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Significance

Shale weathering represents a 
key component of the global 
carbon (C) cycle by producing 
carbon dioxide (CO2) through 
oxidation reactions and 
consuming CO2 via carbonate 
weathering. In this contribution, 
we investigate how climate 
forcing controls the partitioning 
of C fluxes associated with shale 
weathering by implementing a 
numerical model that simulates 
the interactions between soil 
respiration and mineral reactions 
under transient conditions. We 
find that large rewetting events 
enhance carbonate weathering 
by stimulating soil microbial 
respiration and controlling the 
delivery of carbonic acid at 
depth. This mechanism is 
important as it represents the 
main pathway for atmospheric 
CO2 sequestration in the 
subsurface. Our findings indicate 
that the potential of shale 
weathering to act as a CO2 sink 
will be altered by climate change.
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Climate forcing controls on carbon terrestrial fluxes during 
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Climate influences near-surface biogeochemical processes and thereby determines the 
partitioning of carbon dioxide (CO2) in shale, and yet the controls on carbon (C) weath-
ering fluxes remain poorly constrained. Using a dataset that characterizes biogeochemical 
responses to climate forcing in shale regolith, we implement a numerical model that 
describes the effects of water infiltration events, gas exchange, and temperature fluctu-
ations on soil respiration and mineral weathering at a seasonal timescale. Our modeling 
approach allows us to quantitatively disentangle the controls of transient climate forcing 
and biogeochemical mechanisms on C partitioning. We find that ~3% of soil CO2 
(1.02 mol C/m2/y) is exported to the subsurface during large infiltration events. Here, 
net atmospheric CO2 drawdown primarily occurs during spring snowmelt, governs the 
aqueous C exports (61%), and exceeds the CO2 flux generated by pyrite and petrogenic 
organic matter oxidation (~0.2 mol C/m2/y). We show that shale CO2 consumption 
results from the temporal coupling between soil microbial respiration and carbonate 
weathering. This coupling is driven by the impacts of hydrologic fluctuations on fresh 
organic matter availability and CO2 transport to the weathering front. Diffusion-limited 
transport of gases under transient hydrological conditions exerts an important control on 
CO2(g) egress patterns and thus must be considered when inferring soil CO2 drawdown 
from the gas phase composition. Our findings emphasize the importance of seasonal 
climate forcing in shaping the net contribution of shale weathering to terrestrial C fluxes 
and suggest that warmer conditions could reduce the potential for shale weathering to 
act as a CO2 sink.

carbon cycling | soil respiration | shale weathering | climate forcing | multiphase transport

Shales significantly contribute to terrestrial carbon (C) fluxes because they represent an 
important reservoir of carbon stored in the form of petrogenic organic matter (OM) and 
carbonate minerals that can be mobilized through weathering (1). Shale weathering occurs 
when rocks become exposed to atmospheric conditions through tectonic uplift and/or 
erosion. Under such conditions, strong chemical gradients extend between the Earth’s 
oxic surface and the bedrock at depth characterized by reducing conditions. The mixing 
of reactants at this interface through gas exchange and meteoric water infiltration stimulates 
a variety of biological and geochemical processes leading to the depletion of shale-associated 
OM, carbonate, and sulfide minerals composing the parent rock (2, 3). While the oxida­
tion of petrogenic OM [also referred to as georespiration (4)] represents a source of CO2 
to the atmosphere (1, 5), carbonate and silicate mineral dissolution driven by respiration 
processes and/or atmospheric CO2 transfers C to the subsurface (6–10). In particular, the 
interaction between soil respiration and carbonate weathering is recognized as an important 
mechanism of atmospheric CO2 regulation at the decadal timescale and a source of base 
cations from land to ocean (11, 12).

Climate forcing plays a key role for weathering as variations in temperature and hydro­
logical conditions modulate ecosystem respiration response (13), influence the thermo­
dynamics of the carbonate system (11) and the kinetics of biogeochemical reactions 
(14–16), and determine the propagation of reactive chemical species in the subsurface 
(17). For instance, enhanced CO2 drawdown from soil to bedrock as well as dissolved 
inorganic carbon (DIC) exports have been evidenced during periods combining soil res­
piration and infiltration events (7–9). Despite the implications of shale weathering for 
freshwater quality (18, 19) and Earth’s climate (20), the accurate quantification of C fluxes 
in the near land surface (or Critical Zone) and, in particular, of the balance between CO2 
produced and consumed by weathering remains a daunting challenge. This limitation is 
in part the result of i) the dominance of carbon cycling in soil which can overprint the 
contribution of weathering processes to C fluxes (21), ii) the multiple geochemical controls 
on pH and CO2 that simultaneously influence the carbonate system [i.e., georespiration, 
oxidation of sulfide minerals, weathering of carbonate and silicate minerals (e.g., refs. 4, 

OPEN ACCESS

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lstolze@lbl.gov
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2400230121/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2400230121/-/DCSupplemental
mailto:
https://orcid.org/0000-0003-0722-8342
https://orcid.org/0000-0003-1788-1900
https://orcid.org/0000-0002-6953-0179
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2400230121&domain=pdf&date_stamp=2024-6-19


2 of 11   https://doi.org/10.1073/pnas.2400230121� pnas.org

15, 22, and 23)], and iii) the multifaceted controls of climate 
forcing. In particular, due to the sensitivity of biogeochemical 
processes to hydrochemical and physical conditions, climate forc­
ing results in distinct seasonal variations in soil heterotrophic and 
root autotrophic respirations (13), activation and/or inhibition of 
weathering reactions through increased availability and/or deple­
tion of reactants (22), as well as positive and negative responses 
of the reactions to temperature.

