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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• DPC appears less refractory compared to 
overlying subsoil horizons. 

• Reducing conditions caused by persis
tent water saturation influence DPC 
chemistry and stabilization. 

• DPC C:N breaks with general trends in 
mineral subsoil C:N and is consistent 
with C:N of equatorial and hydromor
phic podzols.  
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A B S T R A C T   

Over a billion tons of terrestrial carbon (C) is stored in deep soils from the Southeastern Coastal Plain of the 
United States. While the size and extent of this pool, known as deep podzolized carbon (DPC), have been reported 
in recent studies, the stabilization mechanisms responsible for its persistence are unclear. The main hypothesis of 
DPC stabilization is that hydrology, specifically water table fluctuations in the phreatic zone, slow microbial 
degradation and promote C accumulation. This accounts for the characteristic properties and distribution of DPC 
and provides a mechanistic distinction between DPC and shallow podzolized C in the region's soils, however it 
has yet to be tested. We characterized the organic matter composition of the bulk and dissolved fractions of DPC 
using elemental analysis, solvent extraction, infrared spectroscopy, and high-resolution mass spectrometry. 
Consistent with past work, the majority of DPC organic matter was extractable by sodium pyrophosphate so
lution; the influence of metal association was also observable in the water extractable fraction of DPC with large 
species being preferentially removed and a low compound diversity compared to those from other horizons 
overlying DPC. Only water extractable species with low molecular mass (m/z < 375 Da) showed significant 
change in average nominal oxidation state of carbon (NOSC) values, indicative of oxygen-limitation influence on 
the processing of these species. Infrared spectroscopy revealed an increase in abundance of aliphatic (C-H:C-O) 
bonds relative to polysaccharide bonds with depth whereas aromatic (C=C:C-O) bonds decreased with depth in 
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DPC relative to other subsurface horizons. Our work shows that DPC is significantly more refractory than 
overlying surface soil C, and yet slightly more labile than the subsoils above DPC. Together our results suggest 
that the maintenance of low redox conditions via persistent water saturation contributes to the stabilization and 
persistence of DPC.   

1. Introduction 

The soils of the Southeastern United States Coastal Plain contain over 
one billion tons of terrestrial carbon (C) in their deep horizons (Gonzalez 
et al., 2018). This subsoil C pool, known as deep podzolized carbon 
(DPC), has been reported for the better part of 50 years (Holzhey et al., 
1975; Stone et al., 1993); however, only recently has a systematic 
evaluation of DPC been attempted (Bacon et al., 2020; Gonzalez et al., 
2018). Given the large quantity of C stored in DPC horizons, as well as 
the interest in C sources and sinks due to global climate change, it is 
important to understand the nature and properties of DPC and the fac
tors influencing its stability and persistence. 

A general understanding of podzolization, the process in which 
organic matter (OM) is hydrologically transported into the subsoil where 
it accumulates with metals such as iron (Fe) and aluminum (Al) (Banik 
et al., 2014, 2016; Farmer, 1983; Lundström et al., 2000), as well as 
recent meta-analysis of podzolized C in the southeastern United States 
identifies metal association as an important component of DPC accu
mulation. More specifically, Gonzalez et al. (2018) evaluated 80 soil 
profiles with DPC across the southeastern United States and found that, 
on average, roughly 70 % of the C in DPC was metal associated, as 
indexed by sodium pyrophosphate extraction. Such metal association 
not only contributes to DPC accumulation by promoting the precipita
tion of organo-metal complexes, but it also protects against microbial 
decomposition given the relatively high energy costs associated with 
accessing it (Lundstrom et al., 1995; Marschner and Kalbitz, 2003; 
Schmidt et al., 2000; Wagai et al., 2013). 

Bacon et al. (2020) hypothesized that hydrology, specifically water 
table fluctuations in the phreatic zone, also influences DPC accumula
tion. Their work demonstrated, at a regional scale, that a defining 
characteristic of DPC within a given soil profile is C concentration in
creases with depth through DPC (i.e., the shallowest reaches of DPC 
contain less C than deeper reaches of DPC). As landforms that accu
mulate DPC are endosaturated, the authors reasoned that this charac
teristic increase in C concentration with depth reflects the fact that the 
top of DPC is saturated less often than deeper portions of DPC. In other 
words, persistent water saturation is hypothesized to maintain low 
redox conditions and stabilize DPC in deeper portions of DPC. Similar 
explanations for development of Amazonian podzols have been put 
forward by Ishida et al. (2014) and have been more recently supported 
by Montes et al. (2023). While similar processes appear to be contrib
uting to the persistence of these podzolized C pools, they are differen
tiated by their morphologies and C content. The Amazonian and 
equatorial soils display characteristics similar to vadose zone (shallow) 
podzolization, while the DPC studied here darkens with depth due to an 
increase in C content (Bacon et al., 2020; Ishida et al., 2014; Montes 
et al., 2011). While this reasoning does account for the characteristic 
properties and distribution of DPC and provide a mechanistic distinction 
between DPC and shallower pools of podzolized C which accumulate in 
the vadose zone of the region's soils, to date, it has yet to be tested. 

