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Organic matter stored in sedimentary rocks is one of the largest stocks of carbon at
Earth’s surface. The fate of this rock organic carbon (OCpetro) during weathering in
soils influences the geological carbon cycle, and impacts soil radiocarbon content that
is used to quantify soil carbon turnover. Here, we assess the potential contribution of
OCpetro to soils, using a mixing model generated by a global dataset of soil radiocar-
bonmeasurements (14C). Soils developed on sedimentary rocks (rather than on igne-
ous substrate) have a pairedOC content and 14C values consistentwithOCpetro input,
giving rise to apparent increase in soil residence time.We call for renewed assessment
of OCpetro input to soils, in terms of its impact on soil radiocarbon inventories, and its
potential to release carbon dioxide.
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Introduction

Sedimentary rocks cover 64 % of Earth’s surface (Hartmann and
Moosdorf, 2012). Within the upper 1 m, there are an estimated
1100 petagrams of carbon (PgC) present as radiocarbon (14C)
“dead” rock organic carbon (OCpetro) (Copard et al., 2007),
equivalent to the carbon stock in soils derived from the biosphere
(Jackson et al., 2017). When soil forms on sedimentary rocks,
OCpetro is a “bottom up” input of carbon that can contribute
to the soil OC pool, especially in deep soils with lowOC concen-
trations (Hemingway et al., 2018; Kalks et al., 2021). While
OCpetro could be widespread in soils developed on sedimentary
rocks, observations come from only a handful of weathering pro-
files, including OCpetro-rich rocks, such as black shales which are
not globally representative (Petsch et al., 2001). In addition, esti-
mates of global OCpetro surface exposure are based on upscaling
from geological maps (Copard et al., 2007), but this input has not
been assessed in soil carbon studies. While there is widespread
evidence for OCpetro in sediments from rivers around the world
(e.g., Galy et al., 2015; Clarke et al., 2017), we lack constraint on
the input of OCpetro to soils.

Input of OCpetro to soil is important for two reasons. First,
the exposure of rocks to weathering can drive OCpetro oxidation,
releasing CO2 and consuming O2, with global emissions of CO2

from OCpetro oxidation similar to those from volcanism (Petsch,
2014;Hilton andWest, 2020). Second,OCpetro input can increase
the mean age of soil OC based on radiocarbon (Agnelli et al.,
2002), used to quantify atmospheric CO2 exchange by
(Trumbore, 2000; Shi et al., 2020). Soils slow the rapid degrada-
tion of “modern” plant-derived vegetation (OCbio) through

mineral and physical interactions, helping store OCbio in soils
over decades to millennia (Shi et al., 2020). In the topsoil, the
OC pool is dominated by plant and microbial organic matter
and is generally 14C-enriched (Shi et al., 2020). In deeper soils
(∼>30 cm), recent studies (Mathieu et al., 2015; He et al.,
2016; Shi et al., 2020) show that 14C-depleted (“old”) OC is
common around the world. These studies attribute “old” 14C
ages to an increase in OC-mineral interactions, as the clay con-
tent andmineral to organic ratio increasewith depth andmineral
surfaces can reduce the bioavailability and thus increase the per-
sistence of OCbio (Schmidt et al., 2011). Soil C age distributions
can have very long tails, with a small amount of old or 14C-dead
C skewing the mean age (Sierra et al., 2018). However, inputs of
14C-dead OCpetro are not considered in He et al. (2016) and Shi
et al. (2020), despite the recognition that OCpetro inputs result in
an “apparent” ageing of soil OCbio.