Unraveling the mechanisms that control the hydrogeochemical 
fluxes of carbon between the atmosphere and the subsurface 
requires a multidisciplinary approach that integrates the descrip­
tion of partially saturated flow, transport of chemical species 
through the gas and aqueous phases, water–rock interaction, and 
soil biological processes. To this end, process-based reactive trans­
port models are key for performing physics-based mass balance 
calculations and for quantitatively interpreting the complex inter­
play between physical, chemical, and biological processes at critical 
interfaces (24, 25). Current modeling approaches focused on 
weathering typically assume steady state and fully saturated flow 
conditions and/or adopt simplified representations of the hydro­
geochemical conditions (26, 27). Furthermore, models integrating 
both descriptions of ecosystem C cycling and weathering-derived 
C fluxes remain rare (28) despite the intertwined effects of these 
processes on global C cycling. To our knowledge, a rigorous assess­
ment of the carbon mass balance that integrates all key compo­
nents and considers the inherently transient aspect of ecosystem 
respiration and weathering as well as the interplay between the 
different compartments composing the subsurface/atmosphere 
interface (atmosphere, soil, and saprolite) is missing.

This study explores how seasonal variations in climate forcing 
(precipitation, heat transfer, and gas exchange) shape the parti­
tioning of inorganic C fluxes in the regolith of carbonaceous shale. 
Here, the regolith refers to the zone overlying fresh bedrock and 
encompassing the soil and weathered rock, which is characterized 
by intense biological activity, rock weathering, and hydrogeo­
chemical exchange of reactants both in the liquid and gaseous 
phases. Based on a field dataset collected at a well-characterized 
field site of a high elevation watershed in Colorado and charac­
terizing the spatial variability and temporal change in biogeo­
chemical conditions in the near-surface of shale, we develop a 
data-driven physics-based model describing the dynamic mass 
transfer of carbon across the regolith. The implementation of the 
numerical model is constrained and validated by the integration 
of depth-discretized measurements on temporal change in gas and 
aqueous phase composition as well as the characterization of the 
spatial distribution of solid phases. Using our model, we provide 
a quantitative interpretation of the fluxes of carbon associated 
with the weathering of shale and the multifaceted controls of 
external forcing. By simultaneously describing soil respiration and 
mineral reaction and their combined effects on C fluxes over a 
continuum and under transient conditions, our modeling frame­
work allows us to study how the rapid cycling of carbon in soil is 
linked to long-term carbon fluxes associated with weathering. 
Fig. 1 presents a visual representation of the conceptual framework 
for the proposed approach including the key multiphase and bio­
geochemical processes controlling the mobilization, transport, and 
sequestration of carbon.

Results

Integration of a Multiphase Dataset in a Unified Modeling 
Framework. To develop the proposed modeling framework, we 
consider a well-instrumented transect located in the East River 
watershed (SI  Appendix, Fig.  S1), a snow-dominated pristine 

mountainous watershed within the Upper Colorado River basin 
(29). The transect is underlain by Mancos shale, a Cretaceous marine 
formation that is broadly distributed in the Western United States. 
The vegetation consists in grasses, forbs, and shrubs representative 
of the regional lower montane life zone. At the catchment scale, 
the coupling between snowmelt, biological processes, and shale 
weathering exerts a strong control on the hydrogeochemical exports 
to the river system (22, 30, 31). Three monitoring wells (PLM1-3) 
were drilled to monitor the hydrogeological, geochemical, and 
hydrochemical conditions.

At our site, the shale has a total organic carbon (TOC) content 
of 1.25 wt% and is enriched with dolomite (13.70 wt%) and pyrite 
(0.90 wt%; SI Appendix, Figs. S1 and S2). Depth-resolved solid 
sampling and analysis show that the regolith extends to a depth of 
three to four meters, which corresponds to the maximum depth of 
the water table. The regolith is characterized by significant depletion 
of dolomite and pyrite and precipitation of secondary minerals (i.e., 
calcite and goethite). Concentrations of the other minerals com­
posing the parent rock (i.e., silicate, clay) are spatially homogeneous 
showing limited weathering (SI Appendix, Fig. S2). The soil horizon 
has a thickness of about 1 m and presents significantly higher TOC 
content and C/N ratio compared to that of the saprolite and the 
parent rock. Such a spatial distribution is due to the accumulation 
of litter/plant-derived OM (here referred to as soil OM) having a 
significantly different composition than the shale-associated OM 
(32). Biogeochemical response to climate forcing was characterized 
in the field using i) water and gas samples collected and analyzed at 
weekly to monthly time intervals from depth-discretized lysimeters 
(33), ii) daily measurements of CO2(g) flux from the soil to the 
atmosphere (this study), and iii) the seasonal change in soil micro­
bial biomass reported by Sorensen et al. (34). Fig. 2 presents an 

Fig.  1.   Schematic illustration of the coupling between soil respiration and 
shale weathering and the associated biogeochemical cycling of carbon. (A) 
Biogeochemical reactions in the regolith are driven by i) the exchange of gases 
at the subsurface/atmosphere interface, ii) the infiltration of meteoric water 
mobilizing labile soil organic matter, iii) the presence of plants, which mobilize 
or take up solutes via root respiration and transpiration, iv) the distribution of 
fossil shale-associated organic matter (i.e., dominant below the soil horizon; 
1 m below the ground surface at the considered field site), v) the microbes 
metabolizing chemical compounds to gain energy (catabolic pathway) and 
growth (anabolic pathway), and vi) the minerals which undergo precipitation/
dissolution reactions. Furthermore, variations in air temperature influence the 
biogeochemical processes in the near-surface. The biogenic CO2 produced in soil 
is emitted to the atmosphere via gas diffusion or sequestered in the subsurface 
via advective transport and biogeochemical processes. (B) Oxygen diffuses 
from the gas phase to the aqueous phase, where it drives the mineralization 
of organic matter and the oxidative dissolution of pyrite. Part of the biogenic 
CO2 generated by microbial respiration and root respiration returns to the gas 
phase. Acidification of the pore water due to carbonic and/or sulfuric acid drives 
the dissolution of carbonate minerals (dolomite in this case).