Deep soil C persistence is also affected when the activities of mi
crobial decomposers are limited by energy (Henneron et al., 2022). Deep 
mineral soils are globally characterized by low C:N ratios (< 15; higher 
N content per unit C), which approach that of microbial biomass 
(Rumpel and Kögel-Knabner, 2011). Due to low plant C input and the 
protection of OM by soil matrix in deep horizons, microbes have diffi
culty in acquiring energy that is necessary for growth and OM decom
position (Soong et al., 2020). Thus, low C:N ratios indicate energy 
limitation on microbial communities (Manzoni et al., 2012; 

Zechmeister-Boltenstern et al., 2015). Deep mineral soils with high C:N 
ratios have been reported in Andisols where plant-derived OM with high 
C:N ratios percolated from soil surface to subsoils through preferential 
flow paths and then stabilized by amorphous minerals (Kawahigashi 
et al., 2003; Marin-Spiotta et al., 2011). High C:N ratios have also been 
reported in a number of spodic horizons where water saturation and low 
redox conditions were hypothesized to promote the hydrolysis of N-rich 
OM and facilitate denitrification (Bardy et al., 2008; Do Nascimento 
et al., 2004; Ishida et al., 2014; Montes et al., 2023). Following the 
phreatic zone hypothesis, persistent water saturation would also support 
the accumulation of OM with high C:N ratios, especially in deeper 
portions of the DPC. Thus, organic matter quality (e.g., C:N ratio) can be 
indicative of the roles of different mechanisms in stabilizing OM in deep 
mineral soils (Jackson et al., 2017; Marschner and Kalbitz, 2003), 
however the role of these characteristics in stabilizing DPC and 
contributing to its accumulation in sandy soils of the Southeastern 
Coastal Plain have not yet been evaluated. 

As the most mobile and actively cycling fraction of soil C, dissolved 
organic matter (DOM) can be particularly informative in revealing 
mechanisms underlying the persistence of DPC. Water-extractable 
organic carbon (WEOC) is a common index of DOM and dissolved 
organic carbon (DOC), and it is readily available for molecular charac
terization without the potential generation of artifacts that would occur 
in a more strongly alkaline or acidic extraction (Bahureksa et al., 2021; 
Guigue et al., 2014). While WEOC and DOC are not identical on a one-to- 
one basis, WEOC being a fraction that is extracted after agitation of soil 
in water over a set time period while DOC is collected in the field using 
equipment such as lysimeters, the WEOC fraction is taken to include the 
DOC fraction in addition to the C released from the destruction of ag
gregates (Chantigny, 2003). Because soils with primarily sandy textures 
have few micropores and consist mainly of macropores, the differences 
between WEOC and DOC are smaller compared to a more clayey soil 
(Chantigny, 2003; Zsolnay, 1996, 2003). Recent studies have shown that 
anoxic, oxygen limited, conditions lead to WEOC that is enriched in 
reduced species with relatively low nominal oxidation state of carbon 
(NOSC) values (Boye et al., 2017; Lin et al., 2021; Wilson and Tfaily, 
2018). If water saturation in the phreatic zone was responsible for the 
persistence of DPC, then its WEOC would be characterized by a low 
NOSC value by enrichment of reduced species. The phreatic zone hy
pothesis also dictates that the NOSC value would decrease with 
increasing depth in the DPC horizons, as water saturation was more 
persistent in the deeper than in the upper portions of DPC. 

To further understand the mechanisms responsible for DPC accu
mulation and persistence, we, for the first time, examine the chemical 
composition of both the bulk OM and DOM from DPC horizons. Spe
cifically, our goal is to test the hypothesis that oxygen limitation asso
ciated with phreatic zone hydrology influences DPC stabilization, as 
suggested by Bacon et al. (2020). In support of this hypothesis, we 
expect to find the following: (1) Bulk soil organic matter from DPC will 
have higher C:N ratios than overlying horizons that reflect persistence 
water saturation and preferential removal of N. C:N ratios would also 
increase with increasing depth within DPC horizons. (2) The OM 
composition of DPC becomes increasingly labile with depth, reflecting 
the suppressed microbial processing imposed by the reducing conditions 
of the phreatic zone. (3) DOM from DPC will be enriched by low mo
lecular mass, reduced organic species with low NOSC values compared 
to those from overlying horizons. The NOSC values of DOM will also 
decrease with increasing depth within DPC horizons, indicative of the 
more persistent saturation conditions in deeper portions of the DPC. 
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2. Materials and methods 

2.1. Sample collection and site description 

Soil samples were collected from the North Florida Research and 
Education Center, Live Oak, FL, where DPC has been identified and 
characterized by a past study (Bacon et al., 2020). Briefly, the soils 
sampled for this study have been mapped as the Leon fine sands series 
consociation and were formed in sandy marine sediments (United States 
Department of Agriculture (USDA), 2017). The field in which samples 
were taken was used as overflow bahiagrass (Paspalum notatum) pasture 
for occasional livestock grazing, with no addition of mineral fertilizer or 
other agricultural amendment apart from cow feces. Prior to conversion 
to agriculture the dominant ecosystem type ranged from sandhill long
leaf pine (Pinus palustrus) savannah, to mixed flatwoods with increasing 
proximity to wetlands (United States Department of Agriculture (USDA), 
2017). Soils were augered to the water table, around 80 cm beneath the 
soil surface, then cored using a JMC subsoil probe (3 cm diameter) with 
a plastic sheath liner to a depth of 2 m. Three soil profiles were sampled 
as replicates to capture potential spatial heterogeneity of DPC along a 
60-m transect spaced 20-m apart (Supplemental Fig. A-1). A total of 20 
samples were taken, one for each horizon to detect vertical changes in 
OM composition (Table 1). The horizons were differentiated based on 
moist color under natural light using the Munsell color chart. Texture 
did not vary significantly in the soil profiles, all of which fell within the 
loamy sand texture class. Soil pH was measured using an Accumet 
AB200 pH meter (Fisher) with soil suspended in a 1:1 ratio of water to 
air-dry soil. Three measurements were taken for each sample and the 
median pH value was recorded in Table 1. 

