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Abstract. Soil organic carbon (SOC) is a large, dynamic
reservoir composed of a complex mixture of plant- and
microbe-derived compounds with a wide distribution of cy-
cling timescales and mechanisms. The distinct residence
times of individual carbon components within this reservoir
depend on a combination of factors, including compound re-
activity, mineral association, and climate conditions. To bet-
ter constrain SOC dynamics, bulk radiocarbon measurements
are commonly used to trace biosphere inputs into soils and to
estimate timescales of SOC cycling. However, understand-
ing the mechanisms driving the persistence of organic com-
pounds in bulk soil requires analyses of SOC pools that can
be linked to plant sources and microbial transformation pro-
cesses. Here, we adapt approaches, previously developed for
marine sediments, to isolate organic compound classes from
soils for radiocarbon (*C) analysis. We apply these meth-
ods to a soil profile from an annual grassland in Hopland,
California (USA), to assess changes in SOC persistence with
depth (down to 1 m). We measured the radiocarbon values
of water-extractable organic carbon (WEOC), total lipid ex-
tracts (TLEs), total hydrolyzable amino acids (AAs), and an
acid-insoluble (AI) fraction from bulk and physically sep-
arated size fractions (<2 mm, 2 mm-63 um, and < 63 um).
Our results show that A!4C values of bulk soil, size fractions,
and extracted compound classes became more depleted with
depth, and individual SOC components have distinct age—
depth distributions that suggest distinguishable cycling rates.
We found that AAs and TLEs cycle faster than the bulk soils

and the Al fraction. The Al was the most '*C-depleted frac-
tion, indicating that it is the most chemically inert in this
soil. Our approach enables the isolation and measurement of
SOC fractions that separate functionally distinct SOC pools
that can cycle relatively quickly (e.g., plant and microbial
residues) from more passive or inert SOC pools (associated
with minerals or petrogenic) from bulk soils and soil physi-
cal fractions. With the effort to move beyond SOC bulk anal-
ysis, we find that compound class '*C analysis can improve
our understanding of SOC cycling and disentangle the phys-
ical and chemical factors driving OC cycling rates and per-
sistence.

1 Introduction

Soil organic carbon (SOC) is a large and complex terrestrial
reservoir of Earth’s organic carbon (OC) (Jobbdgy and Jack-
son, 2000). It is a highly dynamic and open pool with inputs
from decaying plant material, living roots, and soil microbes
and with losses driven by microbial activity that includes the
degradation and transformation of compounds (Angst et al.,
2021). The result of these processes is a heterogenous mix-
ture of organic compounds with different radiocarbon ( o)
ages and reactivities (Lehmann and Kleber, 2015; Shi et al.,
2020; Trumbore and Harden, 1997; Gaudinski et al., 2000;
McFarlane et al., 2013). This complexity obscures the mech-
anisms that control overall OC persistence in soils, resulting
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in a continued debate over the degree to which environmen-
tal factors, physical protection, and chemical composition in-
fluence SOC reactivity and persistence (Liitzow et al., 2006;
Lehmann et al., 2020; Schmidt et al., 2011).

Bulk analysis methods do not satisfactorily demonstrate
how physical protection and chemical composition interact
to influence SOC persistence, and so novel organic matter
characterization methods can shed light on how different
compound classes of OC are preserved in soils and through
what mechanisms. For example, we need to understand how
the chemical structure of OC influences interactions with
mineral surfaces, such as aggregation or sorption, as well as
how the environment influences the decomposition and re-
source availability of certain OC compounds and functional
groups (Lehmann and Kleber, 2015; Schmidt et al., 2011;
Kleber et al., 2021). However, it has been difficult to iso-
late, identify, and quantify pools of OC without altering OC
molecular chemistry (Von Lutzow et al., 2007). Thus, spe-
cific organic compounds isolated from soils, such as amino
acids and lipids (Rethemeyer et al., 2004), can provide in-
formation on how OC is stabilized in different environments.
Therefore, multiple approaches, such as a physical separa-
tion followed by a chemical separation, are needed to fully
understand the interplay between chemical compound reac-
tivity and how carbon—mineral interactions function as part
of SOC persistence in soil.

One approach used to investigate the controls on SOC per-
sistence is to separate soil into operationally defined carbon
pools (e.g., size or density fractions) and to characterize the
resulting fractions. This approach has demonstrated that the
association of OC with soil minerals is a critical mechanism
for C stabilization (Vogel et al., 2014; Mikutta et al., 2007)
as '“C data indicate that some mineral-associated C can per-
sist for thousands of years (Torn et al., 2009). However,
13C-labeling experiments show that some mineral-associated
C cycles quickly, within months to years (Keiluweit et al.,
2015; De Troyer et al., 2011). Some biomolecules form
strong associations with mineral surfaces, such as long-
chain lipids with iron oxides (Grant et al., 2022), while
other compounds only loosely associate with minerals such
as through hydrophobic interactions with other OC com-
pounds (Kleber et al., 2007). Therefore, physically isolated
mineral-associated OC is still a heterogenous mixture of OC
molecules that have a distribution of turnover times rather
than a single homogenous and intrinsically stable SOC pool
(Stoner et al., 2023; Van Der Voort et al., 2017).

Another approach that can yield finer resolution of OC
turnover than traditional techniques is to isolate and mea-
sure the isotopic signature of specific compounds (Von Lut-
zow et al., 2007). In marine, riverine, and lacustrine systems,
compound-specific radiocarbon analysis (CSRA) has been
used to monitor the degradation of organic carbon through
the marine water column (Loh et al., 2004), characterize ma-
rine particulate OC (Hwang and Druffel, 2003), constrain ter-
restrial OC burial and export from river systems (Galy et al.,
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2008, 2015; Repasch et al., 2021, Smittenberg et al., 2004),
and determine the effect of OC export and burial on pre-
cipitation patterns and climate (Hein et al., 2020; Eglinton
et al., 2021). Different types of compounds, including plant
or microbial lipid biomarkers (Douglas et al., 2018; Huang
et al., 1996), amino acids (Bour et al., 2016; Blattmann et
al., 2020), lignin (Feng et al., 2013, 2017), certain carbohy-
drate compounds (Kuzyakov et al., 2014; Gleixner, 2013),
and pyrogenic or black carbon (Coppola et al., 2018), can
be isolated and analyzed for '“C, leading to a more detailed
understanding of the cycling of targeted compounds in the
environment.