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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overview of the hydrogeochemical conditions and the exchange of 
reactants at the soil/atmosphere interface.

We use this comprehensive dataset to build the process-based 
model and to constrain the mass balance calculations directly on 
measurements performed in the aqueous, gas, and solid phases. 
Specifically, we integrate the observed spatial distribution of solid 
phases (i.e., mineral and organic matter concentrations) and 
time-dependent changes in external forcing (i.e., local snowmelt 
drainage conditions, evapotranspiration rates, and depth discre­
tized temperature fluctuations) into the numerical model. The 
model mathematically describes the fluid phase dynamics of 
partially saturated flow, the mass transfer of chemical species 
between the liquid and gaseous phases, the transport of aqueous 
and gaseous species, and the biogeochemical processes occurring 
in the soil and the saprolite. Comparison between measurements 
and simulation results presented in Fig. 2 shows that our 
approach allows us to capture i) the spatial distribution of the 
solutes (Fig. 2 A–D; R2 > 0.5), ii) the temporal evolution of the 
CO2(g) concentration in the porous matrix (Fig. 2D; R2 = 0.3), 
iii) the transient change in CO2(g) efflux (Fig. 2G; R2 = 0.83), 
and iv) the temporal evolution of the microbial biomass concen­
tration (Fig. 2I; R2 = 0.93).

Measurements and simulation results highlight strong differ­
ences in the hydrogeochemical conditions of the soil and the sap­
rolite horizons over the vertical extent of the regolith. In particular, 
concentrations of DIC and base cations released from carbonate 
weathering sharply increase below a depth of 1 m (i.e., average 
DIC, Mg2+, and Ca2+ concentrations are 1.46, 0.27, and 0.50 mM 
in soil and 4.30, 1.01, and 1.91 mM in the saprolite, respectively; 
Fig. 2 A–C). This heterogeneous distribution reflects the lower 

influence of carbonate weathering on the hydrogeochemical con­
ditions in the soil compared to that in the saprolite due to deple­
tion of dolomite in the top 1 m. Furthermore, the DIC and base 
cations concentrations remain remarkably steady (Fig. 2 A–C). 
This chemostatic behavior suggests the occurrence of rapid change 
in the biogeochemical reaction rates that allow the system to over­
come dilution effects during large infiltration events induced by 
snowmelt and significant rainfall (Fig. 2F).

Regarding the chemical composition of the gas phase, the 
CO2(g) concentration in the regolith (3,144 ppm on average; 
Fig. 2D) is significantly higher than the atmospheric CO2(g) con­
centration (211 ppm at the altitude of the field site) due to the 
biological processes generating CO2 (i.e., root respiration, het­
erotrophic microbial respiration, and georespiration). Although 
CO2 concentration in the gas phase decreases toward the top of 
the profile because of the mixing with atmospheric air, a clear 
seasonal increase in CO2 gas concentration occurs within the soil 
horizon during snowmelt (Fig. 2D) indicating strong transient 
biogeochemical responses to climatic events [i.e., hot moments 
(35)]. The model shows that this increase is accompanied by a 
decrease in soil pH from alkaline conditions (pH ~ 8.5) to cir­
cumneutral conditions (pH ~ 6.5; Fig. 2E).

Significant CO2 production in soil and biogeochemical hot 
moments are further evidenced by the temporal evolution of CO2(g) 
fluxes between the soil and the atmosphere (Fig. 2G) and the variation 
in soil microbial biomass (Fig. 2I). In fact, both the measured and 
model-computed CO2(g) efflux significantly increases upon snow­
melt, reaching a maximum of 85.55 mol C/m2/y in June. Following 
this peak, the CO2(g) efflux decreases as the soil dries out and remains 
constant throughout fall and winter when water saturation and 

Fig. 2.   Comparison between measured and simulated temporal evolution of the hydrogeochemical conditions in the regolith, exchange of reactants between 
the atmosphere and the subsurface, and soil microbial biomass. (A–E) Spatial distribution of aqueous and gas concentrations of carbon and base cations in PLM2. 
Measurements are shown as monthly average for clarity with error bars indicating the minimum and maximum concentrations. Results for the two other PLM 
wells are presented in SI Appendix. (F) Water infiltration time series. (G and H) Temporal evolution of the gas fluxes at the soil/atmosphere interface. (I) Temporal 
change in soil microbial biomass concentration. The error bars in panel (I) show the total range of the field measurements. Symbols represent the measured 
field data, and solid lines represent the results of the process-based model.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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biological activity are lowest (minimum is 13.12 mol C/m2/y). 
Although the CO2(g) efflux from the soil surface aggregates the con­
tribution of multiple biogeochemical processes releasing and con­
suming CO2 (e.g., soil respiration and carbonate mineral weathering, 
respectively), such a large increase associated with pulse-wetting 
events generally indicates an increase in biological reaction rates, a 
phenomenon known as the Birch effect (36). The onset of the large 
CO2(g) efflux during snowmelt coincides with an increase in soil 
microbial biomass (Fig. 2I), suggesting that heterotrophic respiration 
contributes to the temporal trends of the CO2(g) emissions. 
Furthermore, the relatively smooth temporal evolution of soil micro­
bial biomass and the steady albeit lower CO2(g) efflux during winter 
indicates that microbial activity in soil is maintained under the snow 
cover as snowpack insulation prevents the soil from freezing (34). 
This is in agreement with previous observations made in snow-covered 
soils in subalpine environments (37, 38).

Spatiotemporal Distribution of Respiration and Weathering 
Processes. We use the results of the numerical simulations 
to characterize and compare the spatial distribution and 
temporal variations of the respiration and weathering processes. 
Fig.  3 displays the temporal change in water saturation and 
temperature occurring throughout the year and the resulting 
evolution of the biogeochemical reaction rates at three depth 
intervals within the soil and the saprolite: [0 to 0.5] m, [1 to 
1.5] m, and [2 to 2.5 m].

