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The oxidation of organic carbon in sedimentary bedrock (petrogenic OC, OCpeto) is increasingly
recognized as a potential source of CO; to the atmosphere. Recent studies provide evidence for
the mobilization and oxidation of OCpeto in sedimentary bedrock during rock weathering. However,
the mechanisms and rates remain uncertain, particularly where overlying soils and vegetation drive
contemporaneous oxidation of recently fixed organic carbon. Here, we quantify OCpero weathering across
a 16 m shale depth profile in a steep, rapidly eroding forested hillslope in the Northern California Coast
Ranges. We report solid and gas phase radiocarbon and stable isotope analyses of samples extracted from
specialized in-situ samplers, and a supporting laboratory incubation experiment of the shale regolith.
OCpetro is removed from the weathered bedrock at a rate of approximately 0.12 gC/m3yr, which is orders
of magnitude lower than the rate of OCpero oxidation we achieved in the laboratory with crushed
samples (557.1 gC/m3/yr). This disparity occurs despite high Oy(g) content across the depth profile,
indicating that physical accessibility of OCpetro can regulate oxidative weathering. There is no direct
radiocarbon evidence of OCpeo oOxidation in COy(g) across the upper 13 m of the weathering profile
during both wet and dry seasons. Instead, vadose zone COyg) production at the site is dominated by
respiration of recently fixed carbon associated with deep rooting. OCpero is clearly mobilized across the
vadose zone during weathering in this rapidly eroding, oxygen-rich, biologically dynamic hillslope, but at
rates far below what can be measured given the contribution of root-derived COy(g).

© 2023 Elsevier B.V. All rights reserved.
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1. Introduction It has been proposed that OCpeso oOXidation rates are gener-
ally rapid where erosion rates are high (Hemingway et al., 2018;
Hilton et al,, 2021) but direct testing of these inferences is im-
peded by the presence of photosynthetically derived, recently fixed
carbon associated with rhizosphere processes, which complicate
interpretation of radiocarbon signatures. Feedbacks between path-
ways of modern and OCpesro OXidation are presently poorly con-

strained (Petsch et al., 2001; Hemingway et al., 2018). Where cy-

Earth’s climate is sensitive to carbon fluxes associated with
bedrock weathering over geologic timescales (Hilton and West,
2020). Organic carbon within sedimentary rocks, here termed pet-
rogenic organic carbon (OCpero), serves as a source of CO; to the
atmosphere when oxidized (e.g. Keller and Bacon, 1998; Petsch et
al., 2000; Bouchez et al., 2010; Soulet et al., 2018; Hemingway et

al., 2018; Horan et al., 2019; Hilton and West, 2020; Soulet et al.,
2021). However, the controls on OCpero OXidation rates and their
sensitivity to climatic and tectonic perturbation are poorly con-
strained due to uncertainty regarding the mechanisms of OCpetro
weathering, i.e. the overall mobilization and loss of OCperro from
rock.

* Corresponding author.
E-mail address: rempe@jsg.utexas.edu (D.M. Rempe).
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cling of modern carbon is driven by roots and rhizosphere pro-
cesses, OCperro mobilization and susceptibility to oxidation may
become enhanced due to accelerated mineral dissolution rates
(Wen et al,, 2021) and/or nutrient acquisition by roots (Murphy et
al,, 2015). Alternatively, OCpesro Oxidation could be modulated by
an active rhizosphere rich in labile low molecular weight organ-
ics, consumption of Oy in surface soils, preservation of anaero-
bic conditions in microporous shales (LaRowe and Van Cappellen,
2011), protection through clay sorption and other soil physiochem-
ical characteristics (Rasmussen et al., 2018), or occlusion in small
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pore spaces that restrict microorganism or oxygen access (Tecon
and Or, 2017).

Constraining the relationship between OCpeto, Weathering and
rhizosphere activity is necessary in uplifting and eroding land-
scapes where substantial biomass exists and is projected to in-
crease as treelines move higher in elevation and latitude (Hansson
et al, 2021; Sharma et al, 2022). Warming alone may also ac-
celerate OCperro Weathering because oxidation rates measured in
exposed sedimentary rocks scale with temperature (Soulet et al.,
2021). These observations raise questions as to the potential accel-
eration of OCperro OXidation associated with climate change, raising
uncertainty around what is already a poorly constrained flux of at-
mospheric CO,.

To date, OCpetro Oxidation has been documented using radiocar-
bon measurements in soils (Hemingway et al., 2018) and exposed
0OC-bearing rock outcrops (Soulet et al., 2018, 2021; Roylands et al.,
2022). At the watershed scale, indirect evidence of oxidation comes
from dissolved rhenium in streamflow (e.g. Horan et al. (2017,
2019); West et al. (2019); Hilton et al. (2021)). Comparatively little
is known about the processes operating in active weathering pro-
files. Here, we leverage unique in-situ observations to investigate
controls on OCper, weathering and oxidation within a rapidly up-
lifting (0.2 mmy/yr, Fuller et al. (2009)) OC-rich (0.6 wt%, Gu et
al. (2020)) argillite weathering profile in a forested hillslope in
Northern California. Previous studies report deep rooting within
the weathering profile (Rempe and Dietrich, 2018), evidence of
substantial oxidation of OC within the weathered bedrock (Tune
et al,, 2020), and depletion of OCpero across vertical cores (Gu et
al., 2020). Therefore, this is a system that appears likely to support
substantial rates of OCperro Weathering. In this context, we address
the following questions:

1. What fraction of CO;(g) generated within the hillslope interior
is sourced from OCpetro?

2. What is the maximum rate at which OCpetro can be oxidized
from this bedrock?

3. How does the in situ rate of OCpe¢ro removal compare to the
maximum possible rate and what limits loss within the hills-
lope?

Through a combination of laboratory incubations, solid and gaseous
phase radiocarbon analyses, aqueous phase carbon isotope anal-
yses, and solid phase elemental chemical analysis, we seek to
quantify the controls on OCpe¢ro mobilization and oxidation dur-
ing active weathering.

2. Methods
2.1. Study area

The study site is an intensively instrumented, steep (approxi-
mately 32°) 4000 m? hillslope, which we refer to as “Rivendell”, in
the Eel River Critical Zone Observatory (ERCZO) (Fig. 1). Rivendell
drains to the 16.8 km? Elder Creek watershed, which is a tribu-
tary to the South Fork of the Eel River in north-central California.
The bedrock at the site is mapped as the Eocene Yager terrane
of the Coastal Belt of the Franciscan Complex (Ernst and McLaugh-
lin, 2012) which contains turbidite sequences of shales, sandstones,
and conglomerates that were buried to depths of less than 5-8 km
in the subduction zone and experienced only low-grade metamor-
phism (Ernst and McLaughlin, 2012).