2.2. Bulk soil analysis 

For bulk analysis air-dry soils were sieved to 2 mm. Subsets of each 
sample were air-dried, ball-milled (8000D Mixer Mill, Spex Sample
Prep), and then analyzed for total C and N via an elemental analyzer 
(ECS 4010, Costech). 0.5 g of air-dried soil from each sample were mixed 
with 30 mL of 0.1 M sodium pyrophosphate (Na4P2O7) solution in acid- 
washed polypropylene (Falcon) centrifuge tubes. The soil-solution 
mixtures were shaken horizontally for 12 h, then centrifuged for 15 
min at 6000 RPM on a Beckman model J2–21 centrifuge. Centrifuged 
solutions were vacuum filtered using Whatman #42 filter paper, glass 
funnels and vacuum flasks. A 1 mL subset of each sample was diluted to 
8 mL with ultrapure (18.2 mΩ) water and analyzed on a Shimadzu TOC- 

LCSN to determine organic C and N concentrations. Solutions were 
digested and then analyzed for Fe and Al concentration by the induc
tively coupled plasma technique (Lopez-Sangil and Rovira, 2013). 
Briefly, 25 mL solution was transferred to digestion tubes and digested 
on a hot block (Environmental Express) at 95 ◦C with sequential addi
tions of 1 mL 65 % nitric acid (HNO3) and 3 mL 30 % H2O2. Solutions 
remained on the hot block until they were both free of precipitate as well 
as transparent. Digestates were brought back to 35 mL volume using 
0.01 M HNO3 solution before ICP-OES analysis with blind duplicates for 
quality control. 

2.3. Diffuse reflectance infrared Fourier transform spectroscopy 
(DRIFTS) 

Ball-milled soil samples were analyzed with diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFTS) to assess OM 
composition (Hall et al., 2018; Mainka et al., 2022). Samples were oven 
dried at 40 ◦C and homogenized with spectroscopy-grade KBr in a 1:20 
ratio (soil:Kbr). Absorption was measured between 4000 and 400 cm− 1 

over 64 scans using a Nicolet iS50 FTIR spectrometer. Spectra were 
corrected against a background KBr sample and adjusted to remove the 
H2O and CO2 interference. We presented the ratios of peak regions that 
are well-documented to correspond to OM functional groups (Table 2). 
Specifically, we focused on four functional groups: aliphatic C–H 
bonds, carbonyl/carboxylic C––O bonds, aromatic C––C bonds, and 
polysaccharide C–O bonds. The peak regions centered around 2927 
cm− 1 (2943–2910 cm− 1) and 2853 cm− 1 (2865–2840 cm− 1) were 
attributed to aliphatic C–H stretching and represented simple plant- 
derived OM, e.g., simple root exudates and carbohydrates (Mainka 
et al., 2022). The peak region centered around 1605 cm− 1 (1640–1570 
cm− 1) was attributed to a carbonyl/carboxylic C––O stretch of amides, 
quinones, and ketones with potential contribution from aromatic species 
(Hall et al., 2018; Parikh et al., 2014). We interpreted the peak region 
centered around 1529 cm− 1 (1550–1508 cm− 1) as an aromatic C––C 
stretch that represents complex plant-derived OM, such as lignin and 
polyphenols (Calderón et al., 2013). Finally, we attributed the peak 
region centered around 1059 cm− 1 (1071–1046 cm− 1) to the bending 
C–O bonds in carbohydrates. For each peak region, the absorbance 
peak area was integrated using a local baseline (Demyan et al., 2012). 
We calculated the ratios of C–H bonds, C––O bonds, and aromatic C––C 
bonds relative to the C–O bonds by considering the C–O bonds as an 
internal standard (Ellerbrock and Gerke, 2004; Kaiser et al., 2016). This 
normalization method provides a semi-quantitative approach to 
compare OM composition across samples with various matrix and C 
content (Lehmann et al., 2007; Ryals et al., 2014). Multiple pieces of 
evidence (sand size distributions (Bacon et al., 2020) and Cremeens and 
Mokma (1986) uniformity value) indicate no lithologic discontinuities 
occur within the profiles, which allows us to assume similar parent 
material and minerology for horizon comparisons. 

Table 1 
Index and general properties of samples taken at the North Florida Research and 
Extension Center in Suwannee County, FL.  