Fig. 3A shows that water saturation progressively increases with 
depth and undergoes strong variations above 2 m by peaking as a 
response to snowmelt and receding during summer. In contrast, 
subsurface temperature shows smoother fluctuation with maximum 
and minimum values observed in summer and winter, respectively. 

The magnitude of the temperature fluctuation decreases with depth 
due to the thermal conductivity of the porous matrix.

The simulation results indicate that respiration is dominant in 
the shallowest part of the subsurface (i.e., [0 to 0.5] m) in contrast 
to mineral weathering reactions that are strongest below the soil 
horizon (e.g., carbonate weathering is highest within the depth 
interval [1 to 1.5] m). The results also highlight the dominant 
roles of soil heterotrophic respiration (Fig. 3C) and root respira­
tion (Fig. 3D) in controlling the temporal change in CO2(g) efflux 
observed at the soil/atmosphere interface as their rates are signif­
icantly higher than that of other biogeochemical processes (e.g., 
Fig. 3 E–H). In particular, the temporal evolution of the rate of 
heterotrophic respiration is characterized by a sharp peak that 
occurs during snowmelt (average and maximum in the soil are 
31.93 and 90.57 mol C/m3/y, respectively). The response of het­
erotrophic respiration to snowmelt is immediate despite the lim­
ited gas diffusion of oxygen during high infiltration events (Fig. 2 
F and H). In fact, this increase is caused by the enhanced availa­
bility of labile dissolved organic matter (DOM) to microorganisms 
under higher water saturation conditions (39) and, to a lesser 
extent, the leaching of litter DOM from the top soil (SI Appendix, 
Fig. S11). In addition, the dissolved oxygen transported via advec­
tion by infiltration of snowmelt enhances the decomposition of 
DOM (SI Appendix, Fig. S11). The simulated heterotrophic res­
piration rate is at a maximum at the end of snowmelt because both 
microbial biomass concentration (Fig. 2I) and the availability  
of substrates (i.e., both O2 and labile soil DOM; SI Appendix, 
Fig. S11) are highest at this time.

In contrast to microbial respiration, the response of root respi­
ration is more progressive and lags behind snowmelt (Fig. 3D). 
Such difference results from a higher sensitivity of root respiration 

Fig. 3.   Simulated temporal change in physical conditions and biogeochemical reaction rates at three locations of the regolith. Georespiration shown in panel (E) 
refers to the oxidation of petrogenic organic matter associated with shale (4). Panel (H) shows the rate of total proton release during the oxidation of pyrite, the 
oxidation of ferrous iron, and the precipitation of goethite (see reactions in Table 1). The lines and shaded areas show the average and SD of the biogeochemical 
reaction rates, respectively, that were calculated using the simulation results in the three PLM wells. Simulation results for each observation well are presented 
in SI Appendix.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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to temperature as shown by their similar trends (Fig. 3 B and D) 
and the result of an additional simulation in which the temperature 
was assumed constant (SI Appendix, Fig. S16). Root respiration 
reaches a maximum in June during the growing season when it 
dominates the total soil respiration (average and maximum of root 
respiration in the soil are 27.34 and 104.37 mol C/m3/y, respec­
tively). We acknowledge that above-ground factors such as photo­
synthetically active radiation can affect root respiration, but it is 
beyond the scope of this study to explicitly account for these factors 
in our model. Furthermore, the simulated alternation between 
heterotrophic and root respiration at a seasonal timescale, charac­
terized by a rapid response of microbial respiration to infiltration 
events after a dry period and followed by a more progressive 
response of autotrophic soil respiration, corroborates previous 
studies showing similar response for different types of ecosystems 
(e.g., refs. 4 and 13). Such similarity provides confidence about 
the model’s ability to simulate the respective dynamics of hetero­
trophic and root respiration. The rainfall events occurring during 
the summer monsoon (Fig. 2F) lead to short peaks in soil respira­
tion (Fig. 3 C and D) but do not impact the overall seasonal trend 
since rain events have only a limited effect on the soil water satu­
ration in comparison to snowmelt (Fig. 3A). Soil respiration 
reaches a minimum in winter in the absence of recharge and lower 
temperature that reduces biological activity.

Because of the higher recalcitrance of shale-associated OM 
compared to soil OM, soil respiration typically overprints the 
effect of shale-associated OM oxidation on subsurface CO2 con­
centrations (3, 4, 21). Here, we parameterize the rate of geores­
piration using a recent estimate of CO2 flux associated with shale 
OM oxidation made in the East River catchment [2.1 × 10−1 mol 
C/m2/y (40)]. Simulation results displayed in Fig. 3E show that 
georespiration is highest in the top first meter due to the prevailing 
oxic conditions but remains two orders of magnitude lower than 
that of soil respiration processes (Fig. 3 C and D). Moreover, 
higher summer temperature induces a significant response in the 
rate of georespiration increasing from 2.1 × 10−1 to 5.6 × 10−1 mol 
C/m3/y between March and July (Fig. 3E). Despite the use of 
equal Q10 values to simulate the temperature dependency of 
microbial respiration (i.e., 2.1) (15, 41), such a response was not 
simulated for soil heterotrophic respiration (Fig. 3C) because of 
the difference in rate-limiting factors of these reactions. In the 
case of soil heterotrophic respiration, the oxidation rate is primar­
ily controlled by the substrate availability as soil DOM is mobi­
lized during infiltration events and rapidly degraded. In contrast, 
the release of shale-derived DOM was simulated as a dissolution 
mechanism (42, 43). In this case, substrate availability does not 
represent a substantial rate limiting factor because of the relatively 
low reaction rate and the abundancy of shale-associated OM. 
Therefore, seasonal temperature change represents the primary 
control of the variation in georespiration in agreement with the 
kinetic theory for recalcitrant OM (41).