The Rivendell hillslope is underlain primarily by argillaceous
shale with some minor arkosic graywacke and conglomerate in-
terbeds. Modern erosion rates in the South Fork of the Eel River
watershed are approximately 0.1-0.3 mm/yr and during the Pleis-
tocene, erosion rates may have been as high as 0.3-0.4 mm/yr
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(Fuller et al., 2009). In the Elder Creek catchment, modern ero-
sion rates are slightly higher at 0.28 mm/yr, possibly due to deep-
seated landslides (Fuller et al., 2009). The argillite parent bedrock
at Rivendell contains quartz (24.8 wt%), albite (21.9 wt%), chlo-
rite (18.3 wt%), smectite (12.6 wt%), illite (7.4 wt%), kaolinite
(3.5 wt%), and carbonate (2.2 wt%) minerals, as well as organic car-
bon (0.6 wt%) (Gu et al., 2020). Soils across the hillslope are thin
(0.5-0.75 m). The underlying bedrock is deeply weathered at the
hillslope divide (25 m) and the thickness of weathering decreases
downslope to approximately 4 m near the channel (Rempe and
Dietrich, 2014). Carbonate dissolution and pyrite oxidation fronts
approximately coincide with the base of the weathering profile and
are associated with a sharp change in porosity (Gu et al., 2020).
Inorganic carbon contributions from carbonate solubilization and
sulfide oxidation are considered further below.

The Mediterranean climate of the site is characterized by cool,
wet winters and warm, dry summers. Nearly all precipitation oc-
curs as rain within a 5-6 month window (December to May). The
mean annual precipitation is 1,800 mm/yr, mean annual tempera-
ture is 13 °C and daily average temperatures range from 0 (Decem-
ber) to about 20°C (August) (Salve et al., 2012; Hahm et al., 2019).
The old-growth forest canopy is composed of a mix of Douglas-fir
(Pseudotsuga menziesii), Pacific madrone (Arbutus menziesii), tan oak
(Notholithocarpus densiflorus), and live oaks (Quercus wislizeni and Q.
chrysolepis) with very little understory.

2.2. Gas sampling and analysis

Gas samples are collected from a unique Vadose Zone Moni-
toring System (VMS), which is comprised of sensors and samplers
installed within two inclined boreholes that traverse the length of
the weathering profile (Fig. 1). Discrete water and gas samplers
are distributed throughout the unsaturated, fractured bedrock. At
Rivendell, the VMS is comprised of two parallel units with one
containing perforated gas sample tubing embedded within 10 pas-
sive suction lysimeters that are each 1.25 m long. The other
VMS sleeve houses flexible time-domain-transmission (TDT) sen-
sors which measure temperature and water content. Most VMS
ports are within the unsaturated zone, but some are located be-
low the water table and therefore sample groundwater (see Table
S1 in Tune et al., 2020). The Rivendell VMS is described in Tune et
al. (2020) and the functioning of the VMS samplers are described
in Turkeltaub et al. (2015) and Dahan et al. (2009).

Sample collection for CO,, O,, and CO; carbon isotopes oc-
curred during September 2018 and March 2019 to encapsulate sea-
sonal variations in subsurface water content. In September, water
contents throughout the bedrock vadose zone are at a minimum
after months of little to no precipitation. In March, water contents
are near a maximum. CO; (g) and O (g) were measured in the field
using a Quantek Instruments Oxygen and Carbon Dioxide Analyzer
(Model 902P) by pumping gas at approximately 300 cc/s through
the gas sampling tubing in the VMS. The O, sensor was calibrated
before and during each sampling campaign. The CO, sensor was
calibrated by Quantek Instruments. Measurement errors are +0.2%.

Samples for radiocarbon analysis were collected in evacuated,
400 ml canisters by pumping air from the VMS using the Quan-
tek until CO, concentrations stabilized, turning off the pump and
closing off the tubing to the pump, and then opening the sampling
container to collect the pore space gas from the sampling line. Du-
plicate samples were collected at two depths during each of the
sampling campaigns. After equilibrating, the sample container was
closed, stored for transport, and analyzed at the University of Cal-
ifornia, Irvine at the Keck Carbon Cycle AMS facility. Carbon yields
ranged from 1.1 to 5.8 mg-C. Fraction modern carbon, Fy, values in
Table 5 were corrected for 13C as reported by the UC Irvine AMS
facility.
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Vadose zone monitoring system

-0.6 bar vacuum applied to water samplers
VMS Control

Fig. 1. Location of the vadose zone monitoring system (VMS) and wells in the Rivendell hillslope. Well 15 is located at the ridge of the hillslope, well 10 is near the VMS,
and wells 14 and 3 are located mid-slope. A schematic of the VMS is shown to the right, with the sampling port construction illustrated as an inset. The figure is adapted

from (Tune et al.,, 2020).
2.3. Solid phase geochemical analysis

Solid samples were obtained from the material recovered dur-
ing drilling and installation of the VMS in October 2015. Sub-
samples were analyzed for carbon isotopes at the University of
California, Irvine at the Keck Carbon Cycle AMS facility. Separate
(~50 grams each) subsamples were analyzed for concentrations of
major oxides, minor elements, organic and total carbon, and sul-
fur at Bureau Veritas, Inc (Canada). Samples were first dried and
sieved to an 80-mesh for disaggregated samples and a 200-mesh
for pulverized rock samples. Volatile content such as organic mat-
ter was determined by loss on ignition (LOI). Elemental composi-
tion was characterized using inductively coupled plasma emission
spectroscopy (Spectro Ciros/Arcos) after lithium-borate fusion and
dissolution in nitric acid. Total C and S were determined using an
elemental analyzer (LECO CS230). Organic carbon was reported as
the total carbon less graphite carbon and CO;.

Samples of solids from wells 3, 10, 14, and 15 were also ana-
lyzed for major oxides, minor elements, organic and total C and S
and the results are published in Gu et al. (2020).

2.4. Determining OCpe¢ro content in the solid phase

A binary source model (Hemingway et al., 2018) was used
to constrain the maximum amount of OCpetro (Xpetro) that could
contribute to the observed 'C concentrations in the solid phase
(14Csolid):

Fn

Fpio

Here F,, is the fraction modern carbon in a sample at a depth of
interest, and Fp;, is the fraction modern of recently biologically
produced OC. We did not directly measure Fp;, and assume Fp;, =
1.03314, the highest 4CO3 sy constrained by our diffusion model
(see Section 2.7 and Fig. 3). Fy, is converted to A'#C using Equa-
tion (2), which is derived from Stuiver and Polach (1977)

(1)

Xpetro =1-

A1AC = (Fire199-9/8267 _ 1) 4 1000 (2)

where y is the year the samples were measured (2018 or 2019).
2.5. Solid phase porosity and bulk density

Samples recovered via drilling were a mixture of chips of rock
and fine grained material. Analysis of bulk density and matrix
porosity was limited to competent chips of rock. Thus, these mea-
surements exclude the porosity associated with the fractures or
any fine grained weathering products that occupy fractures. We
used a helium pycnometer (Micromeritics AccuPyc II 340) and an
envelope density analyzer (Micromeritics GeoPyc 1360) to measure
effective porosity, grain density, and bulk density. Duplicate mea-
surements of the same sample showed a standard deviation of 1.1%
while repeat measurements of different samples from the same
depth showed a standard deviation of 1.5% (Pedrazas et al., 2021).
We estimate the porosity due to fractures beneath 8 m to be 5%
(Gu et al.,, 2020) and calculate the total bulk density (o) as:

