286, 131–140.

Imbrie, J., Hays, J.D., Martinson, D.G., McIntyre, A., Mix, A.C., Morley, J.J., Pisias, N.G.,
Prell, W.L., Shackleton, N.J., 1984. The orbital theory of Pleistocene climate: support
from a revised chronology of the marine d18O record. In: Berger, A., Imbrie, J.,
Hays, J., Kukla, G., Saltzman, B. (Eds.), Milankovitch and Climate, Part 1. D. Reidel
Publishing Company, Palisades, New York, USA, pp. 269–305.

Jacobs, P.M., Davis, A.T., 2018. Mineralogical and geochemical evidence of weathering
in a middle to late Pleistocene paleosol sequence in the Driftless Area of Wisconsin.
Quat. Res. 89 (3), 756–768.

King, J.E., Saunders, J.J., 1986. Geochelone in Illinois and the Illinoian Sangamonian
vegetation of the type region. Quat. Res. 25 (1), 89–99.

Kitayama, K., Wagai, R., 2016. Influences of volcanic ejecta on the nutrient dynamics of
forest ecosystems (森林の栄養に及ぼす火山砕屑物の影響). Earth Environment (地球
環境) 21 (1), 43–54.

Lajtha, K., Schlesinger, W.H., 1988. The biogeochemistry of phosphorus cycling and
phosphorus availability along a desert soil chronosequence. Ecology 69 (1), 24–39.

Leigh, D.S., 1994. Roxana silt of the Upper Mississippi Valley - lithology, source, and
paleoenvironment. Geol. Soc. Am. Bull. 106 (3), 430–442.

Leverett, F., 1898. The weathered zone (Yarmouth) between the Illinoian and Kansan till
sheets. J. Geol. 6 (3), 238–243.

Lu, H.Y., 1997. Paleoclimatic implication of grain size distribution of the Luochuan loess.
Chin. Sci. Bull. 42, 66–69.

Lu, H.Y., An, Z.S., 1998. Paleoclimatic significance of grain size of loess-palaeosol deposit
in Chinese Loess Plateau. Sci China Ser D 41 (6), 626–631.

Lynam, M.M., Oriol, L., Mann, T., Dvonch, J.T., Barres, J.A., Gratz, L., White, E.M.,
Landis, M.S., Mahowald, N., Xi, C.W., Steiner, A.L., 2023. Atmospheric dry and wet
deposition of total phosphorus to the Great Lakes. Atmos. Environ. 313.

Maat, P.B., Johnson, W.C., 1996. Thermoluminescence and new 14C age estimates for
late Quaternary loesses in southwestern Nebraska. Geomorphology 17 (1–3),
115–128.

Margenot, A.J., Zhou, S.N., Xu, S.W., Condron, L.M., Metson, G.S., Haygarth, P.M.,
Wade, J., Agyeman, P.C., 2024. Missing phosphorus legacy of the Anthropocene:
quantifying residual phosphorus in the biosphere. Glob. Chang. Biol. 30 (6).

Markewich, H.W., Wysocki, D.A., Pavich, M.J., Rutledge, E.M., Millard, H.T., Rich, F.J.,
Maat, P.B., Rubin, M., McGeehin, J.P., 1998. Paleopedology plus TL, 10Be, and 14C
dating as tools in stratigraphic and paleoclimatic investigations, Mississippi River
Valley, USA. Quat. Int. 51-2, 143–167.

Markewich, H.W., Wysocki, D.A., Pavich, M.J., Rutledge, E.M., 2011. Age, genesis, and
paleoclimatic interpretation of the Sangamon/Loveland complex in the Lower
Mississippi Valley, U.S.A. Geol. Soc. Am. Bull. 123 (1–2), 21–39.

McDowell, R.W., Condron, L.M., Mahieu, N., Brookes, P.C., Poulton, P.R., Sharpley, A.N.,
2002. Analysis of potentially mobile phosphorus in arable soils using solid state
nuclear magnetic resonance. J. Environ. Qual. 31 (2), 450–456.

McDowell, R.W., Condron, L.M., Mahieu, N., 2003. Analysis of phosphorus in
sequentially extracted grassland soils using solid state NMR. Commun. Soil Sci. Plant
Anal. 34 (11–12), 1623–1636.

Mehmood, A., Akhtar, M.S., Imran, M., Rukh, S., 2018. Soil apatite loss rate across
different parent materials. Geoderma 310, 218–229.

Muhs, D.R., 2018. The geochemistry of loess: Asian and North American deposits
compared. J. Asian Earth Sci. 155, 81–115.