Each of these specific compounds can provide informa-
tion related to the persistence, source, and potential fate of
OC in soils. For instance, lipids are found in plant cell walls
and microbial cell membranes and are used for energy stor-
age. Amino acids are necessary for protein formation, are
enriched in nitrogen relative to other plant and microbial
residues, and likely play an important role in nitrogen min-
ing and recycling. These two compound classes have diverse
chemical reactivities, which allows for insight into chemi-
cal compound persistence. Understanding the abundance and
age of these two biomarkers in soils can help differentiate the
source of C used by soil microbes for metabolism and growth
(e.g., new C inputs vs. older, recycled soil C), as well as the
transformation pathways that yield persistent SOC.

Recently, CSRA approaches developed for these environ-
ments have been applied to soil, showing promise for identi-
fying the distinct ages of plant and microbial biomarkers in
SOC (Gies et al., 2021; Grant et al., 2022; Van Der Voort
et al., 2017; Jia et al., 2023; Douglas et al., 2018). Most
of these CSRA studies applied to SOC have targeted spe-
cific, individual biomarkers in soils, which generally con-
tribute less than 5 % to the entire carbon pool (Liitzow et al.,
2006; Kogel-Knabner, 2002). This approach can be too spe-
cific to elucidate holistic mechanisms for SOC persistence
and turnover that pertain to the majority of SOC. While in-
dividual biomarker ages, such as single ages of a particular
lipid or single amino acid, can be useful in some contexts,
comprehensive understanding of carbon compound class per-
sistence is vital for understanding and modeling the vulnera-
bility of soil carbon to degradation.

To strike a balance between too specific and too broad,
some researchers have characterized broader compound
classes rather than isolating a single biomarker. For exam-
ple, this '*C compound class approach has been applied to
marine dissolved and particulate OC with a range of com-
pounds, such as total lipids and total amino acids, to pro-
vide a broader understanding of OC persistence in oceans
(Wang et al., 1998, 2006; Wang and Druffel, 2001; Loh et al.,
2004). Wang et al. (1998) established a sequential extraction
procedure to analyze '#*C abundance of total lipids, amino
acids, carbohydrates, and a residual acid insoluble fraction
from marine POC and sediments. This approach yielded dis-
tinct differences in the '“C age and abundance of the amino
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acids and lipids, in the acid-insoluble fraction in POC from
the marine water column and sediment, and in coastal ver-
sus open-ocean environments. Loh et al. (2004) found the
lipid fraction of dissolved OC and POC to be the oldest frac-
tion measured in both the Atlantic and Pacific oceans, while
the acid-insoluble fraction was intermediate in age, and the
amino acids and carbohydrates contained a significant con-
tribution of modern carbon. Wang and Druffel (2001) also
used this approach and found that the lipids were the old-
est compound class from sediments in the Southern Ocean,
but the acid-insoluble residue was very similar in age to the
lipid fraction. These studies suggest that compound classes
can have independent cycling rates, but these cycling rates
can be influenced by the environment.

Here, we apply a '“C compound class approach to soils
to more broadly understand SOC turnover mechanisms. We
characterize the distribution and '#C age of multiple SOC
pools with depth in a well-studied annual grassland in Cal-
ifornia using soil physical fractionation (McFarlane et al.,
2013; Poeplau et al., 2018) and modified compound class
extraction methods previously detailed for marine sediments
(Wang et al., 1998). We measured the radiocarbon values
of water-extractable organic carbon (WEOC), total lipid ex-
tracts (TLEs), total hydrolyzable amino acids (AAs), and an
acid-insoluble (Al) fraction from bulk and physically sepa-
rated size fractions (bulk soil, sand, and silt 4 clay). We ex-
pected the TLE to be older than its source fraction (bulk soil,
sand, or silt+ clay), to be older with depth as the decline in
plant inputs necessitates the recycling and use of older SOC,
and to be older in the silt 4 clay fraction as its high surface
area should result in mineral-OC associations that protect
SOC from soil microbes (Grant et al., 2022; Van der vort et
al., 2017). We expected the AAs to be younger than the TLE
fraction and the bulk SOC pool based on the young '“C ages
found for AA extracted from marine sediments (Wang et al.,
1998; Wang and Druffel, 2001), but we hypothesized that the
recycling of amino acids at depth by soil microbes might re-
sult in an increase in the age of AAs below 50 cm. Finally,
we expected Al to have old C, similarly to the TLE, as seen
in marine sediments (Wang et al., 1998). Here, we describe
the relative abundance and radiocarbon content of WEOC,
total lipid, amino acid, and acid-insoluble compound class
extracts in bulk soils and compare carbon storage and cy-
cling rates within soil size fractions. These data provide a
foundation for the continued application of compound class
14C work to the understanding and modeling of soil OC per-
sistence.

2 Materials and methods
2.1 Site and sample description

Soil samples were collected from the University of Cali-
fornia’s Hopland Research and Extension Center (HREC)
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in January 2022. The site is an annual grassland with a
Mediterranean-type climate, where the mean annual precipi-
tation (MAP) is 940 mm per year and the mean annual tem-
perature is 15 °C (Nuccio et al., 2016). The underlying ge-
ology consists of mixed sedimentary rock of the Franciscan
formation. The soils are designated as Typic Haploxeralfs of
the Witherall-Squawrock complex (Soil Survey Staff, 2022).
The samples were collected from the Buck site (39.001°,
—123.069°), where the vegetation is dominated by annual
wild oat grass, Avena barbata (Kotanen, 2004; Bartolome
et al., 2007). Soils were collected from a freshly dug soil
pit at four depths: 0-10, 10-20, 20-50, and 50-100 cm. The
site is dominated by annual grasses, shallow rooted herbs,
and forbs, and we did not observe roots below 10 cm. Thus,
root-derived inputs of OC are important near the soil surface
but do not directly affect deeper soils at this site. Samples
were stored in sealed plastic bags at ambient temperature and
transported to the laboratory in Livermore, CA. Soil sam-
ples were air dried, homogenized, and sieved to 2 mm, with
the > 2mm fraction retained for further analysis. Samples
were subdivided for soil characterization, physical size sep-
arations, chemical compound extractions, and density frac-
tionation.