M) 4005

pT=095< 3)
where pr is the total bulk density including the assumed fracture
porosity, p4 is the bulk density from the AccuPyc method, and pg

is the bulk density from the GeoPyc method.
2.6. Rates of OCpetro weathering

From this point forward, we use the term “OCpesro Weathering”
to encapsulate all pathways by which OCpe¢r, is removed from the
solid phase across the in-situ weathering profile, i.e. before weath-
ered bedrock is incorporated into shallow soils. This includes both
oxidation (conversion to CO;) and solubilization mechanisms, and
is consistent with the sustained release of organic matter from
sedimentary rocks documented in prior flow-through column ex-
periments (Schillawski and Petsch, 2008). We use the solid phase
OC concentrations from two deep VMS samples (12.9 and 16.1 m)
to calculate the rate at which OCpe¢ro is weathered from bedrock.
The radiocarbon content of both samples is extremely low (A14C <
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-900%o), indicating that modern surface inputs are negligible. The
weathering rate (Rps) in gC/m3/yr is then the product of the rock
uplift rate (€, m/yr) and the difference in OC concentration (weight
fraction multiplied by bulk density, p, gC/m3) divided by the dis-
tance between the two samples (AZ, m). This is equivalent to nor-
malizing the difference in OC concentration between two depths to
the time the rock spent transiting that distance, assuming a steady
state uplift rate. The same calculation is applied to deep samples
from several of our wells (Fig. S1), however, radiocarbon content is
not available to confirm negligible input from surface derived OC
in these samples.

In addition to Ry, we report the mass depletion of OC (toc)
throughout the weathering profile (Eq. (4)). To calculate toc, we
reference changes in concentration of the mobile element (OC) to
an assumed immobile element (Ti), while accounting for weather-
ing derived changes in element concentrations.

CocwCrip

Toc = 1 (4)

Coc,pCri,w

where C is the concentration (weight percent) in the parent (p) or
weathered (w) rock. We use the analysis of blanks to propagate
error through Equation (4). Loss of OC is signified by negative val-
ues of Tpoc and enrichment is signified by positive values of 7gc.
The deepest VMS sample (16.1 m) is used to represent the par-
ent rock for our toc calculation, because it is located below the
carbonate weathering front, contains pyrite, and shows negligible
radiocarbon. We also report the parent rock OC concentration av-
eraged across several wells and the stream bed by Gu et al. (2020),
but we elect to use our deep VMS sample in Eq. (4) because we
can directly confirm negligible surface derived OC via radiocarbon
analysis.

2.7. Shale incubation experiments

Incubation experiments were conducted on weathered bedrock
samples. Following the incubation procedure of Liu et al. (2019),
gas-tight valves were installed in 473 mL glass jars using polyethy-
lene tubing through bulkhead fittings in the lids. Leakage during
and prior to the experiment was tested with CO,-free air. Visi-
ble roots were removed, but beyond this no further interventions
were employed to mitigate microbial activity. This is consistent
with common practice in soil incubation studies and allows for
naturally occurring biomass to contribute to the oxidation of labile
OC. Mixed size samples were crushed in order to increase sur-
face area and promote oxidation. Samples that contained only rock
chips were blown clean with compressed air to remove fine parti-
cles on the surface and then crushed. Sufficient water was added
to achieve 60% (w/w) saturation. On average, incubation vessels
contained 442 mL of headspace and 8 mL of water, i.e. a large
air:water ratio.

Headspace CO, was analyzed using a gas analyzer (EGM-5 CO,
Gas Analyzer, PP Systems, Amesbury, MA, USA) at a higher fre-
quency early in the experiment when CO, accumulation was fast
and a decreasing frequency later in the experiment when CO; ac-
cumulation was slower. The entire incubation lasted over a period
of two weeks. After each measurement of the headspace, the in-
cubation chamber was purged with CO,-free air before sealing for
the next analysis.

2.8. Estimating the maximum contribution of oxidized OCpe¢ro to total
C02,(g)

COy,(g) concentrations and isotopic compositions collected from
the VMS reflect a combination of COy (¢) produced at the point of
sample collection and that which has diffused from other depths.
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Hence, for each depth measured, it is necessary to constrain (1)
the amount and isotopic composition of measured CO (g) that was
produced (i.e., respired) at each depth and (2) the maximum pos-
sible fraction of that respired CO (g that is attributable to OCpetro
sources. A diffusion-reaction model is applied for the first task
(Eq. (5)) and a binary source model (Eq. (1)) is used for the sec-
ond. Inorganic carbon contributions to CO (g via sulfide oxidation
and/or carbonate weathering are considered negligible above the
weathering fronts of these minerals (section 3.1).

2.8.1. Diffusion model for 14C of respired CO,

The diffusion-reaction model (Eq. (5)) we employ to constrain
14C activity of respired CO, produced at a given depth is based
on an analytical solution developed by Davidson (1995), which
embeds the original formulations by Cerling (1984) and later ex-
tended by Egan et al. (2019) for 13C and CO,. The approach was
designed for soil (Egan et al, 2019) and relies on a set of as-
sumptions which have been applied extensively in soil profiles (e.g.
Breecker et al. 2012). These are as follows: (1) CO, production
decreases exponentially with depth, (2) there is a lower no-flux
boundary condition, and (3) the CO, profile is at steady state, lead-
ing to an increase in CO; concentration with depth (Cerling, 1984).
The result is that the model only uses the atmospheric CO, value
and the CO; value at the depth of interest (sampled in the field)
to calculate the value of respired CO;, at a given depth, However, it
cannot be applied where concentration gradients are complicated
by violations of these underlying assumptions. In the VMS, this
means that we cannot apply the model across the entire 16 meter
weathered bedrock profile. Only the upper 7 m of the unsaturated,
weathered bedrock profile show a consistent increase in CO (g
concentration with depth (Fig. 2) which adequately resembles con-
centration profiles in soil, albeit over a larger length scale and in
more structured material (weathered rock).

The model can be applied to CO, (g concentrations as well as
the isotope ratios 8'3CO;,(g) and A'COy (5. The latter is possi-
ble due to the slow rate of radioisotope decay (half life of 14C
8267 yrs) compared to the rate of gas transport. The approach
essentially unmixes atmospheric sources from local production by
correcting the bulk measurement for diffusive transport to con-
strain the respired CO; produced at a given depth. The result en-
capsulates all potential respiration pathways (e.g. root respiration,
microbial respiration, OCpesro respiration, and respiration of OC of
varying ages). As will be shown below, the isotopic signatures
of COy, g do not suggest appreciable inorganic carbon contribu-
tions. The assumptions necessary for other widely applied diffusion
models (e.g. Davidson and Trumbore (1995)) also incorporate ex-
ponential decline in production with depth (Cerling, 1984) and are
violated in portions of the profile where CO,, diffusion coefficient
(D), andfor '#C concentrations are very similar between depths.
This is the case for the majority of the VMS with respect to D and
14C (Fig. 2). Therefore, we adhere to the simpler methods outlined
by Egan et al. (2019).