Code Profile Horizon (USDA) Depth (cm) Wet color pH 

SV11 1 A 0–29 10YR 2/1  5.69 
SV12 1 E 29–68 10YR 5/2  5.29 
SV13 1 Bw 68–113 10YR 5/4  5.19 
SV14 1 E' 113–139 10YR 7/1  5.40 
SV15 1 Bh1 139–168 10YR 3/1  5.20 
SV16 1 Bh2 168–190 10YR 2/1  5.15 
SV21 2 A 0–30 10YR 2/1  5.55 
SV22 2 E 30–64 10YR 5/2  5.37 
SV23 2 Bw 64–107 10YR 4/3  5.10 
SV24 2 E' 107–127 10YR 5/3  5.12 
SV25 2 Bh1 127–152 7.5YR 4/2  5.51 
SV26 2 Bh2 152–172 7.5YR 3/1  5.40 
SV27 2 Bh3 172–195 10YR 2/1  5.16 
SV31 3 A 0–32 10YR 2/1  5.75 
SV32 3 E 32–49 10YR 5/2  5.00 
SV33 3 Bw 49–113 10YR 5/4  4.77 
SV34 3 E' 113–121 7.5YR 4/2  4.51 
SV35 3 Bh1 121–148 7.5YR 3/1  4.97 
SV36 3 Bh2 148–172 7.5YR 2.5/1  5.06 
SV37 3 Bh3 172–197 10YR 2/1  4.89  

Table 2 
Selected infrared bands for DRIFT spectra.  

Wavenumber 
(cm− 1) 

Vibration Functional group Reference 

2927, 2853 C-H 
stretching 

Aliphatics Mainka et al., 
2022 

1605 C=O 
stretching 

Amides, quinones, ketones, with 
potential aromatics. 
(Carbonyl/Carboxylic) 

Parikh et al., 
2014 

1529 C=C 
stretching 

Aromatic plant compounds Calderón 
et al., 2013 

1059 C-O bend Carbohydrates 
(Polysaccharides) 

Parikh et al., 
2014  
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2.4. 21 Tesla Fourier transform ion cyclotron resonance – mass 
spectrometry (FT ICR-MS) 

To prepare WEOC samples for FT ICR-MS analysis, 8 g of fresh soil 
were mixed with 40 mL of ultrapure (18.2 mΩ) water at a 1:5 ratio of soil 
to water (mass to volume) in acid-washed 50-mL polypropylene 
centrifuge tubes. The extracts were shaken for 1 h and then centrifuged 
for 15 min at 6000 RPM. The supernatant was filtered through pre- 
combusted glass microfiber filters (Whatman GF/F) on an acid-washed 
glass vacuum filtration kit. Concentrations of WEOC and total N were 
analyzed using a Shimadzu TOC-LCSN with four-point calibration curves. 

To remove metal and salt interference, WEOC samples were passed 
through solid-phase extraction (SPE) cartridges following a well-tested 
procedure (Dittmar et al., 2008; Li et al., 2018). Briefly, filtered water 
was added and passed through the SPE cartridges (Agilent Bond Elute 
PPL, 3-mL capacity) that had been pre-conditioned with HPLC-grade 
methanol (J. T. Baker). After rinsing the cartridges with pH 2 ultra
pure water, WEOC samples were eluted from the cartridges with 6 mL of 
HPLC-grade methanol. The methanol was evaporated under N2 gas to a 
final volume of 2 mL to reach a C load of approximately 300 μg C mL− 1 

methanol. 
SPE extracts and procedural controls were sent to the National High 

Magnetic Field Lab in Tallahassee, FL for negative-ion microelectrospray 
ionization FT ICR-MS characterization (Emmett et al., 1998). Typical 
conditions for negative ion formation were: emitter voltage, − 2.5–3.0 
kV; S-lens RF level 45 %; and heated metal capillary temperature, 
350 ◦C. SPE extracts were analyzed with a custom-built hybrid linear ion 
trap FT ICR mass spectrometer equipped with a 21 T superconducting 
solenoid magnet (Hendrickson et al., 2015; Smith et al., 2018). Ions 
were excited to m/z depended radius to maximize the dynamic range 
and number of observed mass spectral peaks (32–64 %), and excitation 
and detection were performed on the same pair of electrodes (Chen 
et al., 2014; Kaiser et al., 2013). The dynamically harmonized ICR cell in 
the 21 T FT ICR is operated with a 6 V trapping potential (Boldin and 
Nikolaev, 2011; Kaiser et al., 2013). Time-dominant transients of 3.1 
were conditionally co-added and acquired with the Predator data station 
that handled excitation and detection only, initiated by a TTL trigger 
from the commercial Thermo data station, with 100 time-domain ac
quisitions averaged for all experiments (Blakney et al., 2011). Mass 
spectra were phase-corrected and internally calibrated with 10–15 
highly abundant homologous series that span the entire molecular 
weight distribution based on the “walking” calibration method (Savory 
et al., 2011; Xian et al., 2010). Experimentally measured masses were 
converted from the IUPACE mass scale to the Kendrick mass scale for 
rapid identification of homologous series (Kendrick, 1963a). Peaks with 
signal magnitude >6-times the baseline root-mean-square level were 
exported to a peak list. Molecular formula assignments were performed 
within the bounds of C1-100H3-200O1-30 N0-4S0–1 and ± 0.5 ppm error 
with PetroOrg© software (Corilo, 2014; McLafferty and Turecek, 1993). 
Species with relative abundance of ≥0.05 % were considered. Owing to 
the presence of alkylbenzene sulfonate peaks, we did not include sulfur 
(S)-containing species in subsequent analyses. Two samples from profile 
1 (E' and B2 horizons) were discarded due to extremely low peak 
numbers, resulting in a total of 18 samples with FT ICR-MS data (Sup
plemental Fig. A-2). For all mass spectra, the achieved resolving power 
at m/z 400– 1,500,000–2,000,000, with between 10,000–20,000 
assigned species with 25–80 ppb mass error for all assignments. Raw FT 
ICR-MS files, calibrated peak lists, and assigned elemental compositions 
are publicly available via the Open Science Framework. 