Here, we quantify OCpetro in globally distributed soil pro-
files using the International Soil Radiocarbon Database (ISRaD
database, see Supplementary Information) (Lawrence et al.,
2020). We separate soil profiles developed on igneous rocks
(IG: negligible OCpetro) versus sedimentary rocks (SED: potential
OCpetro inputs) using global geological maps and compare bulk
14C signatures and%OCdistributions. Alongside the global data
set, using a mixing model analysis, we compare measurements
made on river and soil OC in settings where OCpetro inputs have
been demonstrated and where OCpetro is absent. Together, we
assess the contribution of OCpetro to deep soils around the world
and the implications for soil radiocarbon inventories and the sur-
face carbon cycle.
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Evidence of OCpetro in soils and rivers
using mixing models

The 14C-depletion of soil OC can result from both: (1) ageing of
OCbio from plant and microbial derived material, stabilised by
physical/chemical protection or intrinsic refractory properties
(Hemingway et al., 2019); and (2) mixing of OCpetro from rocks
(14C-free relative to instrumental background) with OCbio

(Petsch et al., 2001; Hemingway et al., 2018). To explore these
scenarios, we examine cases where OCpetro contributes to bulk
OC in river sediment loads and soils, with OCpetro inputs iden-
tified from geochemical proxies other than bulk 14C (e.g., C/N,
δ13C, biomarkers, Raman spectroscopy, Ramped Pyrolysis
Oxidation-14C). These can be compared to examples where
OCpetro inputs are absent and OCbio decay/ageing acts alone
from river sediments and soils on igneous bedrock (Fig. 1a, c).
We find a notable contrast in the relationship between 1/[OC]
and Δ14C in sedimentary and igneous bedrock settings.
Patterns expected for mixing between OCpetro and OCbio appear
to dominate in sedimentary settings.

An Andean Mountain river draining shales (Clark et al.,
2017) has river sediment OC Δ14C values that ranged from
−0.5 ‰ to −839 ‰. Clark et al. (2017) concluded that, on aver-
age, 0.37 ± 0.03% of the suspended sediment mass was OCpetro.
There is a significant linear trend between Δ14C values and
1/[OC] (p< 0.05, R2= 0.75, Fig. 1a) that was attributed to binary
mixing of OCpetro and biospheric OC supplied by erosion proc-
esses. In Himalayan rivers, the river OC also has a linear rela-
tionship between these variables (p< 0.05, R2= 0.37), albeit
with a shallower slope due to lower OCpetro contents (Galy et al.,
2015). In soils, OCpetro has been recognised in only a few studies
(Petsch, 2014; Hemingway et al., 2018; Hilton et al., 2021; Kalks
et al., 2021). In Taiwan, high erosion rates continuously supply
fresh bedrock to the surface and keep surface soils young, and
these samples have a linear relationship between Δ14C and
1/[OC]. Mixing models show that OCpetro input to sediments
and soils result in a linear trend between 1/[OC] and Δ14C
(Supplementary Information, Eq. S-8; Fig. 1b). These can explain
the main patterns seen in the Andes and Himalayan rivers and
Taiwanese soil data.

In contrast to the river sediments draining sedimentary
rocks, rivers from a basaltic catchment, the Efri Haukadalsá

River in Iceland (Torres et al., 2020), have 14C value ranging from
−60‰ to −395‰ and display no relationship between 1/[OC]
and Δ14C (Fig. 1c). Torres et al. (2020) attributed the 14C-
depletion to erosion ofmillennial-agedOC from soils. In tropical
soils, formed along a climate gradient underlain by a 450 ka lava
flow from Hawaii, [OC] remains high while OC ages due to
Fe-oxide mineral-carbon stabilisation, and these materials have
an almost vertical array in 1/[OC] and Δ14C (Fig. 1c; Grant et al.,
2022). These patterns in the data are more consistent with the
paired evolution of 1/[OC] and Δ14C expected for OC loss and
ageing of OC, explored here using a simple organic matter
degradation model (Supplementary Information sections 4.1
and 4.2).

Overall, the river and soil data here show how 1/[OC] and
Δ14C can be used to examine the role of OCpetro input. A domain
of OC and Δ14C values can most easily be reached by OCpetro

addition to the organic matter pool (Fig. 1b), as seen in the grey
“mixing zone” of sedimentary soils. In the igneous soils, this
mixing domain is harder to populate. We note the importance
of OCpetro is likely to be most relevant in soils with low OCbio

inputs or relatively old 14C mean ages, which could be particu-
larly important in deep soils (Rumpel and Kögel-Knabner, 2011;
Shi et al., 2020).