The model of 4C transport from Egan et al. (2019) was used to
determine the 4C of respired CO,:

514 Cs(814Cs — 8.8) — Cq(814Cq — 8.8) s
o 1.0088(Cs — Cq) (5)
where §14 is the radiocarbon delta value of the respired CO, af-
ter accounting for diffusion, C; and C, are the CO, concentrations
in the soil gas and atmosphere, respectively, §14Cs and §'4C, are
the radiocarbon delta values of the soil gas and atmosphere, and
1.0088 and 8.8 are constants that account for the differences in
mass, and therefore diffusion, of *C compared to 12C. We apply
this model to the concentrations and radiocarbon values of each

of the ports (Cs, §14C;) for the two gas phase sampling campaigns.
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Table 1

Parameters used to determine the saturation-dependent diffusion coefficient for modeling.
Well 7 Sample Equivalent Well 7 Well 7 ¢epaxyb Well 7 min. ¢otar Sair.May Qair, Oct. VMS Temp. VMS Temp. D var Disept
Depth Depth in VMS OMay*® Boct.® (Omax + Pepoxy) estimate estimate Mar. Sept.
(m) (m) (-) (-) (-) (-) (-) (-) (°C) (°0) (m?/s) (m?/s)
1.6 14 0.195 0.138 0.05 0.245 0.05 0.11 8.3 14.26 4.81E-07  1.06E-06
2.7 3.0 0.153 0.098 0.05 0.203 0.05 0.11 1157 11.6 491E-07  1.04E-06
41 45 0.158 0.094 0.05 0.208 0.05 0.11 10.59 12.64 4.88E-07  1.12E-06
5.4 6.1 0133 0.147 0.05 0.197 0.06 0.05 1147 11.73 6.27E-07  4.92E-07
4 Values from Schmidt and Rempe (2020).
b Values from Gu et al. (2020).

Table 2

Weathered bedrock chemistry at the VMS.
Depth? Ti Organic Carbon Total Carbon Total Sulfur Tau OC (7oc)
(m) (wt%) (wt%) (wt%) (wt%) (=)
0.5 Above the water table year-round 0.47 0.77 0.83 BDL 0.95 + 0.06
14 Above the water table year-round 0.50 0.35 04 BDL -0.16 + 0.08
22 Above the water table year-round 0.49 0.17 0.22 BDL -0.58 + 0.13
2.8 Above the water table year-round 0.49 0.14 0.18 BDL -0.65 + 0.15
34 Above the water table year-round 0.52 0.21 0.26 BDL -0.52 + 0.11
41 Above the water table year-round 0.53 0.24 0.28 BDL -045 + 0.10
4.7 Above the water table year-round 0.51 0.38 0.42 BDL -0.11 £ 0.08
53 Above the water table year-round 0.50 0.32 037 BDL -0.24 + 0.08
6.1 Above the water table year-round 0.48 0.15 0.18 BDL -0.63 + 0.14
6.7 Above the water table year-round 0.45 0.12 0.16 BDL -0.68 + 0.18
75 Above the water table year-round 0.47 0.18 0.22 BDL -0.54 + 0.12
8.1 Within the water table fluctuation zone 0.47 0.18 0.22 BDL -0.54 + 0.12
9.1 Within the water table fluctuation zone 0.49 0.28 0.35 BDL -0.31 + 0.09
103 Within the water table fluctuation zone 047 0.37 041 BDL -0.06 + 0.08
115 Within the water table fluctuation zone 0.47 0.29 033 BDL -0.27 + 0.09
12.9 Within the water table fluctuation zone 0.46 0.28 0.32 BDL -0.26 + 0.09
14.0 Within the water table fluctuation zone 0.46 0.32 0.36 BDL -0.17 + 0.08
15.1 Within the water table fluctuation zone 0.47 0.37 0.53 0.08 -0.06 + 0.08
15.6 Below the water table year-round 0.46 0.37 0.5 0.18 -0.04 &+ 0.08
16.1 Below the water table year-round 0.47 0.39 0.56 0.10 0 + 0.07
Stream bed” 0.49 0.59 (£ 0.15) 0.71 0.1 0.21

BDL = Below Detection Limit
2 Depth is the average depth below the VMS well head.

b Stream bed rock concentrations from stream bed samples of unweathered rock reported in Gu et al. (2020).

To approximate the value of §'4C, and 813C, in September 2018
(Ca,sept) and March 2019 (Cq mqr) in Northern California, the ob-
servations of Graven et al. (2017) from 2000-2015 in the Northern
Hemisphere were linearly extrapolated to 2018.5 and 2019, result-
ing in A, values of 1.14 and -1.23 and §!3C, values of -8.51 and
-8.52, respectively. Cq sepe Was 408 ppm and Cg prgr Was 410 ppm.
Conversion between A4C and §'4C (Eq. (6)) is derived from Eq.
4 in Donahue et al. (1990) and Eqgs. in Table 1 of Stuiver and Po-
lach (1977). 814C is required for these calculations because Al4C
is corrected for the 8'3C of the sample, which is also subject to
diffusive transport at a different rate due to differences in mass.

-2
Al4C 1— 23
sl4c = (1000“) % —11{ %1000 (6)
1+ To00

2.9. Upward COy (g flux

The flux of COy (;) from weathered bedrock to the surface is
calculated following the procedure outlined in Tune et al. (2020).
Briefly, Fick’s law constrains CO, flux using the CO, concentration
gradient and a calculated diffusion coefficient, D. The diffusion co-
efficient for each depth for the sampling campaigns in September
and March was found using Penman’s equation (Penman, 1940)
using water content measurements from Well 7 in October and
May via borehole neutron and nuclear magnetic resonance logging
(Schmidt and Rempe, 2020). These water contents were extrapo-
lated to the location of the VMS (Table 1), and water-inaccessible

porosity was estimated from epoxy experiments (Gu et al., 2020).
Air-filled porosity was calculated from these two measurements

as: ¢air = (Omax + Pepoxy) — Odate-

2.9.1. Oxidized OCpero contribution to total respired CO production

As shown in Section 2.3 and Eq. (1), the binary model from
Hemingway et al. (2018) was adapted to constrain the maximum
percentage of total gas sample that could be attributed to respired
OCpetro. This is accomplished by assuming Fyj, is equivalent to the
maximum 14C02,resp we measured, such that any F values lower
than this are due to some contribution of OCperro Oxidation. We
acknowledge that this is a coarse estimate, as there are likely ad-
ditional sources of OC that have a variety of ages associated with
them, including aged OC from the soil. However, the simplicity of
this model allows us to constrain an upper limit for the amount of
OCpetro oxidation occurring in the upper unsaturated zone. To ap-
ply Eq. (1) to the gas phase, F; is then set equal to the CO2 (g) resp
constrained by our diffusion model. The rate of OCpesro Oxidation
at each depth is then the product of the total rate of respiration at
each depth and Xpetro.

3. Results
3.1. Solid phase chemistry and porosity

Organic carbon content of the weathered material ranges from
0.12 to 0.77% (Table 2). The highest value is located near the sur-