2.5. Data analysis 

The sampled soil horizons were categorized into three groups, sur
face (A), subsurface (E, B, and E'), and DPC (Bh1, Bh2, and Bh3) horizons 
(Table 1). Soil characteristics were compared among the three groups 
using one-way analysis of variance (ANOVA) followed by Tukey's 

honestly significant difference (HSD) tests. Soil profile was considered as 
a block factor in the ANOVA. Pearson's correlation was computed be
tween soil characteristics and soil depth to assess the vertical trends in 
soil properties. Correlation analyses were also conducted in DPC and 
non-DPC horizons separately to explore the depth dependence of soil 
properties in both types of horizons. 

Dividing the Na4P2O7-extractable organic C content by that of the 
soil total C yields the percentage of metal-associated C present in each 
sample: 

Metal − Associated C% = Na − pyro C/Total C × 100% (1) 

Using the assigned chemical formulae from the FT ICR analysis, 
experimentally measured masses were converted from the International 
Union of Pure and Applied Chemistry (IUPAC) mass scale to the Ken
drick mass scale for rapid identification of homologous series for each 
heteroatom class (i.e., species with the same C, H, N, O, and S content, 
differing only be degree of alkylation) (Hughey et al., 2001; Kendrick, 
1963b). For each formula, NOSC value was calculated using the 
following formula (LaRowe and van Cappellen, 2011): 

NOSC = 4 −
4C + H − 2O − 3N − 2S + 5P − z

C
(2)  

where z represents the net charge of the organic compound and C, H, O, 
N, S, and P, correspond to the number of the corresponding element 
contained in the species. Species formulae were also grouped into major 
biochemical compound classes (i.e., amino sugar, carbohydrate, 
condensed hydrocarbon, lignin, lipid, protein, tannin, unsaturated hy
drocarbon, and other) following Kim et al. (2003). 

For a set of formula characteristics (species mass and NOSC value), 
weighted mean values were calculated for each soil horizon using the 
formula: 

Cwm =

∑
(Ci × Ai)
∑

Ai
(3)  

where Cwm refers to the weighted mean of a formula characteristic, Ci is 
the characteristic's value for formula i, and Ai indicates its relative 
abundance. We classified all observed formulae into three mass classes 
following their multi-modal distribution (Supplemental Fig. A-3): large 
(m/z > 600), medium (375 < m/z ≤ 600), and small (m/z < 375) (Roth 
et al., 2019). For each class of mass, species biochemistry, and hetero
atom, percent abundance was calculated as the sum of relative abun
dance of that class divided by the sum of all abundances. To describe 
compound diversity, we also calculated the Gini-Simpson index (DA) for 
each soil horizon (Jost, 2006; Mentges et al., 2017): 

DA = 1 −
∑

A2
i (4) 

Using Pearson's correlations, we examined the depth distribution of 
the weighted means of formula characteristics, percent abundances of 
compound classes, and the Gini-Simpson index. All analyses were per
formed in R version 4.1.2. (R Core Team, 2021). 

3. Results and discussion 

3.1. Characteristic trends in metal and carbon content 

In the A horizons, Na-pyro extractable Al (pyro-Al) averages 1.83 mg 
Al g− 1 soil, decreasing with depth to an average of 0.71 mg Al g− 1 soil in 
E' horizons, and then increasing through DPC where it averages 0.90, 
1.39, and 2.63 mg Al g− 1 soil in Bh1, Bh2, and Bh3 horizons respectively 
(Fig. 1b and c). Na-pyro extractable Fe (pyro-Fe) is relatively stable in 
soil material overlying DPC, averaging 0.92, 0.66, 0.84, and 0.19 mg Fe 
g− 1soil in A, E, Bw, and E' horizons respectively and then abruptly de
creases near the top of DPC where it averages 0.05 mg Fe g− 1soil. 

The trend of sodium pyrophosphate extractable Al described above is 
similar to the pattern of total carbon (Fig. 1). In the sampled profiles, 
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total C attenuates sharply with depth from an average of 1.4 % in A 
horizons to an average of 0.09 % in E' horizons immediately overlying 
DPC, resulting in a negative correlation between total C and depth in 
horizons above DPC (n = 12, r = − 0.84, P < 0.001). The decrease in total 
C reverses at the beginning of DPC in Bh1, where total C increases with 
depth from an average of 0.17 % in Bh1 horizons to an average of 0.38 % 
and 0.68 % in Bh2 and Bh3 horizons respectively. Correlation analysis 
also shows an increasing trend of total C with soil depth within DPC 
horizons (n = 8, r = 0.77, P < 0.05). This is a defining characteristic of 
DPC, one that is observed and reported region-wide (Bacon et al., 2020; 
Gonzalez et al., 2018). The total C and pyrophosphate extractable car
bon fraction (pyro-C) (Fig. 1c and e) show similar general patterns 
across depth. The ratios of both TC and pyro-C to pyro-Al begin to 
converge in the DPC horizons starting at Bh1 (Supplemental Fig. A10). 
Both ratios decreased from the A horizons to the subsoils, reflecting the 
rapid depletion of C in subsurface relative to surface horizons. The 
depletion stabilizes and reverses beginning at Bh1, indicating an in
crease in C from the subsurface and into the DPC horizons. The percent 
metal-associated C (Fig. 1d) is shown to comprise >50 % of the total C in 
the DPC horizons, with the exception of Bh1 in profile 1. Percent metal C 
is used as an indication of podzolization, while lower percentages 
indicate surface C (Banik et al., 2016; Gonzalez et al., 2018). Unsur
prisingly, Fig. 1f shows that the soil C in the Bh horizons are more 
strongly influenced by metal association. 