2.2 Physical fractionation

To compare compound classes between mineral-associated
OC and mineral-free OC, we used a salt-free and chemical-
free method for isolating the mineral-associated organic mat-
ter from the free particulate organic matter (Fig. 1a). Un-
der the assumption that mineral-associated carbon is pri-
marily found in the silt+ clay (< 63 um) particle size frac-
tion, we used a size fractionation sieving method where air-
dried samples were dry-sieved into three size fractions: bulk
soil (< 2 mm), sand (2 mm-63 um), and silt + clay (< 63 um)
(Lavallee et al., 2020; Poeplau et al., 2018). Additionally, be-
cause the majority of free particulate organic carbon (POC)
is contained in the sand faction, we used a “water density”
separation to remove the low-density POC from the min-
eral matter in this fraction by suspending the sand fraction
in 18.2M€2 and removing the floating OC, resulting in a
POC (< 1gmL~!) fraction and a POC-free (> 1gmL™!)
sand fraction.

To further characterize these soils and aid in the interpreta-
tion of our data, we compared the size-fractionated samples
to samples separated by density using sodium polytungstate
(SPT-0 adjusted to a density of 1.65 gmL~") (Poeplau et al.,
2018) (see Sect. S1.1 in the Supplement for detailed meth-
ods). We chose to focus our compound class extraction ef-
forts on size-fractionated samples to avoid chemical alter-
ation of SOC during exposure to SPT since SPT has a high
ionic strength and low pH.

To constrain any contributions of OC from parent mate-
rials to SOC, we processed and analyzed the rock fraction
(> 2mm) (Agnelli et al., 2002; Trumbore and Zheng, 1996).
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Rocks were washed with 18.2 M2 water in an ultrasonic bath
to remove surface contamination, rinsed with 1 N HCI to re-
move any additional weathered material loosely adhered to
the surface, dried at 60°, and then manually crushed.

A large, representative aliquot (~ 10g) of the bulk and
each physical fraction were ball milled and measured for to-
tal organic carbon (TOC, wt %), C/N ratio, $13C, and AMC
(Sect. 2.6). In addition, we analyzed the bulk soils at each
depth with nuclear magnetic resonance (!3C NMR) to assess
the broad structural complexity of the OC in the bulk soil
(Sect. S2).

2.3 Water-extractable organic carbon (WEOC)

The water-extractable organic carbon (WEOC) fraction was
collected from 80 g of bulk soil with 18.2 MQ water us-
ing a 4: 1 water to soil ratio (Van Der Voort et al., 2019;
Lechleitner et al., 2016; Hagedorn et al., 2004). Saturated
soil samples were shaken for 1 h and then filtered through a
pre-rinsed 0.45 pm polyethersulfone (PES) Supor filter under
vacuum. An aliquot was taken for dissolved organic carbon
(DOC) measurement on a Shimadzu TOC-L combustion cat-
alytic oxidation instrument. Sample concentrations were de-
termined using a nine-point DOC calibration curve ranging
from 0 to 200 mgC L~!. The WEOC fraction was dried using
a Labconco CentriVap centrifugal drying system at 40 °C and
subsequently transferred with 0.1 N HCl into pre-combusted
quartz tubes to eliminate any inorganic carbon dissolved in
the aqueous fraction. The acidified WEOC fractions were
then dried down using the CentriVap. Dried samples were
flame sealed under vacuum (Sect. 2.6) for subsequent carbon
isotope analyses.

2.4 Total lipid extraction (TLE)

Total lipids were extracted from the soil samples using an
accelerated solvent extraction (ASE) system (Dionex 350,
Thermo Scientific) in duplicate. The total lipids were ex-
tracted from the bulk, sand, silt+ clay, and the dense frac-
tion (> 1.65 gmL~!; DF). An aliquot of 10-30 g of soil was
loaded into a stainless-steel ASE extraction cell depending
on TOC content (Rethemeyer et al., 2004). The ASE was set
to extract the sample for 5min with a holding temperature
of 100 °C at 1500 PSI. Lipids were extracted using a9 : 1 ra-
tio of dichloromethane (DCM or syn: methylene chloride)
to methanol (Wang et al., 1998; Van Der Voort et al., 2017,
Grant et al., 2022). The TLE was dried under constant ultra-
pure N, flow at 40° using a nitrogen dryer (Organomation
MULTIVAP nitrogen evaporator). The TLE was resuspended
in ~5mL of 9: 1 DCM : methanol and then was transferred
to pre-combusted quartz tubes, dried again, and analyzed for
14C as described below (Sect. 2.5). Total CO, produced by
the combustion of the TLE was measured manometrically on
the '*C vacuum lines during graphitization. Process blank
samples were analyzed with each batch (Sect. S3.1).
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2.5 Amino acid (AA) extraction

Amino acids (AAs) were extracted from the lipid-extracted
residual bulk and silt 4 clay size fraction with an acid hydrol-
ysis procedure, desalted, and isolated with cation exchange
chromatography using methods modified from those used in
marine systems (Wang et al., 1998; Ishikawa et al., 2018;
Blattmann et al., 2020). Briefly, a 500 mg soil aliquot was
hydrolyzed with 6N HCI (ACS grade) under an N, atmo-
sphere for 19-24 h at 110 °C. After hydrolysis, amino acids
in solution were separated from the solid acid-insoluble (AI)
fraction via centrifugation for 5min at 2500 rpm. The Al
fraction was subsequently washed, at minimum, three addi-
tional times with 0.2N HCI to ensure complete AA recov-
ery. The supernatant was collected in a single pre-combusted
vial and then filtered through a pre-combusted quartz wool
fiber plug to remove extraneous sediment particles. The fil-
tered hydrolysate was dried using a CentriVap at 60° for 4 h.
The dried supernatant was redissolved in 1 mL 0.1 N HCI and
loaded onto a preconditioned resin column (BioRad 5S0WXS8
200-400 mesh resin) to isolate the AA from other hydrolyzed
organic matter and to remove excess chloride. Details of the
procedure can be found in Ishikawa et al., 2018. Briefly,
once the sample was loaded onto the column, it was rinsed
with three bed volumes (~ 6 mL) of 18.2 MQ2 H,O. The free
AAs were eluted with 10 mL of 2N ammonium hydroxide
(NH4OH) and then were transferred into pre-baked quartz
tubes, dried at 60° in the CentriVap, and finally sealed and
combusted for isotopic analysis. The remaining rinsed solid
residual after hydrolysis is the acid-insoluble (AI) fraction.
These are processes constituting a solid sample for isotopic
analysis.