face of the weathering profile at the soil-bedrock boundary (0.5
m). Values generally decline below this depth and vary across the
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Table 3
Isotopic values for solid phase samples recovered from installation of the VMS.
Depth AMC? Fn B¢
(m) (%) (%)
147 Above the water table year-round -8134 £+ 0.8 0.1881 + 0.0008 -25.1 £ 0.15
3.46 Above the water table year-round -7303 £ 0.8 0.2417 +0.0008 -249 £ 0.15
4.83 Above the water table year-round -739.9 £+ 0.7 0.2623+0.0007 -25.1 £ 0.15
6.3 Above the water table year-round -927.7 £ 0.6 0.0729+0.0006 -25 £ 0.15
7.77 Above the water table year-round -805.3 £ 0.7 0.1963+0.0007 -25.1 £ 0.15
9.42 Within the water table fluctuation zone -966.8 + 0.6 0.0335+0.0006 -25.5 £ 0.15
10.67 Within the water table fluctuation zone -987.8 £ 0.5 0.0123+£0.0005 -25.7 £ 0.15
11.76 Within the water table fluctuation zone -935 £+ 0.6 0.0655+0.0006 -253 £ 0.15
1411 Within the water table fluctuation zone -9704 £ 0.5 0.0299-+0.0005 -25.8 £ 0.15
1541 Below the water table year-round -979.5 £ 0.5 0.0207+0.0005 -25.9 + 0.15
2 + AMS analytical uncertainty.
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Fig. 2. Depth profiles of weathered bedrock properties at the location of the VMS. The dark shaded region in the figure denotes the depths at which the weathering profile
is below the maximum depth of the water table and the lighter shaded region denotes the depths where the water table rises and lowers seasonally. A) CO, (g results
from the September, 2018 and March, 2019 sampling dates. B) Total, organic and petrogenic carbon content of the solid phase recovered from VMS installation along with
Toc. C) Respiration rate of incubation experiments for various depths and materials at hour 230 for each incubation (Table 4.) Note that respiration rates from incubation
experiments are reported in gC/m?[yr for comparison to estimates from the depth profile. D) Radiocarbon concentrations of solid and gas phase samples. A'4C values of gas
samples in September and October are very similar and appear to plot on top of each other in this figure.

profile. Three minima are observed at 2.8 m (0.14%), 6.7 m (0.12%)
and 12.9 m (0.28%). At the base of the weathering profile (16.1
m), the organic carbon content is 0.39%. Generally, Toc calcula-
tions show little to no depletion of OC in the permanently satu-
rated zone, up to 68% depletion (4 0.18) in the interval below the
root zone where the water table seasonally fluctuates, and non-
monotonic depletion and accumulation within the bedrock root
zone (Fig. 2). Mobile soils show depletion.

Carbon measured in the deepest VMS solids is radiocarbon dead
(Table 3). This is because the age of OCpetro far exceeds the half
life of radiocarbon. Above 9.4 m, A'C increases, varying between
-927.7 and -730.3%. over the depth interval spanning 7.7 - 1.5 m
(Fig. 2). Both A4C and organic carbon concentrations increase to-
wards the surface. Roots extend to at least 8 m at the location of
the VMS (Rempe and Dietrich, 2018; Tune et al., 2020). Therefore,
the solid phase samples in the upper 8 m of the weathering pro-
file likely include more recently fixed mineral-associated OC, root
matter and other younger organic sources.

We observe a depletion in OCpero content of the rock from 16.1
to 12.9 m and again from 10.3 to 6.7 m. The decrease from 10.3 to
6.7 m is complicated by the addition of younger organic carbon as
indicated by a change in A'#C (Fig. 2) and the departure of calcu-
lated OCperro content from total OC content (Fig. 2B). From 16.1 to
12.9 m, where solid phase OC concentrations decrease from 0.39 to
0.28% C with shallowing and there is little to no modern 4C, we
calculate an OCperro Weathering rate of 0.12 gC/m3/yr (section 2.6)
using a local uplift rate of 0.2 mm/yr (Fuller et al., 2009).

Across the hillslope, the depletion of OC in the near-surface
begins near the weathered-unweathered rock boundary at depths
where the water table rises and lowers seasonally (Fig. S1). At
these depths the VMS samples indicated negligible modern OC.
Several other wells were drilled across this transition zone (see
Fig. 1 and Fig. S1) and OC contents are reported by Gu et al. (2020).
OCpetro Weathering rates in these locations are slightly higher than
in the VMS, yielding 0.21 gC/m3/yr at the lower mid-slope posi-
tion (Well 3), 0.40 gC/m3/yr at the mid-slope position (Well 14),
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Weathered bedrock incubation experiments. Linearly interpolated values of the raw incubation data for CO; flux over time are reported in Table 4. Table 4 reports the results
of the incubation experiments for all depths for up to 9.5 days, after which the respiration rate exponentially declined. Fig. 2 reports these respiration rates with depth for

the incubated bedrock chips at 9.5 day (230 hrs) for the chips both with and without the fines removed.

Cumulative time incubated (hr)

0 24 48 72 120 168 230
Material Depth Replicate CO; oxidation rate
(m) (gC/m? Jyr)
Rock chips and fines 14 No 0.0 10394 1264.1 1939.7 11323 849.6 830.0
Rock chips and fines 22 No 0.0 570.6 285.3 393.0 7413 826.7 548.6
Rock chips and fines 4.7 Yes 0.0 613.6 373.9 1292.0 1060.2 681.8 595.4
Rock chips and fines 4.7 Yes 0.0 5421 507.5 750.4 12434 759.3 558.5
Rock chips and fines 4.7 Yes 0.0 498.9 295.0 674.8 1238.2 11291 654.1
Rock chips 4.7 Yes 0.0 1467.5 729.5 605.3 684.1 7229 627.5
Rock chips 4.7 Yes 0.0 1422.7 622.4 542.0 582.0 638.5 5414
Rock chips and fines 5.7 No 0.0 406.4 292.7 326.0 637.6 3744 313.8
Rock chips 5.7 No 0.0 505.8 286.7 2283 254.2 440.3 500.3
Rock chips and fines 75 No 0.0 531.6 326.3 368.1 677.0 785.4 520.0
Rock chips and fines 104 No 0.0 380.3 295.7 561.6 602.4 355.5 296.9
Rock chips 104 No 0.0 1538.2 844.5 728.9 7313 701.2 605.7
Rock chips and fines 13.7 No 0.0 824.8 604.4 830.8 994.0 665.6 5329
Rock chips 13.7 No 0.0 1379.3 960.8 869.8 912.5 846.4 626.2
Rock chips and fines 15.8 Yes 0.0 2942.0 1521.2 1418.0 759.8 691.3 7414
Rock chips and fines 15.8 Yes 0.0 2164.1 17153 1469.6 925.5 696.5 692.2
Rock chips 15.8 No 0.0 1003.0 550.1 639.9 469.7 3975 373.0
Table 5
Carbon isotopic and concentration values for the gaseous phase.

Depth  AM(? Al Fp® F? si3c si3¢ COy,(g) CO2,(g) 02,(g) 02.(g)