Widespread OCpetro input to global soils

To assess a potential, wider input of OCpetro into soils, we use the
ISRaD database (Lawrence et al., 2020) (see Supplementary
Information). All database samples used have reportedΔ14C val-
ues and measured (not extrapolated or modelled) [OC] (Fig. 2a).
We characterise the parent material for each geo-located profile
from the global lithological map database (GLiM) (Hartmann
and Moosdorf, 2012) if no parent material is specified in the
database (79.4 % of entries). The soil radiocarbon profiles are
split into sedimentary (SED) (80.9 %) and igneous (IG) (19.4
%) parent material, with 557 soil profiles and 2978 radiocarbon
measurements (Supplementary Information) (Fig. 2e). There are
more SED profiles (397 profiles, 2260 measurements) than IG
profiles (160 profiles, 718 measurements), broadly mirroring
the fact that ∼60 % of Earth’s terrestrial surface is composed
of sedimentary rock (Hartmann andMoosdorf, 2012). An impor-
tant caveat is that we do not capture all Quaternary deposits such

Figure 1 Rock organic carbon imprints on organic carbon concentration (OC) and radiocarbon activity (Δ14C). (a) Samples from Taiwanese
soils, Andes and Himalayan rivers, and black shale weathering profiles where OCpetro inputs are known, with linear fits through data shown.
(b)Binarymixingmodel (lines) betweenOCbio (Δ14C=þ200‰) andOCpetro (varying from1% to 0.1%of total OC,Δ14C=−1000‰). Thegrey
shaded area is where>50%of total OC is OCpetro. (c) Samples whereOCpetro is absent: soil fromHawaiian Pololu lava flow and Icelandic river
samples draining basalt.
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as loess or ashfall, which are important parent materials for soil
(Baisden and Parfitt, 2007). Rather than filter the database fur-
ther, we note some of the SED samples on loess or ashfall
may have very low OCpetro inputs.

Despite the complexities inherent in any global soil
assessment (Lawrence et al., 2020), characterising samples from
ISRaD as from either SED or IG sites reveals patterns which can
be accounted for by OCpetro inputs. First, the median and lower
quartile Δ14C values of SED samples are lower than IG sites
(Fig. 2c, Table S-2). Second, the distribution of SED and IG soil
Δ14C values are significantly different at the 0.05 level
(Kolomogorov-Smirnov Test). Third, the calculated profile-
averaged Δ14C values and modelled mean soil age are signifi-
cantly different between SED and IG profiles (p > 0.05,

Supplementary Information section 1.3). Finally, the SED samples
that reach lower Δ14C values (Fig. 2c) define the grey zone sug-
gested by a binarymixingmodel (Fig. 1b). IG profiles do not com-
monly reach this range of compositions, with the 14C depleted
samples either having retained higher % OC, or remain fairly
14C-enriched (Δ14C>−200‰) asOC is lost, i.e. have a shallower
trajectory between 1/[OC] and Δ14C (Fig. 2d).

Having established potential OCpetro inputs at SED sites,
the radiocarbon data can be used to quantify a maximum permis-
sibleOCpetro input. Todo so,we assume all 14C-depletion is driven
by OCpetro addition (i.e. no OCbio ageing) (Supplementary
Information section 5.1). We calculate an average maximum pro-
portion of OCpetro= 0.38 or 38 % (Fig. 3b) for all SED soils. This
corresponds to an average 0.85 ± 0.1 % OCpetro in soils (Fig. 3c).

Figure 2 (a) The distribution of radiocarbonmeasurements for the SED and IG profiles, with corresponding box plots depicting themedian
andquartiles of the distributions. (b) The depth integratedΔ14C (displayed in‰ and 14C years) vs. modelledmeanages extracted from the Shi
et al. (2020) dataset for the SED and IG profiles. (c) The ISRaD soil horizons from SED soils plotted in 1/[OC] and radiocarbon (Δ14C). (d) The
ISRaD soil horizons from IG soils plotted in 1/[OC] and radiocarbon activity (Δ14C). The grey shaded region defines a zone where mixing of
OCpetro can produce compositions which are difficult to obtain via OC decomposition alone (Fig. 1b). (e) Locations of samples where direct
measurement of OCpetro inputs have been identified (diamond, triangle), and soil profiles from the ISRaD database on igneous (IG, circles)
and sedimentary rocks (SED, squares).
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This maximum value is reasonable given known OC contents of
sedimentary rocks (Graz et al., 2011; Partin et al., 2013).