2.6 Isotopic and elemental analysis

All samples were analyzed for radiocarbon (14C) at the Cen-
ter for Accelerator Mass Spectrometry (CAMS) at Lawrence
Livermore National Lab (LLNL) in Livermore, California.
Samples were either measured on a 10MV Van de Graaff
FN or a IMV NEC compact accelerator mass spectrom-
eter (AMS) (Broek et al.,, 2021), with average errors of
F'%C=0.0035. For solid-soil analysis, 10 to 250mg of
ground material was weighed into a pre-combusted quartz
tube along with 200mg CuO and Ag, flame sealed under
vacuum, and then combusted at 900 °C for 5 h. The CO, was
reduced to graphite on preconditioned iron powder under Hj
at 570° (Vogel et al., 1984). Measured 14C values were cor-
rected using §'3C values and are reported as age-corrected
A'C values using the following the conventions of Stuiver
and Polach (1977). Extraneous C was quantified for the TLE
and AA extractions (Table S4 and Sect. S3). For ease of ref-
erence, we included conventional radiocarbon ages in our
figures and tables. We quantified turnover times using the
single-pool turnover model described in Sierra et al. (2014)
and Van Der Voort et al. (2019) and explained in detail in
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Figure 1. Schematics of protocols used in this study for (a) fractionation by size, (b) density separation (details in the Supplement), and
(c) extraction of targeted compound classes. The “source soil/fraction” refers to the soil from which the different compound classes are
extracted. All compound extractions and physical fractionations were applied to the <2 mm bulk soil; total lipid extract (TLE), amino acid
(AA), and acid-insoluble (AI) compound classes were also extracted from the silt + clay fraction, and only the TLE was extracted from the
dense fraction (DF).
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Trumbore (2000) and Torn et al. (2009). This approach gen-
erates two solutions for pools with A'*C > 0%, one cor-
responding to each side of the atmospheric '*C-CO, curve
over the last 70 years (Hua et al., 2022). Unfortunately, we
cannot identify the correct solution (McFarlane et al., 2013;
Trumbore, 2000), especially for TLE and AA fractions from
the top 20 cm, as we do not have multiple time points or ad-
ditional constraints such as pool-specific input or decompo-
sition rates (see Sect. 2.8). Therefore, our data analysis and
interpretations rely on the reported A'*C values. All indi-
vidual '*C measurements used in this study are listed in the
Supplement (Tables S1 and S2).

For each solid sample, a dried homogenized aliquot was
analyzed for TOC concentration and 8'>C using an elemen-
tal analyzer (CHNOS) coupled to an IsoPrime 100 isotope
ratio mass spectrometer at the Center for Stable Isotope Bio-
geochemistry (CSIB) at the University of California, Berke-
ley. Samples are assumed to have no inorganic carbon based
on acid-leaching tests and previously published '*C work at
this site (Finstad et al., 2023; Foley et al., 2023). §13C was
measured in duplicate for each solid sample, and errors rep-
resent the standard deviation of the mean. §'3C values of
WEOC, TLE, and AA extracts were measured on a split of
the cryogenically purified CO, and were analyzed at the Sta-
ble Isotope Geosciences Facility at Texas A&M University
on a Thermo Scientific MAT 253 dual-inlet stable isotope ra-
tio mass spectrometer (Table S1).

2.7 Data analysis

Data were analyzed using MATLAB version R20223 and R
version 3.614 (R Core Team, 2021). Linear regressions were
calculated between the sample depth mid-point and the A'4C
values from both the size fractions, as well as between the
extracted compounds (WEOC, TLE, AA, Al) from the dif-
ferent size fractions. This was done to directly compare the
differences in A'C values between the compound classes.
Correlation coefficients, p values, and r2 are provided in Ta-
ble S3. Analysis of variance (ANOVA) was used to assess
differences in A'#C with depth between TLE and AA and
between soil fractions. ANOVA tests were performed in R
version 3.614 (R Core Team, 2021). In the text, results are
reported as means followed by 1 standard error when n =2
or 3 or by analytical error when n = 1.

2.8 Interpretation of radiocarbon data

In the interpretation of soil '4C activity, we must consider
how '#C created during the testing of atmospheric nuclear
weapons may have affected the isotopic signatures of SOC
at our study site. Significantly elevated “bomb-derived” *C
was released into the environment during atmospheric nu-
clear weapons testing during the mid-20th century. This at-
mospheric radiocarbon spike has been continuously incor-
porated into carbon reservoirs, including vegetation, soils,
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and oceans (Levin and Hessshaimer, 2000). Plants assimi-
late CO, with the '*C signature of the current year’s atmo-
sphere during photosynthesis and thus incorporate the cur-
rent atmospheric '#C signature into their tissues and root ex-
udates. This signature then cycles into and through soils as
this plant-derived organic matter decays, is processed by mi-
crobes, and enters stable soil organic matter pools (Torn et
al. 2009). Since the termination of atmospheric weapon test-
ing in the 1960s and with continued fossil fuel emissions, the
14C of atmospheric CO, has decreased to approximately pre-
1950 values, with 0 & 1 %o being reported for the 2019 North-
ern Hemisphere growing season (Hua et al. 2022). Thus, soil
carbon pools with '#C signatures above 0%o can be inter-
preted as decadal-aged or decadal-cycling C, and pools with
14C signatures below 0 %o cycle on timescales of centuries to
millennia.