Sept. 2018 Mar. 2019 Sept. 2018 Mar. 2019 Sept. 2018 Mar. 2019 Sept. 2018 Mar. 2019 Sept. 2018 Mar. 2019
(m) (%) (%) (%) (%) (%) (%) (%) (%)
14 19 £ 18 242 £ 17 10274 £ 0.0018  1.0327 + 0.0017  -209 £ 0.15 -23.1 £ 0.15 237 1.62 191 18.6
3 173 £ 1.7 179 £ 1.7 1.0257 £ 0.0017 1.0265 £ 0.0017 -22.6 £ 015 -232+015 464 2.76 16.8 16.4
3 NaN 98 +£2 NaN 1.0182 + 0.002 NaN -234 + 015 NaN 2.76 NaN 16.4
4.5 231 £ 1.7 176 + 1.7 1.0316 £+ 0.0017 10262 £+ 0.0017 -239 £0.15 -23.6 £0.15 5383 4.78 15.6 11
6.1 216 £ 1.8 146 + 2 1.0301 + 0.0018 1.0231 + 0.002 -231 £ 0.15 -228 £ 015 91 757 133 5
6.1 18.2 + 1.8 23 + 1.8 1.0266 + 0.0018  1.0315 £ 0.0018  NaN -228 £ 015 NaN NaN NaN NaN
7.7 26 + 19 245+ 1.7  1.0344 + 0.0019  1.033 £ 0.0017 -23.6 £ 015 -229 £ 0.15 10.24 7.45 12.9 7.2
9.3 247 £ 1.7 278 + 1.7 1.0332 £ 0.0017  1.0364 £+ 0.0017 -23.8 £0.15 -23 +0.15 9.05 7.28 13.6 6.8
9.3 28.7 + 1.8 NaN 1.0372 £ 0.0018  NaN -238 +£ 015 -23 £ 015 9.05 7.28 NaN NaN
10.8 25 + 1.7 248 £ 1.7 10334 + 0.0017  1.0333 + 0.0017 -23.7 £015 -232+015 8 7.28 141 7.6
12.2 25.7 £ 1.8 195 £ 1.6  1.0342 £ 0.0018  1.028 + 0.0016 -241 £ 015 -23.7 £ 015 691 6.97 14.5 8.9
13.7 217 £ 1.8 212 £ 17 1.0301 + 0.0018 1.0297 £ 0.0017 -242+015 -238+015 6385 6.56 144 9.2
15 -1748 £ 1.5 Saturated 0.832 + 0.0015 NaN -26.1 Saturated 1.99 Saturated 3.1 NaN

2+ Analytical uncertainty.

0.12 gC/m3/yr at the upper mid-slope position (VMS), and 0.24
gC/m3/yr at the top of the slope (Well 15).

3.2. Incubation of bedrock chips

OCpetro is respirable at all sample depths at the position in the
weathering profile did not influence the respiration rate (Fig. 2).
In addition, there was no appreciable difference in respiration rate
between incubation experiments of shale chips alone (average 550
+ 100 gC/m3/yr, n = 6) and bulk material that contained both
shale chips and clay particles (average 570 + 160 gC/m3/yr, n
= 11). The respiration rate varied from 296.9 to 830.0 gC/m3/yr,
with a mean of 557.1 gC/m3/yr. Respiration rates were measured
in units of pgC/g-dry-soil/hr and converted to units of gC/m3/yr
by assuming a density of 2.65 g/cm3. This value is consistent with
the bulk density of the solid phase samples recovered from the
VMS (Table S1).

These incubation experiments were designed to constrain
CO3,(g) production through time rather than the radiocarbon con-
tent of the respired COy (), and hence we cannot definitively rule
out contributions of modern, surface-derived carbon to these rates.
However, we observe no systematic trend in rate as a function
of the depth from which the sample was obtained despite the
fact that total solid phase OC contents increase substantially in

the upper 2 m of the weathering profile (Fig. 2). Furthermore,
we observe a relatively stable rate of COj (s production across
all samples beyond the first 24 hrs of incubation, suggesting ox-
idation of a relatively constant organic carbon source rather than
rapid consumption of a small labile pool. In total, we take these
observations as evidence that the respiration rates constrained in
batch incubations of shale rock chips are reflective of petrogenic
carbon oxidation under optimized conditions.

3.3. Gas phase radiocarbon

Gas phase A'#CO, from sampling campaigns in September
2018 and March 2019 capture the end-members of water content
and temperature for the weathering profile (Fig. 2 and Table 5). In
September, the subsurface water content in weathered rock is low
and subsurface temperature is high, whereas in March, the subsur-
face water content is high and temperature is low (Table 1, Tune
et al. 2020). Across both sampling campaigns, A4C0O; g fell be-
tween 9.8 and 28.7%. in the year-round unsaturated (1.5 to 7.7 m)
and seasonally saturated (7.7 to 13.7 m) zone (Fig. 2). We note
that these values are slightly higher than the contemporaneous
atmospheric A14C02,(g). suggesting respiration of OC that was in-
corporated into the weathering profile over approximately the last
decade (based on the same linear extrapolation of Graven et al.
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(2017) as in section 2.8.1). In the seasonally saturated zone (15 m
and below), ACO; (4 was -174.8% at 15 m depth during the
September sampling campaign. This depth (15 m) could not be
sampled during the March sampling campaign due to complete
water saturation of the sampling port. The sampling port at 15
m is unique not only because it is within the saturated region, but
also because it samples gas and water from unweathered bedrock
where there is an abrupt increase in inorganic carbon and pyrite
(Fig. 2, Table 2). The porosity and geochemistry of the unweathered
rock is significantly different from the weathered bedrock (Gu et
al,, 2020). Thus, we cannot rule out the contribution of inorganic
carbon dissolution to the observed -174.8% A4CO; (g at 15 m
depth.

3.4. Gas phase transport modeling

Eq. (5) is applied to the upper 7 m of the weathering profile to
estimate the isotopic values of respired COy (COg resp, Fig. 3). The
value of COyresp differs from the pore space that is sampled in
the field (CO2,(g)) and measured in the laboratory (CO2 meqs) due
to isotopic mass differences that result in unique diffusivities of
12C02‘(g), ]3C02y(g), and ]4C02,(g). In March, AMCOzyresp is lower
than A”COz,resp in September at 4.5 and 6.1 m, indicating that
older organic carbon sources may be respired when the subsurface
is wet and O, (g) is lower. In September, A'COy yesp values do not
exhibit a clear trend with depth while in March, Al CO2 resp values
decrease with depth indicating a greater contribution of COy ()
produced from older OC sources.

Less than 1% of the total COjesp could derive from OCpetro
based on the binary model used by Hemingway et al. (2018) (sec-
tion 2.9.1; Fig. 4). This is true across both sampling campaigns. In
March, when the subsurface is approaching maximum water con-
tents, there is an increase in COp resp from 1.5 to 6 m for which
the fraction attributed to OCperro Oxidation could be 0-0.99% (4
0.014% propagated error). In September, when the subsurface is
approaching minimum water contents, the maximum contribution
of OCpetro Oxidation to CO2 resp has a narrower range (0.17 - 0.74%)
and is greatest between 1.5 to 3 m.

This small fractional contribution of OCpetro oOxidation in the
upper weathered bedrock vadose zone could constitute as much
as 0.36 gC/m3/yr at any one depth. Integrated from 1.5 to 6 m, this
represents an OCperro OXidation flux of 0.47 gC/m?[yr in March and
0.87 gC/m?/yr in September. Note here oxidation rates of OCpetro
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Fig. 4. Estimates of maximum possible OC(petro) oxidation in the upper 7 m of
unsaturated, weathered bedrock. (left) The maximum fraction of CO;(g) that could
originate from the oxidation of OCpetro based on the diffusion-corrected ”COzyresp
values. The amount of COz(g) from OCpero is shown as a fraction of total COy(g).
(right) The maximum amount of OCpetro that could be oxidized at each depth if
total respiration is equally distributed between each depth interval (%C0O3 (g from
OCpetro X CO2 production rate). The shaded regions are the OCpero OXidation rates
considering an air-filled porosity between 5 and 10%, as reported in Tune et al.
(2020). The lines are the OCpetro rate from the calculated air-filled porosity shown
in Table 1.

for a volume of rock at one location are expressed as gC/m3/yr
while fluxes over a depth interval are given in gC/m?/yr. These
estimates of OCperro OXidation are roughly comparable to our es-
timates of OCperro Weathering in the lower portion of the bedrock
vadose zone calculated from the solid phase analysis. Furthermore,
in March, the gaseous flux of COy() from the weathered bedrock
to the atmosphere constrained by the CO, concentration gradi-
ent is only a portion of the total CO, respired in the subsurface.
The remainder is solubilized and transported in the water draining
through the weathering profile (Tune et al., 2020).