Porder, S., Ramachandran, S., 2013. The phosphorus concentration of common rocks-a
potential driver of ecosystem P status. Plant Soil 367 (1–2), 41–55.

Porter, D., Bishop, S., 1990. Soil and lithostratigraphy below the Loveland/Sicily island
silt, Crowley's ridge, Arkansas. Journal of the Arkansas Academy of Science 44 (1),
86–90.

Porter, D.A., Guccione, M.J., 1994. Deglacial flood origin of the Charleston alluvial-fan.
Lower Mississippi Alluvial Valley. Quaternary Res 41 (3), 278–284.

Rao, W., Chen, J., Luo, T., Liu, L., 2006. Phosphorus geochemistry in the Luochuan loess
section, North China and its paleoclimatic implications. Quat. Int. 144 (1), 72–83.

Ruhe, R.V., Hall, R.D., Canepa, A.P., 1974. Sangamon paleosols of Southwestern Indiana,
USA. Geoderma 12 (3), 191–200.

Stumpf, A.J., Ismail, A., 2013. High-resolution seismic reflection profiling: an aid for
resolving the Pleistocene stratigraphy of a buried valley in central Illinois, USA. Ann.
Glaciol. 54 (64), 10–20.

Sun, W., Villamil, M.B., Behnke, G.D., Margenot, A.J., 2022. Long-term effects of crop
rotation and nitrogen fertilization on phosphorus cycling and balances in loess-
derived Mollisols. Geoderma 420, 115829.

Turner, B.L., Lambers, H., Condron, L.M., Cramer, M.D., Leake, J.R., Richardson, A.E.,
Smith, S.E., 2013. Soil microbial biomass and the fate of phosphorus during long-
term ecosystem development. Plant Soil 367 (1–2), 225–234.

Walker, T.W., Syers, J.K., 1976. The fate of phosphorus during pedogenesis. Geoderma
15 (1), 1–19.

Wang, H., Follmer, L.R., Liu, J.C.L., 2000. Isotope evidence of paleo–El Niño–Southern
Oscillation cycles in loess-paleosol record in the central United States. Geology 28
(9), 771–774.

Wilson, S.G., Dahlgren, R.A., Margenot, A.J., Rasmussen, C., ’Geen, A.T.O., 2022.
Expanding the paradigm: the influence of climate and lithology on soil phosphorus.
Geoderma 421, 115809.

Xu, S.W., Gentry, L., Chen, K.Y., Arai, Y., 2020. Intensive agricultural management-
induced subsurface accumulation of labile phosphorus in Midwestern agricultural
soils dominated by tile lines. Soil Sci. Soc. Am. J. 84 (4), 1094–1109.

S. Xu et al. Science of the Total Environment 954 (2024) 176403 

6 

http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0020
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0020
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0020
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0025
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0025
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0025
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0025
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0030
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0030
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0035
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0035
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0040
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0040
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0045
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0045
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0050
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0050
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0050
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0055
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0055
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0060
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0060
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0060
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0065
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0065
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0070
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0070
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0070
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0070
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0075
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0075
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0075
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0080
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0080
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0080
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0085
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0085
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0085
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0090
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0090
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0095
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0095
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0095
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0100
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0100
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0110
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0110
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0115
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0115
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0115
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0120
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0120
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0120
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0125
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0125
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0125
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0130
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0130
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0130
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0135
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0135
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0135
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0135
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0135
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0140
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0140
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0140
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0145
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0145
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0150
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0150
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0150
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0155
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0155
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0160
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0160
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0165
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0165
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0170
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0170
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0175
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0175
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0180
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0180
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0180
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0185
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0185
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0185
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0190
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0190
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0190
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0195
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0195
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0195
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0195
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0200
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0200
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0200
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0205
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0205
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0205
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0210
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0210
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0210
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0215
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0215
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0220
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0220
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0225
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0225
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0230
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0230
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0230
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0235
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0235
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0240
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0240
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0245
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0245
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0250
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0250
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0250
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0255
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0255
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0255
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0260
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0260
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0260
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0265
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0265
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0270
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0270
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0270
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf4010
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf4010
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf4010
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0275
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0275
http://refhub.elsevier.com/S0048-9697(24)06559-8/rf0275

	Phosphorus dynamics across a 450 ​ka vertical chronosequence of loess derived (paleo)soils in central US
	1 Introduction
	2 Material and methods
	2.1 Thebes core

	3 Results & discussion
	3.1 Depth sequence distribution of total P
	3.2 Changes in soil P pools in loess–paleosol sequences

	4 Summary
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