3 Results

3.1 Radiocarbon values and characterization of the
physical fractions

We used soil size and density fractionation to separate the
bulk soil into fractions with different degrees of mineral
protection. Radiocarbon content for the bulk soil, sand, and
silt 4 clay (Table S3) became more 14C-depleted (older) with
increasing depth (Table 1, Fig. 2). SOC in the silt + clay was
consistently younger than in the bulk soil, with the aver-
age difference in A'*C values increasing from 4 %o at the
surface to 87 %o at depth. In the sand fraction, the AC
values of POC were consistently near current atmospheric
values (2 4= 3 %o) and were not significantly correlated with
depth. In contrast, the A'C values of the POC-free sand-
sized fraction declined with depth (25 £ 3 %o to —510 == 2 %o,
p =0.006) and were indistinguishable from the POC-free
sand fraction (Fig. 2). Density fractionation of the bulk soil
resulted in most of the sample mass (> 98 %) and OC (75 %—
83 %) recovered in the DF at all depths (Fig. S2).

3.2 Compound class results from bulk soil and
silt + clay

In both the bulk soil and silt + clay fraction, the extracted
compound classes became '“C-depleted with depth, except
for the WEOC, which had '4C values that reflected C inputs
recently fixed from the atmosphere throughout the soil profile
(Fig. 2; tables in the Supplement). The A'*C values of the
WEOC ranged from 14 4 %o at the surface to —46 %4 %o
at depth, and the DOC concentrations ranged from 43.2 to
6.7mg C g soil ! at the surface and at depth, respectively.
The TLE from the bulk soil had A'*C values that range
from 17 +27 %o to —208 £6 %o (n = 2; £+ SE) in the sur-
face and deepest samples, respectively. In comparison, the
TLE from the silt 4 clay fraction was modern at the surface
and became more *C-depleted with depth (p < 0.001), from
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Table 1. Carbon concentrations, mass fractions, and radiocarbon values for the size separations from the Buck pit.

Bulk (<2mm) | Sand-sized 2mmto63pm) | POC-free (> lgmL™") | POC(<lgmL™!) | Silt + clay (< 63 um)
Depth %0C  AYCzerr | mass f %OC A¥Czer | %0C  A¥Cz+err | %0C AYCx+err | mass f  %OC AC=err
(%0) (%) (%0) (%0) (%0)
0-10cm 3.14 3143 071  2.68 2543 2.08 2543 25.69 1943 029 425 3443
10-20ecm 122 —22+3 069 094  —38+3 | 077 —3543 2599  —54+3 0.31 184  —13%3
20-50cm 050 —116+3 075 039 —142+3 | 0.38 —149+2 n.m. 443 025 085  —79+3
50-100cm 025  —468+3 079 023 —496+3 | 0.18 —51042 nm.  —10+3 021 035  —380+3

46 £ 4 %o to —204 £ 36 %o. The slopes of the linear regres-
sions of AC with depth were indistinguishable in terms of
TLE from the bulk soil and from silt 4 clay. In addition, the
TLE from the bulk TLE and the silt + clay fraction TLE (ta-
bles in the Supplement) had very similar A'4C values, but the
bulk soil had less lipid-C extracted during each experiment
(280 ug g C~! at 0-10 cm depth vs. 150 ug g C~'; Table S2).

The A'C values of the AAs extracted from the bulk soil
ranged from 54£5 to —183+£24 (n =2, SE) with depth
(Fig. 3, Table S3). Similarly, the A'*C value of the AA
fraction extracted from silt + clay declined with depth from
60+ 3 %o (n =2, SE) at the surface to —106 +4 %o (n = 2,
SE) at 50-100cm depth. The slopes of the AAs extracted
from the bulk and silt 4 clay size fractions were statistically
different, indicating that the AAs extracted from the bulk soil
became more depleted with depth than those extracted from
the silt+ clay (Table S3). Furthermore, AA fractions were
enriched in '*C relative to the TLE or Al fraction (p < 0.01
for bulk soil and p <0.05 for silt+ clay). The AI fraction
was the oldest fraction found in our study at each depth.
The A'C values of the Al fraction ranged from —5 =+ 2 %o
to —633 £2 %o (analytical error, n = 1) and declined with
depth (p <0.01) for bulk soil and silt + clay (Fig. 3; Ta-
ble S3).

4 Discussion
4.1 Variability of 14C in compound classes in soils

We measured the radiocarbon content of four distinct
soil chemical extracts: water-extractable organic carbon
(WEOCQ), total lipid extract (TLE), free amino acids (AAs),
and the acid-insoluble (AI) fraction, each of which had dis-
tinct A'*C values compared to the source soil they were ex-
tracted from (bulk or silt 4 clay; Fig. 4a and b). The cen-
tral questions of this study are as follows: what are the dif-
ferences in cycling time and/or age between various organic
compounds in the soil? Do these differences in cycling time
change with depth? As expected, A'C values of TLEs, AAs,
and AI became more depleted with depth (Fig. 3). More in-
terestingly, the differences between the '“C content of the
source soil and the extracted compounds were not consis-
tent with depth (Fig. 3a and b). This divergence in A'*C val-
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ues reflects differences in turnover times among compound
classes, which can be influenced by the sources of OC for
each of these pools and by differences in the stabilization
mechanisms protecting those compounds from decay. In this
annual grassland, plant inputs should have a greater influ-
ence on SOC pools near the surface, which we confirmed
with near-modern A'#C signatures in the 0-10 cm depth for
all compound classes and size fractions (Fig. 3b and c). Fur-
thermore, at deeper depths, new vegetation inputs should be
less readily available, which results in more depleted Al4C
signatures at depth and could necessitate microbial use and
recycling of older SOC.