The DPC horizons show a precipitous loss of Fe combined with 
increased Al content, showing that this C pool undergoes periods of 
prolonged saturation sufficient to promote Fe reduction and loss. Anoxic 
conditions lead to Fe reduction as oxygen is lost as the terminal electron 
acceptor for microbial activity. Reduced Fe is mobile in solution and so it 
is readily lost from the system, leaving behind Al-organic complexes. 
The relative abundance of Fe in comparison to Al can be indicative of the 
oxygen availability in DPC horizons (Banik et al., 2014; Lopes-Mazzetto 
et al., 2018). This pattern of extreme iron loss and OM-complexed 
aluminum preservation supports previous observations of metal con
tent of DPC horizons in Bacon et al. (2020), Gonzalez et al. (2018), and is 
evidence that this carbon pool accumulates in the phreatic zone. In 
addition to favoring iron reduction, these reducing conditions can favor 
C accumulation by reducing microbial degradation and turnover of 

organic molecules (Boye et al., 2017). 

3.2. Bulk analysis 

Our results show that DPC has a unique chemical composition 
different from the C contained within overlying horizons. In the sample 
profiles, the ratio of total C:N decreases slightly with depth above DPC 
(averaging 15.6, 11.7, 8.3, and 12.1 in A, E, Bw, and E' horizons 
respectively) but then increases by almost three times with depth 
through DPC where it averages 29.9, 36.3, and 36.6 in Bh1, Bh2, and 
Bh3 horizons respectively (Fig. 2). 

The high C:N ratio of DPC breaks with the global trend that mineral 
soil C:N ratios decrease with depth (Batjes, 2014), which has been 
attributed to the accumulation of microbially-derived OM (Rumpel and 
Kögel-Knabner, 2011). While, large C:N values in deep soil horizons can 
occur due to protection of the OM from microbial degradation, or via the 
loss of N under reducing conditions (Bardy et al., 2008; Do Nascimento 
et al., 2004). The C:N values observed in DPC indicate suppression of 
decomposition, such as through energy limitation and oxygen avail
ability, within horizons containing DPC. This pattern suggests that the 
Southeastern Coastal Plain DPC is more similar to equatorial podzolized 
C, where consistent water saturation, or waterlogging, has been docu
mented to be the primary driver of C persistence in these podzols Ishida 
et al., 2014; Kawahigashi et al., 2003; Merdy et al., 2021; Montes et al., 
2023). Phreatic zone conditions, where soils are more likely to be 
consistently water-saturated and oxygen limited, would provide the 
necessary conditions to inhibit microbial activity or to promote the 
preferential loss of N. DPC in the Southeastern Coastal Plain may share 
similarities with equatorial and hydromorphic podzols, however it is 
still distinct due to characteristic increases in C content with depth. 

The DRIFTS analysis of bulk soil samples shows distinct differences 
in OM composition between DPC and other horizons (Fig. 2). C-H:C-O 
attenuates sharply with depth from an average of 0.45 in A horizons to 
an average of 0.02 in E' horizons immediately overlying DPC. In DPC 
however, C-H:C-O tends to increase with depth from an average of 0.01 
in Bh1 horizons to an average of 0.05 and 0.1 in Bh2 and Bh3 horizons 
respectively. Correlation analysis also shows that C-H:C-O first decreases 
with soil depth above DPC horizons (n = 12, r = − 0.76, P < 0.01) and 

Fig. 1. Sodium pyrophosphate extractable (Na4P2O7, Na-pyro) a) iron (pyro-Fe), b) aluminum (pyro-Al), c) total carbon (TC), d) Metal-Associated C (pyro-C/ total C 
x 100 %), sodium pyrophosphate extractable carbon (pyro-C) and f) water extractable organic carbon (WEOC) by sample profile. Horizons containing DPC are 
highlighted by the gray box. 
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then increases with depth in DPC horizons (n = 8, r = 0.80, P < 0.05). 
Similar patterns occur in ratios comparing C-H:C=C and C-H:C=O, 
showing the robustness of the trend. Abundance of aliphatic compounds 
decrease with depth until reaching the top of DPC (Bh1) where they 
begin to increase with depth indicating that the top of DPC is relatively 
more refractory than the bottom of DPC. The C=O:C-O and C=C:C-O 
ratios were also distinct between the DPC and subsurface horizons. C=C: 
C-O averages 0.72 in A horizons and then increases in a stepwise pattern 
with depth to an average of 0.98, in E, Bw, and E' horizons. In DPC, C=C: 
C-O decreases with depth from an average of 0.76 in Bh1 horizons to an 
average of 0.63 and 0.58 in Bh2 and Bh3 horizons respectively. Abun
dance of aromatic compounds increase with depth until reaching DPC 
where they begin to decrease with depth, which indicates that top of 
DPC is relatively more refractory than the bottom of DPC. The depth 
distribution of C=O:C-O is similar to that of C=C:C-O in A, E, Bw, and E' 
horizons; averaging 3.79 in A and abruptly increasing to an average of 
4.61 in E, Bw, and E' horizons. In DPC, C=O:C-O decreases to an average 
of 3.82 and 3.81 in Bh1 and Bh2 horizons, respectively, before 
increasing slightly to 3.95 in Bh3 horizons. 