Simulation results show that climate forcing has a significant 
impact on the carbonate weathering and pyrite oxidation that take 
place primarily below the soil horizon (Fig. 3 F–H). However, 
responses of these geochemical processes differ both spatially and 
temporally. In particular, dolomite dissolution is enhanced during 
periods combining large water infiltration events and hot moments 
in soil respiration. This increase is most pronounced within the 
depth interval [1 to 1.5] m (green dashed line in Fig. 3F; maxi­
mum rate of 1.54 mol C/m3/y) and remains significant at depth 
>2 m (red dashed-dotted line in Fig. 3F; maximum rate of 0.19 
mol C/m3/y). Note that the model indicates that dolomite disso­
lution is inhibited from June to August, despite the large amount 
of CO2 produced by root respiration (Fig. 3D). Moreover, the 

model shows that calcite precipitates at the expense of dolomite 
because of the lower solubility of calcite (i.e., negative dissolution 
rates in Fig. 3G. Such partial conversion of dolomite and/or anker­
ite to calcite has been reported in other carbonaceous shales (2, 
6, 12) and is further evidenced at our site by the measured mineral 
concentration profiles showing a peak in calcite concentration 
below the dolomite weathering front (SI Appendix, Fig. S2). 
The average calcite precipitation rate is about one order of mag­
nitude lower than that of dolomite dissolution, indicating that 
only a small fraction of the inorganic C is sequestered as sec­
ondary calcite (2.7 × 10−2 and 3.8 × 10−2 mol C/m3/y within 
depth intervals [1 to 1.5] and [2 to 2.5] m, respectively). 
Furthermore, pyrite oxidation and subsequent iron precipita­
tion are enhanced below 2 m during snowmelt because of the 
percolation of oxic water at depth (Fig. 3H). No significant oxi­
dation of pyrite occurs at shallower depth because of the near 
complete removal of pyrite (SI Appendix, Fig. S2). The temporal 
trend in H+ generation during sulfide mineral and iron oxidation 
mirrors the slight dissolution of carbonate minerals simulated 
within the depth interval [2 to 2.5] m (red dashed-dotted line in 
Fig. 3F) suggesting that pyrite oxidation drives a small part of 
carbonate weathering. In fact, when considering the stoichiomet­
ric ratio of two moles of protons consumed for one mole of min­
eral during dolomite dissolution, the maximum rate of proton 
release (0.44 mol H+/m3/y) corresponds to the maximum dolomite 
dissolution rate (0.19 mol C/m3/y) within the depth interval [2 to 
2.5] m. Finally, the model indicates that silicate and clay mineral 
dissolution/precipitation reactions have a minor impact on pH 
buffering at the timescale of our study due to the considerably 
lower reactivity of these minerals (i.e., average H+ consumption 
by silicate reactions is 2.4 × 10−2 mol H+/m3/y).

Gas Diffusion and Thermodynamic Controls on Carbonate 
Weathering. Because dolomite weathering represents the dominant 
weathering process influencing the partitioning of C in the reg­
olith, we explore the effects of water saturation and temperature 
variations on dolomite dissolution through their respective controls 
on gas diffusion and the thermodynamics of the carbonate system. 
Specifically, we carry out a series of simulations to quantify the 
impacts of i) gas diffusion variations induced by the dynamics of 
partially saturated flow, ii) temperature-controlled variations in 
dolomite solubility, and iii) temperature-controlled variations in 
CO2(g) solubility. Fig. 4 presents the simulated dolomite dissolution 
rates within the [1 to 1.5] m depth interval when assuming constant 
gas diffusion coefficients (Fig. 4A), dolomite equilibrium constants 
(Fig. 4B), and CO2(g) Henry’s law coefficients (Fig. 4C). The results 
show that dolomite solubility and gas diffusion variations exert a 
substantial influence on carbonate weathering although they do not 
control the overall temporal trend of dolomite dissolution (Fig. 4 
A and B). The model indicates that their effects are particularly 
pronounced in summer as the drier conditions favor the upward 
diffusion of CO2(g) to the atmosphere (agreement between the red 
dashed line and the black solid line in Fig. 4A) while the increasing 
temperature reduces dolomite solubility (agreement between the 
blue dashed line and black solid lines in Fig. 4B). Such conditions 
significantly limit the dissolution of dolomite after snowmelt. 
Furthermore, higher dolomite dissolution is predicted during 
large infiltration events when testing lower gas diffusion (peaks in 
blue dashed line compared to black solid line in Fig. 4A) because 
gas transport is most limited at the end of the snowmelt period 
when water saturation is highest (Fig. 3A). Finally, Fig. 4C shows 
that variations in CO2(g) solubility have a negligible influence on 
dolomite dissolution since all simulation results agree well with 
the calibrated model.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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In order to allow a quantitative comparison between the effects 
of dolomite solubility and that of gas diffusion variations, Fig. 4D 
summarizes the change in total dolomite dissolution when dolo­
mite solubility and gas diffusion are varied within range used in 
the calibrated model. The results indicate that the variations in 
dolomite solubility caused by temperature variations have a 
stronger effect on dolomite dissolution than that of transient 
change in gas diffusion. In fact, the range of simulated dolomite 
dissolution is [0.02 to 0.23] mol/m3/y when varying the equilib­
rium constant of dolomite, whereas this range is narrower in the 
case of gas diffusion (i.e., [0.12 to 0.20] mol/m3/y).

Model-Based Interpretation of Carbon Flux Partitioning. By 
mathematically describing the carbon dynamics over the vertical 
extent of the regolith and across multiple phases (water, gas, 
solid) and by explicitly accounting for the effects of climatic 
forcing and the spatial distribution of the physico-chemical 
properties (i.e., mineral concentration, rooting depth, microbial 
biomass, water content), our modeling approach makes it 

possible to quantitatively discriminate the effects of individual 
biogeochemical processes on the C hydrogeochemical fluxes 
(25). Fig.  5 presents a comprehensive analysis of the C fluxes 
by displaying the biogeochemical budget of carbon (Fig.  5A), 
the monthly partitioning of inorganic carbon (Fig. 5B), and the 
individual contribution of biogeochemical processes to the DIC 
exports (Fig. 5C). Our results highlight the importance of seasonal 
shifts in key pathways induced by climate forcing as well as the 
connections between soil respiration and carbonate weathering 
in controlling the C partitioning between the atmosphere and 
the subsurface.