We found that, averaged across depths, the AM™C values of
the TLEs were more depleted than those of the AAs, though
both compound classes were more enriched in A'*C than
the bulk soil or silt+ clay from which they were extracted.
The extracted AAs are the foundational units of hydrolyzed
proteins and are found in both plant and microbial biomass
(Blattmann et al., 2020). As in marine studies, we found the
AAs to be the youngest compound class fraction (of the TLEs
and Al) in these soils. The AA pool likely reflects a more
actively cycling microbial pool, especially at depth, as AAs
are enriched in nitrogen compounds, and it is likely that mi-
crobes both preferentially mine and recycle these compounds
(Moe, 2013). The divergence from bulk 14C values indicates
that, even at depth in the soil, the AAs are either continuously
replenished by the transport of AAs from surface horizons or
re-synthesized with relatively '“C-enriched sources such as
the WEOC.

Based on published data for both soils and marine sedi-
ments, we expected the TLE to be older than both the AAs
and the bulk soil; however, we found that all TLE samples, no
matter what fraction we measured, were more *C enriched
than the bulk soil. TLE is composed of a continuum of lipids
from plant and microbial materials, ranging from leaf waxes
to microbial cell structural components (Angst et al., 2016,
2021), that cycle at different rates and are likely to inter-
act with mineral surfaces. Previous studies where individual
lipid biomarker A'#C values were measured in soils on either
short-chain or long-chain fatty acids found a divergence in
A'C values between these two pools, with short-chain lipids
generally having enriched '*C values and long-chain lipids
having more depleted '“C values (Grant et al., 2022; Van Der
Voort et al., 2017). For example, long-chain lipid biomark-
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Figure 2. AC values by depth for (a) size fractions and (b) density fractions from the Buck soil pit. Conventional l4c ages are provided
for reference. The following abbreviations appear in the legend: particulate organic carbon (POC), free-light fraction (FLF), occluded-light

fraction (OLF), and dense fraction (DF).

ers, primarily thought to be plant derived, had consistently
older 4C ages than bulk soil (Van Der Voort et al., 2017).
Short-chain lipids, which can be microbial or root derived
(Rethemeyer et al., 2004), were found to be younger than
long-chain lipids throughout the soil profiles and younger
than bulk soil at depth (Van Der Voort et al., 2017). However,
microbial cell wall lipid biomarkers (glycerol dialkyl glyc-
erol tetraethers, GDGTs) had older l4c ages than bulk soils

Biogeosciences, 21, 4395-4411, 2024

(Gies et al., 2021). With this consideration, our result regard-
ing the more enriched '“C of the TLE could be an indication
of a predominance of short-chain lipids and suggested higher
abundance of microbially derived lipids than plant-derived
lipids. However, further study of specific lipid abundances
(e.g., n-alkanes, fatty acids) in these soils is necessary as it
is unclear to what degree lipids are older than bulk soils with
depth because of preservation of these compounds through
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Figure 3. (a) Al4c by depth for bulk soil and four compound class fractions extracted from bulk soil for the entire depth profile, with the
inset of the top 20 cm. (b) Al4c by depth for the silt + clay (< 63 pm) fraction and three compound classes extracted from the silt + clay
for the entire depth profile, with the inset of the top 20 cm. For total lipid extract (TLE) and amino acid (AA) fractions (n = 2), error bars
represent the standard error from duplicate measurements. For the <2 mm, water extractable organic carbon (WEOC), and acid-insoluble
(AI) fractions (n = 1), error bars represent analytical error. Error bars are smaller than the marker width where not shown.

mineral association or because of microbial use of aged-OC
sources for growth.

We found that Al, the residual sample after both the TLEs
and AAs have been extracted (Wang et al., 1998, 2006), was
the most 1*C-depleted OC fraction measured at each soil
depth (Figs. 3, 4) The Al fraction was far more depleted rela-
tive to the bulk soil (Figs. 3a and 4a) than observed in marine
studies with acid-insoluble OC (Wang et al., 2006; Wang and
Druffel, 2001). In these marine studies, the 14C of the Al var-
ied in age depending on the sampling depth and location. The
significant depletion of the Al in our soils suggests that these
chemically stable compounds are not oxidized in soil. Impor-
tantly, our Al samples are older than the other chemical and
physical soil fractions that we measured in the soil, which
is consistent with the general expectation that aromatic com-
pounds can be difficult to degrade in soils (Ukalska-Jaruga et
al., 2019).
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4.2 Differential OC cycling between fractionation
methods

Our results suggest different OC cycling timescales for the
different physical fractions representing the “source” frac-
tions. Here, we focus on the silt + clay fraction as an opera-
tionally defined mineral-associated OC pool. Numerous soil
physical fractionation schemes have been applied to soils,
and disparities in the methods challenge the interpretation
and intercomparison of results from different studies using
different approaches. We compared the size-based soil frac-
tionation to the density fractionation to aid in the interpreta-
tion and comparability of our findings to other studies. Our
silt 4 clay fraction had higher A'#C values than the sand, the
POC-free sand, and the dense fraction (DF). Our silt 4 clay
fraction could include free organic matter that passed through
the 63 pm sieve but that would have floated off the DF during
density fractionation. For reference, the free-light fraction

Biogeosciences, 21, 4395-4411, 2024
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Figure 4. A 14C values of the four extracted compound classes — the water-extractable organic carbon (WEOC), the total lipid extract (TLE),
the amino acid (AA) fraction, and the acid-insoluble (Al) fraction, (y axis) — compared to the AC values of the source soil or fraction (x
axis) for (a) bulk soil and (b) silt + clay. The dashed gray lines show the 1 : 1 line where the bulk sample Al4c equals the compound class
Al Gray arrows point to regions where data plot above or below the 1 : 1 line, suggesting that a given compound class has shorter and

longer carbon turnover times than bulk soil, respectively.