A.K. Tune, ].L. Druhan, C.R. Lawrence et al.

4. Discussion
4.1. OCpetro removal in weathered bedrock

We estimate an OCpero Weathering rate of 0.12 gC/m3/yr at the
base of the VMS based on the change in solid phase OC content
with depth (Table 2) and the average uplift rate for the site (0.2
mmy/yr (Fuller et al., 2009)). This value is comparable to estimates
of 0.21, 0.40 and 0.24 gC/m?3/yr in Wells 3, 14, and 15, respectively.
The variability across these locations may be attributed to hetero-
geneity in the OC content of the slightly metamorphosed turbidite
sequences composing the bedrock. For example, the radiocarbon
dead OC content measured at the base of the VMS (0.32-0.39 w.t.%,
Table 2) is lower than the parent rock OC content of 0.5940.15
w.t.% reported by Gu et al. (2020) and falls outside of their 1o
standard deviation based on boreholes collected across the hills-
lope and from the Elder Creek stream bed. However, it is unlikely
that this heterogeneity could create the observed significant and
systematic change in OC concentration with depth across all of our
drill cuttings. Systematic decreases in organic carbon are observed
in shale weathering profiles despite the presence of parent rock
heterogeneities (e.g. Pedrazas et al., 2021; Gu et al., 2020).

Using the documented uplift rate and the calculated OCpetro
weathering rate of 0.12 gC/m?3/yr, we estimate that 13% of OCpetro
originally present in the bedrock is delivered to the soil surface.
The incorporation of aged modern OC which originated from the
surface limits our ability to confirm this estimate (Fig. 2). However,
it suggests that OCperro delivery to soils from the deeper weather-
ing profile is feasible and could occur at the site. In the central
range of Taiwan, Hemingway et al. (2018) found that the major-
ity of OCpetro loss occurs within soils in steep, forested mountain
terrain (Hovius et al., 2000). Here, our observations demonstrate
that there is significant loss of OCperro in the rock deeper in the
weathering profile before it is converted to soils.

This rate of OCperro Weathering from the bedrock is calculated
as a difference in OC content between two solid phase samples
at depths below the influence of modern OC inputs and is there-
fore independent of any specific definition of unweathered bedrock
composition. While solids from the base of the VMS appear to be
unweathered (i.e. fresh) bedrock based on pyrite content, it is pos-
sible that some OC removal may have already occurred in these
samples deeper within the saturated zone. If we were to define
T using the Gu et al. (2020) bedrock composition rather than the
base of the VMS, the deepest sample from the VMS profile would
be -0.31. At present we cannot differentiate between bedrock OC
heterogeneity and removal in the saturated zone, or constrain the
depth interval over which this removal may have occurred. How-
ever, we do note that removal of OCpero in the saturated zone is
consistent with evidence for silicate mineral reactivity in the satu-
rated zone based on stable lithium isotopes and reactive transport
modeling (Golla et al,, 2021, 2022). Additionally, water saturated
conditions promote different carbon degradation pathways (Lavy et
al,, 2019) that may favor OCpetro as a carbon source, and the dif-
fering mechanical strength of organic matter within unweathered
shales has been shown to promote exposure of OCpesro through
fracturing (Daigle et al., 2017). Therefore, we do not rule out the
possibility of OCpero weathering at depths greater than the pyrite
oxidation front.

If we assume that the OCperro removal rate calculated from the
solid phase depletion of 0.12 gC/m3/yr occurs along the length
of the weathering profile (14 m), this would amount to a flux
of 1.68 gC/m?/yr of OCpetro weathered from the bedrock vadose
zone, or 1.68 tonC/km?/yr. We cannot definitively attribute this
OCpetro weathering rate to oxidation, but we can ask if this rate
compares to independent estimates of oxidation based on a linear
correlation between suspended sediment yield and OCpetro OXida-
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tion rate (Hilton and West, 2020). We lack a suspended sediment
load estimate specifically for Elder Creek, but this is a tributary of
the South Fork of the Eel River, which has a historical suspended
sediment load average of 2900 t/km?/yr (Brown and Ritter, 1971).
This value, when paired with our weathering flux of 1.68 gC/m?/yr,
lies outside the linear relationship between OCpetro weathering and
suspended sediment yield that was generated from field observa-
tions at other locations (Hilton and West, 2020). This result should
be contextualized by the fact that the Elder Creek watershed area
makes up only a small percentage of the total South Fork Eel River
drainage basin and therefore has a smaller suspended sediment
yield. In addition, the importance of rapid mass wasting events
to OCpetro liberation is not explicitly considered in the Hilton and
West (2020) trend. The Franciscan Complex underlying our site is
particularly prone to landslides which may be a more efficient way
to remove OCpero from the hillslope at this location.

Our in situ OCpeo weathering rates are orders of magnitude
lower than the oxidation rates constrained by our incubation ex-
periments (average 557.1 gC/m3/yr). At the rate of the incubation
experiments, complete removal of the OCpeso content at the base
of the VMS would occur in 17 yrs. Unsurprisingly, the conditions
of this laboratory incubation promoted OCjetro Oxidation rates that
are enhanced relative to the field, likely due to the greater avail-
ability of oxygen in the laboratory setting and pulverization of rock
chips generating greater surface area. The resulting rate of respi-
ration derived from the incubation experiments (557.1 gC/m3/yr)
should be considered a representative value for the maximum pos-
sible OCperro Oxidation (at 0.6 water saturation, atmospheric oxy-
gen and high surface area). Though clearly artificially induced, this
incubated respiration rate is an important result in that it shows
that respiration of OCpesro is possible at water saturation states
representative of the weathering profile if given sufficient oxygen
and surface area. In-situ conditions that protect OCpesro from oxi-
dation influence field oxidation rates at our site, thus providing an
important constraint for future model development. Field OCpetro
weathering rates are approximately 0.02% that of the incubation-
derived oxidation rates. Furthermore, the in situ OCpetro Weather-
ing rate in our field site is co-located with O3 (g concentrations
that vary between 6.8 and 14.5% (Table 5), though we note this
does not preclude the possibility of micro-environments in which
02, (g) is limited by diffusion. Hence, incubation experiments reveal
that physical exposure of OCpero is necessary to promote oxida-
tion.