The biogeochemical budget of carbon presented in Fig. 5A 
shows that dissolved organic carbon (DOC) is derived primarily 
from the release of soil OM to the aqueous phase (93%, 334 mol 
C/m2/y) and that leaching of litter OM represents a secondary 
but significant contribution to DOC (6%, 20.5 mol C/m2/y). In 
contrast, shale-associated OM does not significantly contribute 
to the DOC fluxes (<1%, 3.41 mol C/m2/y). Furthermore, while 
biomass growth retains most of the organic carbon (>90%), the 
high rate of soil heterotrophic respiration results in low exports 
of soil-derived DOC to the groundwater (~0.1 mol C/m2/y).

Despite the low fraction of DOC being mineralized, soil res­
piration represents the primary mobilization pathway of inorganic 
carbon in the form of CO2 (Fig. 5 A and B) with significantly 
higher contribution from heterotrophic respiration than root res­
piration since heterotrophic respiration persists during winter 
(21.7 and 13.7 mol C/m2/y, respectively). In particular, Fig. 5B 
shows that the contribution of heterotrophic respiration is highest 
in spring due to the effect of snowmelt. Indeed, from April to 
June, heterotrophic respiration mobilizes 56% of the total inor­
ganic carbon with a maximum attained in May (35 mol C/m2/y). 
In comparison, the contribution of root respiration to inorganic 
carbon is maximum during the growing season, exceeding by two­
fold that of heterotrophic respiration in early summer (47 and 40 
mol C/m2/y in June and July, respectively). Nearly all inorganic 
carbon mobilized by soil respiration is emitted to the atmosphere 
as CO2(g) emissions (97%, 34.3 mol C/m2/y). In particular, 
Fig. 5B shows that the entire soil CO2(g) flux is well explained by 
the sum of root respiration and heterotrophic respiration. CO2(g) 
emissions are highest between snowmelt and the growing season 
(71 mol/m2/y in June) and remain large during summer. In par­
ticular, large summer CO2(g) flux is favored by the proximity of 
the root zone with the soil surface and by the drier conditions 
maximizing gas diffusion. In fall and winter, root respiration ceases 
because of plant dormancy, whereas heterotrophic respiration is 
maintained leading to minimum soil CO2(g) production.

Although weathering reactions have a minor influence on the 
CO2 flux between the soil and the atmosphere, they are important 
because they control the DIC exports (11) and regulate the global 
C cycling on a longer timescale (20). Here, we calculate that the 
flux of DIC mobilized via dolomite dissolution (0.73 mol C/m2/y) 
is about 500 times lower than the total CO2(g) emissions, but this 
flux represents a significant fraction (63%) of the DIC exports to 
the groundwater (1.18 mol C/m2/y; Fig. 5A). Results presented 
in Fig. 5D underscore the critical role of carbonate weathering for 
the transfer of inorganic carbon from the soil to the subsurface as 
the model predicts a 93% decrease in DIC exports when carbonate 
mineral dissolution is not considered (white dashed line compared 
to the back solid line in Fig. 5C). Interestingly, this fraction is 
higher than the net contribution of dolomite dissolution to DIC 
calculated in the biogeochemical budget (Fig. 5A). Such a differ­
ence underpins the importance of carbonate alkalinity in promot­
ing the transfer of soil CO2 to the saturated zone (here, 30%) by 
limiting the mass transfer of carbon from the aqueous to the gas 

Fig. 4.   Influence of gas diffusion and thermodynamic controls on dolomite 
dissolution. (A–C) Temporal evolution of the average dolomite dissolution rate 
within the [1 to 1.5] m depth interval predicted by the calibrated model (black 
solid line) and by the additional simulations exploring the parameter ranges 
(colored dashed lines). These simulations were performed by fixing (A) the 
effective gas diffusion coefficient, (B) the equilibrium constant of dolomite, or 
(C) the Henry’s law constant of CO2(g) to values encompassing the ranges of 
effective parameter values used in the calibrated model (i.e., in the calibrated 
model, these parameters vary because they are function of temperature and 
water saturation). Simulations were repeated by changing one-by-one the 
parameter values using evenly spaced quantiles until the effective parameter 
ranges were fully explored. A total of 10 model runs were performed for each 
parameter. Units indicated in the color bar refer to the normalized tested 
parameter value Px (Pmin and Pmax are the minimum and maximum value of the 
parameter range). (D) Variations in integrated dolomite dissolution simulated 
when parameters are varied within the explored range of values. Parameter 
values applied in these simulations are reported in SI Appendix.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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phase, in agreement with the results of Hodges et al. (9). DIC 
mobilization from dolomite dissolution shows strong seasonal 
variations characterized by a sharp peak during snowmelt ([1.6 to 
4.2] mol C/m2/y; Fig. 5B). In comparison, the model indicates 
that calcite precipitation does not represent a substantial sink for 
inorganic carbon (~0.01 mol C/m3/y).