(FLF) has higher A'*C values than the mineral-associated
pools and bulk soils (Fig. 5) but also has high C/N, reflect-
ing the high OC content and dominant plant origin of this
fraction (Table S1). We assume that this small-size free OC
is a small fraction of the total silt + clay OC as no small frag-
ments of organic matter were visible and because the C/N ra-
tios of the silt 4 clay fractions are only slightly elevated com-
pared to the bulk soil and sand fractions (Table S1). Rather,
the silt 4 clay fractions may have higher A'#C values rela-
tive to the POC-free sand and bulk soil because higher sur-
face area in the silt + clay may facilitate mineral association
with surface-derived OC (e.g., from the WEOC fraction).
Additionally, our TLE comparison between different size
and density fractions highlights the important influence
that method selection has over experimental results. Across
studies, the mineral-associated OC is not a uniformly de-
fined pool, and the observed results are a consequence of
the methodology used to separate the samples (Fig. 6).
The mineral-associated TLE cycled more rapidly than the
bulk soil no matter which “mineral-associated” fraction (the
silt+ clay or the dense fraction) was chosen (Fig. 6). The
A'C values of TLE from the bulk, sand, and silt + clay frac-
tions were indistinguishable from one another, possibly be-
cause the size fractionation scheme did not effectively sep-
arate distinct lipid pools. However, the A'*C values of TLE
from the DF were significantly more '“C-depleted than TLE
from the silt+ clay size fraction (Fig. 6), suggesting that
there were older lipids in the DF relative to the silt 4 clay.
However, more depleted 14C values found in the TLE from
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the DF compared to the silt 4 clay could have resulted from
the DF being exposed to SPT and/or ground after drying
and before lipid extraction. It is possible that grinding the
DF prior to lipid extraction increased the exposed surface
area and resulted in a larger fraction of old SOC or rock-
derived OC being incorporated into the TLE than if the DF
had not been ground. We hesitate to definitively choose the
best method for fractionation because each soil environment
and experiment requires careful methodological considera-
tion and selection. However, given the clear differences in
results between mineral-associated organic matter (MAOM)
derived from size and density fractionation, it appears that
grinding the samples prior to extraction had significant ef-
fects on the age of the resulting TLE. Clearly, the approach
used to fractionate soils influences experimental results and
must be considered when interpreting differences in persis-
tence across operationally defined OC pools.

4.3 Variation in OC cycling throughout the depth
profile

The WEOC (extracted from bulk soils) and POC
(<1gmL~! floated off the sand size fraction) had the
highest A#C values throughout the soil profile, reflecting
a predominance of modern carbon from plant detritus and
root exudates to these pools. WEOC fractions can comprise
a complex mixture of molecules with different structures
(Hagedorn et al., 2004; Bahureksa et al., 2021), which are
common only in their ability to be mobilized and dissolved
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in water. WEOC can mobilize and percolate down the soil
profile with sufficient precipitation to allow vertical trans-
port. Both the POC and WEOC fractions supply OC that is
readily accessible for microbial degradation and microbial
utilization — resulting in the rapid turnover and relatively
high A'¥C values of these two pools (Marin-Spiotta et
al., 2011). Occurrence of young OC in deep soils may be
driven by microbial uptake of this young and bioavailable
DOC or POC. Additionally, we found that the free-light
density fractions were depleted in '“C relative to the WEOC
and POC (Fig. 5). We suspect that this is due to colloidal
particles in the FLF, which are not dispersed or dense enough
to settle in the SPT.

The study site has a Mediterranean climate, and these soils
undergo seasonal wetting and drying cycles that may inten-
sify in the future (Swain et al., 2018), potentially shifting the
composition or amount of OC that percolates down the soil
column, which could shift the age of the OC that the micro-
bial community accesses at depth. Deeper in the soil profile, a
greater reactive mineral surface area and lower microbial ac-
tivity can enhance carbon stabilization in subsoils (Homyak
et al., 2018; Dwivedi et al., 2017; Pries et al., 2023). Further
research is needed to understand the effects of seasonal wet-
ting and drying on the behavior of water-soluble OC in the
soil profile.

In general, the AMC values of the TLE, AA, and Al frac-
tions decreased with increasing depth in the profile. While
all extracted compounds followed this trend, the degree of
14C depletion with depth varied somewhat between the dif-
ferent compound classes and between the bulk and silt 4- clay
source fractions. The TLE extracted from the bulk and from
the silt + clay fraction had similar slopes with depth. This
suggests that depth has more influence than fraction size
on resulting lipid '#C content, possibly because of limited
transport of lipids down the soil profile. The AAs extracted
from the bulk and from the silt 4 clay fraction differed from
one another in that the AAs extracted from the bulk soil be-
came more depleted with depth than the AAs extracted from
the silt4 clay. This suggests that, at depth, AAs from the
silt 4 clay fraction cycle more quickly than AAs extracted
from the bulk soil, possibly indicating that the silt+ clay
fraction is more directly influenced by microbial activity than
the sand fraction. At depths greater than 30 cm, the TLE and
AA fraction were markedly younger than the bulk soil, pos-
sibly resulting from transport of lipids and amino acids from
surface horizons down the profile; rapid recycling of these
compounds at depth, the use of a relatively modern C source
for lipid and amino acid synthesis at depth; or, most likely, a
combination of these. At all depths the AI was significantly
older than the source fraction, indicating that, throughout the
soil profile, the Al contains an old and stable pool of OC.
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Figure 5. Particulate organic carbon (POC) (floated from the sand,
n =1), free-light fraction (FLF) (from bulk soil, n = 3, with er-
ror bars indicating the standard error of the mean), and water-
extractable organic carbon (WEOC) (from bulk soil, n = 1). Al4c
values by depth. For POC and WEOC, error bars indicating analyt-
ical error are generally smaller than the symbols.

4.4 Compound class A*C values in mineral-associated
SOC

To investigate the effect of mineral interaction on the A'*C
values or the persistence of the TLE, AA, and Al, we mea-
sured these extracted compound classes from physical frac-
tions intended to yield approximate mineral-associated car-
bon pools. We focused primarily on the silt + clay size frac-
tion as the physical fraction that best approximates a mineral-
associated OC pool derived from microbially processed plant
inputs (Poeplau et al., 2018; Lavallee et al., 2020) and assume
that, after size fractionation, most of the free organic matter
in the bulk soil was in the sand size fraction. We compared
the silt+ clay size fraction A#C values to the bulk A'*C
values to determine if the material extracted from the iso-
lated mineral-associated fractions of the soil had greater OC
persistence or if these compounds cycled indiscriminately in
relation to mineral association (Fig. 2).