Infrared spectroscopy provides semiquantitative information on the 
relative abundances of OM functional groups, which in turn provide 
insight to the processes impacting SOM stability. The enrichment of 
aromatic C––C bonds (Fig. 2, Supplemental Fig. A-2) in the sampled 

subsurface horizons is generally interpreted as the accumulation of 
complex plant-derived species that are relatively refractory against mi
crobial decomposition (Hall et al., 2018; Ryals et al., 2014). Following 
this explanation, the overall decline in aromatic C––C bonds with soil 
depth within the DPC horizons would suggest that DPC is less refractory 
than the C present in overlying subsurface horizons. This is in contrast to 
the trend observed for aliphatic functional groups, which are well- 
known to represent plant-derived, labile OM would be readily utilized 
by microbes as a food source, and tends to decrease in abundance from 
surface to subsoils (Calderón et al., 2013; Hall et al., 2018; Ryals et al., 
2014). Unlike fresh plant-derived OM with high C:N ratios DRIFTS 
analysis reveals that DPC was depleted in the plant-derived aliphatic 
C–H bonds relative to surface soil, while also showing a small yet sta
tistically significant increase in aliphatic functional groups, beginning at 
Bh1, relative to overlying subsurface horizons (Fig. 2). Decreases in 
C–H bonds compared to other functional groups are indicative of 
decomposition and transformation of the SOM (Hall et al., 2018; Ryals 
et al., 2014). The ratio of C–H functional groups to C–O, C––C and 
C––O increases with depth, indicating that the Bh1 is more degraded 
than Bh2 or Bh3. This pattern occurs regardless of denominator func
tional group and can be considered to be a robust indication of preser
vation against OM degradation (Fig. A-4). Combined with the observed 
loss of Fe with increasing Al content at depth, the high C:N ratios and 

Fig. 2. Organic matter composition as revealed by bulk C:N and infrared spectroscopy (DRIFTS). C:N ratio based on bulk soil analysis, C=C:C-O the ratio of aromatic 
to polysaccharide functional groups, C=O:C-O the ratio of carbonyl/carboxylic to polysaccharide functional groups, C-H:C-O the ratio of aliphatic to polysaccharide 
functional groups. The shaded gray rectangle indicates the depth at which deep podzolized carbon horizons begin. 
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enrichment of aliphatic functional groups with depth within DPC hori
zons indicate reducing conditions which inhibit OM degradation. 

3.3. Molecular characteristics of the WEOC 

Above DPC, the concentration of WEOC decreases linearly with 
depth, averaging 0.023, 0.016, 0.008, and 0.008 mg C g− 1 soil in A, E, 
Bw, and E' horizons respectively (Fig. 1, Supplemental Fig. A-9). 
Through DPC however, WEOC stabilizes at approximately 0.007 and is 
not depth dependent (n = 7, r = 0.05, P > 0.05). Although the WEOC 
concentrations of the horizons containing DPC remains stable with 
depth, the FT ICR-MS results revealed noticeable changes in DOM 
composition along soil profiles (Fig. 3). Mean species mass decreased 
significantly with soil depth (n = 18, r = − 0.57, P < 0.05), as its value 
decreased from m/z 513 ± 7 on average in surface horizons to m/z 481 
± 5 in DPC horizons. The Gini-Simpson index of species diversity also 
decreased with depth (n = 18, r = − 0.61, P < 0.01). This relationship 
was robust even after removing a potential outlier (Bh3 from profile 2; n 
= 17, r = − 0.56, P < 0.05). However, neither the heteroatom class nor 
the functional group composition showed any obvious trends along soil 
profiles (Supplemental Figs. A-6 and A-7), and the DOM composition 
remained consistent. This could be due in part to ionization suppression 
that occurs in negative-ion electrospray of DOM, and future studies 
should target different ionization modes to more completely probe DPC 
composition (Roth et al., 2022). Mean NOSC was negatively correlated 
with depth, however there was not a significant decrease (P > 0.05) in 
mean NOSC value with increasing depth. 

The vertical trend in species mass is better observed when all species 
were grouped into three mass classes (Fig. 4). Medium species (m/z: 
375–600) increased in abundance with depth (n = 18, r = 0.59, P <
0.01), while the abundance of large species (m/z > 600) decreased with 
depth (n = 18, r = − 0.7, P < 0.01). Small species (m/z < 375) showed no 
significant change in abundance with depth. When broken into groups 
based on species mass, only species with small molecular mass showed a 
significant decline in NOSC value with increasing depth (n = 18, r = −

0.56, P < 0.05). In contrast, the mean NOSC of large- and medium-sized 
species decreased slightly with depth, however the change was not 
significant (both P > 0.05). 

Reduced species with low NOSC values are expected to be preserved 
against microbial degradation under anoxic conditions as microbes 
select species with higher NOSC values (Keiluweit et al., 2016; LaRowe 
and van Cappellen, 2011). This trend is due to the thermodynamic 
prediction that the oxidation of reduced OM does not generate sufficient 
energy to support microbial life when coupled with alternative electron 
acceptors. To test the prediction that DPC chemistry is influenced by 
reducing conditions nominal oxidation state of carbon (NOSC) values 
were calculated from the chemical formulae of OM species. Only species 
with small molecular mass showed a significant vertical trend, which 
suggests a selective pressure driving the chemical composition of these 
species. Larger mass species tend to require more energy or enzyme 
input for degradation to occur, thus the trends seen in these profiles 
show a preferential utilization of available OM species. 