4.2. Pathways of OCpetro weathering

We report weathering of OCpetro, however the fate of the mo-
bilized OCpetro remains challenging to determine. It is critical to
identify these removal mechanism(s), because of the implications
for atmospheric CO, and carbonic acid mediated weathering reac-
tions. If OCpetro is oxidized to CO, within the bedrock weather-
ing profile, it could either diffuse upward to the soil and atmo-
sphere or solubilize in water transiting the vadose zone. Alterna-
tively, it is possible that OCpesro could be preferentially mobilized
and even solubilized in the absence of oxidation, as evidenced
by riverine particulate OC draining shale landscapes (Fox et al.,
2020). Dissolved rhenium in Elder Creek suggests that at least
some OCpetro is removed from within the hillslope (Ghazi et al.,
2022). However, the presence of rhenium does not necessarily dis-
criminate between oxidative weathering within the bedrock vadose
zone or other mobilization mechanisms that ultimately remove
OCpetro from bedrock. The rhenium proxy approach used to es-
timate OCpetro OXidation from dissolved rhenium in streams and
rivers assumes that when rhenium is mobilized, OCpero is also
mobilized at the Re:OCpero ratio in the bedrock (Jaffe et al., 2002).
Many studies rely on an additional assumption that this mobilized
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OCpetro is oxidized to CO (e.g., Dalai et al.,, 2002). While the first
assumption is strongly supported by the consistent ratio of rhe-
nium to OCpero throughout different weathering profiles (Jaffe et
al,, 2002; Hilton et al,, 2021), it is unclear if OCpe¢ro is completely
oxidized upstream of the point at which rhenium measurements
are collected in a watershed. This assumption leaves uncertainty
as to the amount of mobilized OCpero that is oxidized within the
terrestrial system.

Where OCpero Oxidation produces a substantial fraction of gas
phase CO;, radiocarbon analysis has been successfully used to fin-
gerprint this signal (Keller and Bacon, 1998). However, the high
production rates of CO, at our site (Tune et al, 2020) resulting
from deep rooting lead to overwhelmingly modern gas to depths
of 14 m across both wet and dry seasons (Fig. 2). This surpris-
ing result is inconsistent with observations of aged radiocarbon in
the CO; () of deep vadose zone gases (Keller and Bacon, 1998) or
as efflux from outcropping OC-bearing rock (Soulet et al., 2021;
Roylands et al., 2022). While a modern CO; () profile does not ex-
clude the possibility of OCpero Oxidation, discerning the signature
of OCpetro OXidation is complicated by concurrent vigorous modern
carbon cycling.

Gas phase radiocarbon measurements at our site show slight
deviations with depth above measurement uncertainty (Table 5).
Among the variety of reasons for this variability, it is possible that
some small contributions of OCpero Oxidation are being recorded.
In the upper 8 m a model inspired by soil radiocarbon studies (sec-
tion 3.4) suggests an estimated maximum contribution of OCpetro
to COresp of 1%, yielding a maximum OCpeo oOxidation rate of
0.36 gC/m>/yr. Although this value is consistent with the rates
estimated from the deeper solid phase VMS and well samples (sec-
tion 4.1), we strongly caution that there are large errors associated
with the attempt to parse oxidation of OCpero in a bedrock vadose
zone overprinted by a much larger modern OC cycle. The approach
assumes two OC end members, one that is petrogenic (radiocarbon
dead) and one that is both recently fixed and modern. The depth
interval over which the model is applied hosts roots. It is there-
fore highly likely that additional ages of OC are respired within
the weathering profile, and this effect would lead to smaller calcu-
lated rates of OCpe¢ro OXidation. More sophisticated approaches for
modeling multiple OC transport, transformation and aging path-
ways are capable of parsing between sources of respired OC that
are aged between radiocarbon dead and recently fixed OC (Druhan
and Lawrence, 2021). However, additional understanding of carbon
transit times in the weathered bedrock environment would be re-
quired before applying such a model to this system.

These challenges limit our ability to draw direct comparisons
between rates of OCpesro oOXidation reported for exposed OC-
bearing rock and our soil mantled, forested weathering profile.
The OCpetro removal rates we report are approximately one or-
der of magnitude lower than radiocarbon-depleted CO3 (g fluxes
measured via accumulation chambers installed on outcrops of OC-
bearing rock in New Zealand (Roylands et al., 2022) and France
(Soulet et al.,, 2018, 2021). The differences in measurement tech-
niques and their respective sampling volumes further complicate
direct comparison. If indeed the rate of OCpet oOxidation in the
bedrock underlying a forested hillslope is lower than exposed rock
lacking vegetation or soil cover, then contemporaneous oxidation
of modern organic carbon may play a role in limiting the rate of
OCpetro oxidation. Additionally, our radiocarbon analysis suggests
that a larger OCpero OXidation rate may be supported in the dry
season relative to the wet season at our site. This could poten-
tially be driven by temperature differences as suggested by recent
field evidence for temperature regulation of OCpetro Oxidation rates
(Roylands et al., 2022; Soulet et al., 2021). However, unlike exposed
rock, the weathering profile at our site experiences large seasonal
differences in water content, O3 (g availability, and root activity
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(Tune et al., 2020). Thus, we cannot conclude that any potential
seasonal differences in rates of OCpero OXidation result from tem-
perature differences alone. This motivates further laboratory based
incubation experiments to determine the mechanisms that reg-
ulate OCpero Oxidation as well as additional field studies under
variable environmental conditions. Such comparisons are impor-
tant given potential shifts in land cover over large scales associated
with climate and land use change.

5. Conclusions

Here, we report weathering rates of OCpesro within a hillslope
weathering profile, oxidation rates of OCpero in the laboratory, and
radiocarbon analyses of CO; (g and solid phase samples. OCpetro in
this marine sedimentary bedrock can be respired in a laboratory
setting at rates orders of magnitude higher than the weathering
rate observed in the field. Furthermore, O3 ;) remains high deep
within the weathering profile, particularly during seasonally dry
periods (Tune et al, 2020). Therefore, the low weathering rates
we constrain in-situ are not predicated on an intrinsic inability
of OCpetro to be respired, but rather, the mechanisms that shield
OCpetro from removal processes.

The location and rate of COy production from OCpero OXida-
tion in a hillslope may affect silicate weathering, CO;, fluxes from
the land surface, and dissolved CO; delivery to groundwater and
streamwater. Radiocarbon measurements of CO; (g) were inconclu-
sive in determining OCpetro Oxidized within the hillslope. Instead,
radiocarbon measurements revealed significant respiration of re-
cently photosynthesized OC. Therefore, the rate of OCpero OXida-
tion within the hillslope still requires quantification. Understanding
the fate of mobilized OCpetro, and the partitioning between oxi-
dation in the terrestrial environment and transport of unoxidized
OCpetro, are important for assessing the contribution of OCpetro
weathering to atmospheric CO, over time.

Notably, the modern radiocarbon signature of the CO3 (5 con-
clusively demonstrates that the substantial and dynamic CO, pro-
duction rate reported at depths of 4-8 m in Tune et al. (2020) is
the result of a modern, recently fixed carbon cycle that extends
meters into the weathered bedrock below soil. We highlight that
despite having access to deep vadose zone gases and water, it re-
mained challenging to study the removal and oxidation of OCpetro.
This is likely because oxidation of OCpesro Occurs at slow rates,
while recently photosynthesized OC oxidation occurs at rapid rates.
However, the co-location of rapid oxidation of modern OC and slow
removal and oxidation of OCpeo is likely to be common and is not
isolated to this field site. Root-associated respiration in bedrock is
widespread (McCormick et al.,, 2021) and occurs in regions where
OCpetro-containing shale is present. While rooting in bedrock is
thought to promote weathering (Hasenmueller et al., 2017; Wen
et al.,, 2021), further research is required to examine the interac-
tions between modern carbon cycling and OCjeo weathering in
part because of the limitations of studying two different sources of
organic carbon in the same profile. In order to observe and assess
the controls on OCpetro OXidation in the near surface, additional
tools will be required that can address the disparity in oxidation
rate of differently aged carbon.
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