While the TLE from the silt + clay and bulk soil had sim-
ilar A'C values, the AA from the silt + clay size fraction
was enriched in '*C compared to the AA from bulk soil
(r*> =0.98, p<0.05). This suggests that AAs cycle faster
in the silt 4 clay mineral pool than in the bulk soils. While
mineral surfaces usually are thought to promote stability and
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persistence of OC, in some soil systems, mineral associa-
tions may not be the single defining factor of OC persistence
(Rocci et al., 2021) and could have a more nuanced role in
influencing OC cycling in soils.

Our data suggest that there is a continuum of compounds
that exist with different '#C values in the mineral-associated
pool because, in the silt 4 clay fraction, the TLEs, AAs, and
Al have significantly different '*C values (Fig. 4b). For in-
stance, the mineral-associated TLE and AA fractions are
enriched in '*C relative to the silt + clay fraction, suggest-
ing that both are cycling faster than the average mineral-
associated pool. However, the Al from the silt + clay fraction
cycles slower than the solid sample it was extracted from, and
when we compare the Al from the bulk soil to the Al from the
silt + clay, the AI from the silt + clay is slightly more '*C-
enriched. This suggests that there is slight '*C enrichment
across compounds in the silt + clay fraction relative to sand
and bulk soil.

Our data suggest that lipids in mineral-associated OC
pools vary in terms of cycling rates. This is complemen-
tary to findings from other studies where '*C values from
different lipid biomarkers are divergent from the bulk soils
(Gies et al., 2021) and indicates the necessity of looking at
entire compound class pools for understanding soil carbon
persistence. Further investigation into the composition and
age distribution of compounds within mineral-associated OC
is needed to better quantify the distribution of cycling rates
within mineral-associated OC pools.
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4.5 Persistent and petrogenic OC

The most persistent, oldest OC was found in the Al frac-
tion. Because carbon in the Al cycles more slowly than other
components of this grassland soil, it is important to under-
stand what structural components make up the Al and where
these compounds are sourced from. Historically, the chem-
ical structure of the Al fraction has been difficult to char-
acterize. Hwang and Druffel (2003) argued that the Al is a
lipid-like portion of the ocean OC. However, in soils, the Al
can be composed of a mixture of lipid-like compounds and
aromatic compounds (Silveira et al., 2008). In our soil, the
I3C-NMR spectra of the Al from 0 to 10cm depth show a
significant, broad peak in the 100—165 ppm range, indicative
of aromatics (Fig. S3) (Baldock and Preston, 1995; Baldock
et al., 1997). While it is possible that some condensed aro-
matic compounds form during the hydrolysis procedure used
to remove AAs, the Al may also contain naturally occurring
aromatic compounds that could include pyrogenic or petro-
genic OC.

The parent material of our site is a mixture of sandstone,
shale, greywacke, and schist (Foley et al., 2022); thus, it is
possible that some of the OC in our soils is ancient, rock-
derived, petrogenic carbon that has been incorporated into
the soil profile through pedogenesis processes (Grant et al.,
2023). Comparison of the Al to the rock (> 2 mm) fraction
shows that the Al is younger than the OC contained in the
rock fraction (Table S1), with the rock fraction AC values
ranging from —481 %o to —765 %o. To calculate the contribu-
tion of OCpetro to the Al fraction, we used a binary mixing
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model with endmembers of OCpetro and aged SOC based on
the method in Grant et al. (2023). The A'#C value of the
0C!4 C endmember is —1000 %o, which is, by definition,

petro
14C_free, and the A“C value of the biospheric endmember
was set as either the measured TLE A'#C value or the bulk
A'C value from each depth. This comparison of these two
different biospheric endmembers allowed us to calculate a
possible range of values for the OCpeyo contribution (Ta-
ble 1). In the AI extracted from the silt 4 clay fraction, the
OCpetro contribution was 4 %—5 % from 0 to 10 cm depth and
40 %—53 % in the 50-100 cm depth range. In Al extracted
from the bulk soil, the OCpeyo contribution was 0 %—1 % in
the 0—10cm depth range and 17 %—44 % in the 50-100 cm
depth range. Therefore, while the Al fraction likely contains
OCpetro, it is primarily composed of OC compounds derived
from more recent plant and microbial inputs that are highly
resistant to acid hydrolysis either because of their chemical
structure or because of their strong associations with miner-
als.

5 Conclusions and continued soil radiocarbon
compound class characterization

In this study, we characterized a soil carbon profile using
compound class '“C analyses. We found that our extraction
methods yielded fractions with 1C signatures that are dis-
tinctly different from those of the source soil from which
they were extracted. We found that, in this annual grassland
soil, the AA and the TLE fractions cycle more rapidly than
the bulk soil throughout the soil profile. At each depth, the
Al fraction is the oldest fraction and contains a combination
of slow-cycling SOC and ancient petrogenic C. These results
show that soil compound classes cycle differently than sim-
ilar components in marine systems. Our results also show
that mineral-associated SOC contains a mixture of carbon
compounds with distinctly different ages and sources that
drive turnover and persistence. Compound-specific '“C ap-
proaches hold promise for improving our understanding of
the chemical structure of SOC, as well as of the connec-
tion between carbon degradation and preservation in soils.
A molecule-resolved understanding of the relationship be-
tween compound classes and carbon persistence will also
give insight into the fate and turnover time of specific or-
ganic biomarkers found in plant residues or the biomass of
bacteria, fungi, and microfauna. These techniques can also
help to determine mechanisms promoting mineral stabiliza-
tion of soil carbon, especially when combined with soil phys-
ical fractionation.

Results from this study highlight that radiocarbon mea-
surements of specific organic compounds and compound
classes in soil provide valuable insights into the persistence
and decomposition rates of soil organic carbon. To improve
our ability to model the future of soil carbon stocks and soil
quality in the face of a changing global climate, we need fur-
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ther research that interrogates the composition, radiocarbon
content, and cycling rates of soil organic carbon and that
mechanistically links these rates to physical and chemical
drivers.
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