Regarding the impact of oxidative weathering, the simulated 
amount of CO2 generated by georespiration is significantly lower 
(~0.2 mol C/m2/y) than the total DIC released through dolomite 
dissolution (Fig. 5A). Nonetheless, the model shows that the CO2 
flux associated with georespiration can exceed the carbonate 
weathering contribution between May and September due to 
warmer conditions and the absence of large water infiltration 
events (~0.3 mol C/m2/y; Fig. 5B). In order to assess the impact 
of pyrite and ferrous iron oxidation on the C partitioning through 
the release of protons (i.e., together these processes generate a total 
of 2.31 × 10−1 mol H+/m2/y), we ran an additional simulation in 
which these oxidation reactions were discarded. Results show that 
pyrite and ferrous iron oxidation contribute only to 0.07% (2.4 
× 10−2) of the total CO2(g) emissions, whereas they are responsible for 
11% of the total DIC exports (Fig. 5C). These fluxes indicate that 
the weathering of carbonates at depth effectively buffers the acidity 
derived from the oxidation of pyrite and, therefore, limits the mass 
transfer of inorganic C from aqueous to gas phase. Using a similar 
approach for assessing the influence of silicate and clay, we calcu­
late that reactions associated with these minerals (Table 1) only 

consume ~8 × 10−2 mol H+/m2/y and therefore play a minor role 
for the carbon fluxes at the timescale of this study (<0.002% 
decrease in CO2 egress when silicate and clay reactions are 
included).

Discussion

Connection between Soil Respiration and Shale Weathering. 
While the influence of soil respiration on carbonate weathering has 
been documented (e.g., refs. 6–10), a mechanistic description of 
their coupling under transient conditions and a rigorous analysis of 
the effects of climate factors have been missing. Our model-based 
interpretation sheds light on the pivotal role of climate forcing 
in governing the partitioning of C fluxes during the weathering 
of shale as it determines the degree of biogeochemical coupling 
between the rapid carbon cycling in soil and the long-term fluxes 
associated with weathering. In particular, our analysis shows that 
infiltration events and temporal variation in water saturation 
control the connection between soil heterotrophic respiration and 
carbonate weathering by stimulating a cascade of biogeochemical and 
multiphase transport mechanisms. First, higher accessibility of labile 
OM to microorganisms during soil rewetting enhances heterotrophic 
respiration and leads to the rapid mobilization of biogenic CO2. 
Second, the percolation of water promotes the downward penetration 
of carbonic acid and the reaction with carbonates. Finally, the time-
dependent variations in water saturation determine the rate of CO2(g) 

Fig. 5.   Model-based interpretation of carbon fluxes partitioning in the regolith. (A) Annual biogeochemical budgets of carbon calculated based on the physics-
based numerical simulations. Here, depolymerization refers to the mobilization of DOM from solid organic matter (SOM). (B) Monthly individual contributions of 
the key mechanisms controlling the mobilization, transport, and sequestration of inorganic carbon. In this panel, positive fluxes indicate mobilization pathways, 
negative fluxes indicate exports via gas emissions and aqueous exports, and white numbers indicate the total contribution of each pathway for a given month 
[mol C/m2/y]. The zoom-in diagram shows the contribution of weathering processes including i) carbonate weathering, ii) georespiration, and iii) pyrite and 
iron oxidation. Contribution of pyrite and iron oxidation (in yellow) reflects how much inorganic carbon is mobilized from carbonate dissolution driven by the 
protons generated during the oxidation reactions. (C) Individual contributions of the biogeochemical processes to the DIC exports. These contributions were 
quantified using the calibrated model and discarding one-by-one the biogeochemical processes. The contribution of carbonate weathering was calculated based 
on a simulation in which only carbonate reactions were included. The white dashed line was computed by running the calibrated model without including the 
carbonate mineral reactions. (D) Temporal evolution of the ratio between CO2(g) flux at the soil/atmosphere interface ( F

CO
2(g)

 ) and mobilization rate of biogenic 
CO2 (Rresp). This ratio is equivalent to the ARQ but, in this case, it accounts for both root respiration as well as microbial reactions as a source of CO2. (E) Net 
inorganic carbon balance associated with weathering reactions. Soil CO2 drawdown was calculated by subtracting the contribution of pyrite oxidation to the 
DIC exports. Net CO2 yield was calculated as the sum of CO2 drawdown (negative contribution) and CO2 produced by weathering reactions (i.e., pyrite oxidation 
and georespiration; positive contribution).
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egress to the atmosphere and consequently the effectiveness of the 
reaction between carbonic acid and carbonates. At our site, we 
find that this transfer of biogenic CO2 from the soil horizon to the 
subsurface is seasonally favored during snowmelt as it represents the 
largest infiltration event at the year scale. In fact, 69% of the total 
DIC exports to the subsurface occur from April to July (1.96 mol C/
m2/y, SD: 1.43), while heterotrophic respiration explains 61% of the 
yearly DIC exports (Fig. 5C). The increase in DIC and base cations 
fluxes observed in streams during spring snowmelt (14, 22, 31) 
suggests that this mechanism is particularly important for the seasonal 
exports of solutes in snow-covered watersheds. In comparison, the 
model shows that root respiration does not significantly contribute 
to the DIC exports at our site (6%, Fig. 5C). In fact, the relatively 
dry conditions that prevail in the shallow root zone (20 cm) and 
the dominance of root respiration during periods of lower water 
infiltration results in the rapid egress via gas diffusion of root-derived 
CO2(g) to the atmosphere. Thus, such conditions minimize the effect 
of root respiration on carbonate weathering.