The decline in mean species mass with soil depth is likely also 
influenced by metal protection of OM, as Al and Fe oxides have been 
shown to preferentially form complexes with relatively large DOM in 
past FT ICR-MS studies (Galindo and del Nero, 2014; Ye et al., 2020). 
This trend diverges from past studies that reported increasing compound 
size with soil depth as a key signature of microbial processing of DOM as 
species of low molecular mass are degraded and larger species are 
produced (Roth et al., 2019; Ye et al., 2020). During the podzolization 
process, microbes can interrupt organo-metal complexes to access low 
molecular weight OM; large OM species are then able to capture and 
form complexes with the metal ions, also causing a decline in compound 
diversity (Buurman and Jongmans, 2005; Lundstrom et al., 1995). Thus, 
our results suggest that metal association helps to shape DPC chemistry 
by preferentially retaining large dissolved species while smaller species 

were available for microbial use, resulting in the NOSC trend. 
The decreased diversity observed in the soil profiles might have 

implied a long residence time, or slow turnover rate, for DPC. In a recent 
study, soil OM was found to decrease in diversity as it persists through 
time (Jones et al., 2023). While radiocarbon dating records of DPC are 
extremely limited, the single radiocarbon estimate of DPC age is 
approximately 14 kyr (Bolivar, 2000), which is consistent with our 
interpretation. Together, our data on species mass, NOSC values, and 
diversity all support our hypothesis that water saturation plays a crucial 
role in enabling more persistent DPC towards deeper soil profiles. 

Further research exploring molecular characteristics of DPC from 
different ecosystems and land management areas, utilizing a more 
diverse array of solvents, will provide a more complete picture of the 
chemical characteristics of this subsoil C pool. While WEOC is accepted 
as the most mobile fraction of soil C, it comprises only a small per
centage of the total. The use of targeted or stronger extractants can 
provide a more extensive look into the composition of DPC, allowing the 

Fig. 3. FT ICR-MS organic matter characterization. A) Mean compound mass 
(m/z), B) Gini-Simpson index, and C) mean NOSC value as a function of depth 
for all identified compounds from the FT ICR-MS analysis. Higher Gini-Simpson 
index indicates higher compound diversity. R indicates Pearson's correlation 
coefficient, and p indicates its significance. Gray boxes indicate 95 % confi
dence intervals. 
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scientific community to further explore questions concerning C source 
and composition. Comparisons between DOC, cold WEOC, and hot 
WEOC using molecular characterization techniques such as ultra-high 
resolution mass spectrometry would also be worthy of investigation to 
examine differences in these dissolved fractions in both DPC and soils in 
general. Given the large quantity of C stored in DPC horizons, as well as 
their extent in the Southeastern Coastal Plain, understanding the factors 
influencing DPC persistence will provide better insight into the C cycling 
processes of the region's subsoils. 

DPC persistence, like the persistence of all soil C, is a product of the 
interaction of intrinsic characteristics and external environmental fac
tors of the regions in which it forms (Dungait et al., 2012). As we have 
noted here, the chemical fingerprint of phreatic hydrology as a stabi
lizing factor for this subsoil C is apparent based on the trends in OM- 
associated metals, DRIFTS, and FT-ICR results. Because persistent 
saturation and the high anaerobic cost of microbial respiration are sta
bilizing factors for DPC, land management decisions or climatic phe
nomena which impact these factors will likely have a strong subsequent 
effect on this C pool. Reduction in water level due to drainage control or 
altered rainfall patterns could reduce saturation of DPC and expose it to 
microbial degradation. This would likely release C from this extensive 
soil C pool, subsequently feedbacking back to climate change. 

4. Conclusion 

Here we combined bulk analysis methods, chemical extraction, and 
molecular characterization techniques to analyze the composition of 
deep podzolized carbon and provide insight on the factors contributing 
to its persistence. The results reported here highlight the complexity of 
this subsoil C and support the phreatic zone hypothesis of stabilization. 
There is a distinct increase in C:N ratio in DPC that distinguishes it from 
other subsoil C pools, and a loss of OM-associated Fe paired with an 
increase in OM-associated Al as depth increases. This metal trend im
plies a reducing environment consistent with phreatic conditions, which 
preserves carbon by increasing the energetic cost of microbial respira
tion. DRIFTS shows that DPC is more labile than C in overlying horizons, 
yet less refractory than surface soil. FTICR showed a decreasing trend in 
the NOSC value of small WEOC species whereas medium and large 
species did not show significant trends, implying that the reducing 
conditions drive selection by microbes for species that provide higher 
energetic return. Together, these findings demonstrate that DPC is a 
relatively stable C pool so long as the microbial community is unable to 
interrupt the Al-OM complexes which comprise DPC. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.167382. 

Fig. 4. FT ICR-MS characterization by mass class. A) Organic matter species mass class abundance by depth and b) NOSC value distribution of the three mass classes 
by depth. Species size classes were assigned based on natural m/z ratio distribution in the data (Supplemental Fig. A-1). R indicates Pearson's correlation coefficient, 
and p indicates its significance. Colored boxes indicate 95 % confidence intervals. 
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