Taken together, our analysis places a maximum bound on
the OCpetro content to deep and 14C depleted soils forming on
sedimentary rocks. While this estimation is an upper bound
because OCbio ageing will occur in deep soils (Grant et al.,
2022), and does not consider loss of OCpetro during weathering,
it is a reasonable starting point to understand how incorporation
of OCpetro can influence mean soil age.

OCpetro in soils leads to mean age
overestimation

Input of OCpetro in soils formed on sedimentary rocks is consis-
tentwith patterns in the dataset (Fig. 2c, d). If OCpetro contributes
to deep soils, how much could it alter carbon residence times
based on 14C measurements? To provide a first constraint, we
reconsider the Shi et al. (2020) global weighted Δ14C accounting
for a fraction of OCpetro. The mean age in subsoils (30−100 cm
depth) was Δ14C=−391 ± 56 ‰ (∼3970 14C years). Accounting
for our calculated maximum fraction of 0.38 OCpetro could mean
the OCbio age calculated in the Shi et al. (2020) dataset is equiv-
alent to −17.7 ‰, or 150 14C years, a difference of ∼3800 14C
years. Using a more modest mass fraction of 0.10 for OCpetro

would shift the biospheric radiocarbon age younger by 800
14C years (from 3900 to 3100 14C yr). While a 38 % OCpetro con-
tribution is likely an overestimation, the analysis shows that even
modest OCpetro inputs could shift assessments of OCbio resi-
dence time in soils, yet OCpetro inputs are not considered in
global assessments (He et al., 2016; Shi et al., 2020). An “appar-
ent” increase in OCbio age by failing to account for OCpetro addi-
tion would imply soil carbon exchange fluxes with the
atmosphere are underestimated. Accounting for the fate of
OCpetro in soils is important for reducing uncertainty on the
present and future role of soils in the anthropogenic carbon
budget.

The input of OCpetro to soils is central to the long-term
carbon cycle. It is important to assess the OCpetro input to soils,
its oxidation during soil formation that can release CO2, and
the potential influence of OCpetro on soil OC stabilisation
mechanisms. We can compare our maximum OCpetro contents
(Fig. 3) from the SED soil profiles from ISRaD to global sedimen-
tary rock OC values (Fig. S-3). These sedimentary rock samples

have higher OC contents than sedimentary soils, suggesting the
widespread loss of OCpetro in global soils (Partin et al., 2013).
Traditionally, OCpetro is considered inert or unreactive on
anthropogenic timescales. However, in Taiwanese soils,
Hemingway et al. (2018) found that ∼67 % of OCpetro was lost
during soil formation, even during rapid erosion which limits
time for soil weathering. This extensive OCpetro oxidation was
attributed tomicrobial assimilation ofOCpetro (Hemingway et al.,
2018). To move forward, we must recognise that, like OCbio in
soil, OCpetro is a continuum of compounds which differ in chem-
istry, linked to the history of past sedimentation, diagenesis, and
metamorphism (Galy et al., 2008; Petsch, 2014) which may have
a distribution of reactivities and residence times in soils.
Radiocarbon measurements suggest that OCpetro contribution
to soils is a global feature and so needs to be considered to prop-
erly constrain soil carbon storage and turnover. Quantifying the
fate of OCpetro in soils is then crucial to understanding the evo-
lution of the long-term carbon and oxygen cycles.
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Figure 3 (a) Themaximumfraction of [OCpetro] is calculated via a binarymixingmodel betweenOCbio andOCpetro in the globally distributed
soil profiles (ISRaD database). (b) A histogram of the maximum fraction of OCpetro values for each soil sample. The mean fpetro is 0.38 ± 0.01,
themedian value is 0.36. (c) A histogram of calculatedmaximumOCpetro (wt. %) in each SED soil horizon. The average is 0.85 ± 0.1 wt. %OC
and the median is 0.19 % OCpetro in SED soils globally.
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