Our estimate of the total CO2 drawdown is equivalent to about 
3% of soil respiration CO2 inputs and is consistent with mass 
balance calculations based on solute exports (6, 7, 45). However, 
this fraction is significantly lower than previous calculations based 
on the aerobic respiration quotient (ARQ) and snapshots of O2(g) 
and CO2(g) concentration distribution at the soil/atmosphere 
interface (7–9, 46). Unlike the ARQ, our physics-based model 
considers the complex fluid phase distribution (water and gas), 
which is crucial for accurately describing the transport behavior 
of gas components under transient conditions (17). In particular, 
the model accounts for the local degree of water saturation to 
simulate the rate of gas diffusion at a given depth (SI Appendix). 
As displayed in Fig. 5D, the model allows us to directly compare 
the CO2(g) flux from the soil to the atmosphere ( FCO2(g)

 ) and the 

rate of CO2 release from biological processes (Rresp). A sharp 
decrease in FCO2(g)

∕Rresp is simulated during large infiltration 
events reaching a minimum of 0.73 during snowmelt. While this 
result has been interpreted as the occurrence of significant entrap­
ment of CO2 in the subsurface as a result of the coupling between 
aqueous transport and geochemical reactions (e.g., ref. 22), the 
low fraction of CO2(g) effectively transferred to the subsurface 
simulated by our model argues against this hypothesis. Instead, 
the model shows that the difference between FCO2(g)

 and Rresp is 
primarily controlled by mass-transfer limitations taking place 
under transient hydrological conditions. In particular, the egress 
of biogenic CO2(g) is temporarily limited during snowmelt due to 
the high water content that hinders gas diffusion, while hot 
moments in heterotrophic respiration generate large amounts of 
CO2. Subsequent to these transient events, CO2(g) diffusion 
increases as water saturation recedes. Such transient propagation 
of gaseous species leads to a lag between the production of biogenic 
CO2 and its release to the atmosphere and highlights the need to 
explicitly account for transient change in physical conditions when 
assessing the effects of climate forcing on soil CO2 drawdown.

Implications for the Carbon Budget of Shale Weathering. 
Since soil CO2 drawdown dominates the weathering C fluxes 
via the coupling between heterotrophic respiration and dolomite 
dissolution in comparison to oxidation reactions (pyrite and shale-
associated OM), we find that the chemical weathering of shale 
acts as a net sink of CO2 under the specific conditions of our site 
(Fig. 5E). In particular, the deep pyrite weathering front and the 
consumption of O2 by heterotrophic respiration in the soil layer 
lead to a relatively limited impact of pyrite oxidation on the carbon 
balance. In comparison, analysis of concentration-discharge 
patterns for riverine solutes has shown that a significant fraction 

Table 1.   Kinetic aqueous reactions and mineral dissolution/precipitation reactions defined in the model
Aqueous reactions

Processes Reaction stoichiometry

Aerobic respiration
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Mineral phase dissolution/precipitation reactions

Minerals Reaction stoichiometry

Dolomite MgCa
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Albite NaAlSi
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Chlorite*
Fe
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4
SiO
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Pyrite (oxygen) FeS
2
+ 3.5O

2
+ H

2
O = Fe

2+ + 2SO
2−

4
+ 2H

+

Pyrite (ferric iron) FeS
2
+ 14Fe

3+ + 8H
2
O = 15Fe
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4
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Goethite Fe
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+

Calcite Ca
2+ + CO
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3
= CaCO

3

Illite†
K
0.85

Al
2.35

Fe
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+ 1.6H

2
O = 2.35Al
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SiO

4
+ 0.85K

+
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Organo-mineral interactions

Soil-derived OM SOM1 → DOM1

Shale-associated OM SOM2 → DOM2

*The stoichiometry of chamosite was adopted based on the XRD analyses showing a Fe2+-rich chlorite.
†The stoichiometry provided by (44) was adopted based on the XRD analyses showing an Al3+-rich illite.
The reactions involving DOM, defined with the general stoichiometry (CH2O)(NH3)x, were included for both soil-derived and shale-associated organic matter with x the N:C ratios equal to 
0.07 and 0.1, respectively. y is the N/C ratio of biomass and equal to 0.07.

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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of carbonate weathering is driven by sulfuric acid under base 
flow conditions at the East River (22). These contrasting findings 
suggest that pyrite oxidation may play a more important role for 
the C partitioning at a larger scale compared to that calculated 
at the lower slope position of our field site. For instance, more 
intense oxidative weathering of pyrite may occur as a result of 
deep subsurface flow paths (22, 40) as well as the larger extent of 
the unsaturated zone (47) and/or higher erosion rates under ridge 
tops (23, 48). In particular, rapid erosion rates in mountainous 
environments typically result in positive contribution of shale 
weathering to CO2 atmospheric levels. In fact, such conditions 
lead to exhumation of fresh petrogenic OM and sulfide minerals 
to the capillary fringe thereby promoting intense oxidation of these 
solid phases (5, 15, 16, 23). Heterogeneous vegetation cover could 
further contribute to shaping a different carbon balance at a larger 
scale (11) as vegetation influences soil heterotrophic respiration 
and can enhance CO2 drawdown through root respiration in areas 
where rooting depths extend to the zone of active weathering 
(10, 45, 49, 50). Understanding the aggregated controls shaping 
hydrogeochemical export and the partitioning of carbon at a larger 
scale will thus require upscaling our modeling framework (28, 
51) to account for deep flow paths as well as key functional zones 
characterized by different external factors, biogeochemical and 
hydrological conditions, and/or vegetation species.

Given the critical role of georespiration for the net carbon bal­
ance of sedimentary rock weathering (20), significant effort has 
been devoted to quantify the rate of petrogenic OM oxidation in 
the laboratory (21, 42) and in the field (1, 4, 6, 15, 16, 21, 40). 
In this study, we parameterized the rate of georespiration based 
on a recent study which utilized riverine dissolved rhenium con­
centration time series to quantify the flux of petrogenic OM oxi­
dation at the East River (40). Because this flux is representative 
of the catchment scale aggregated response, it may include the 
contribution of multiple functional zones where the intensity of 
georespiration differs as a result of spatially heterogeneous erosion 
regime (e.g., decreasing from ridges to valley floor) (23, 48). In 
particular, we note that this flux (1 × 10−1 mol C/m2/y) is inter­
mediate between that measured in low eroding shales covered with 
a soil layer (i.e., 1.3 × 10−3 and 4.5 × 10−2 mol C/m2/y for Silurian 
and Cretaceous shales, respectively) (4, 6) and that measured in 
outcrops where relatively well preserved petrogenic OM are exposed 
to atmospheric conditions (6.75 to 60 mol C/m2/y) (15, 16).  
Future integration of radiocarbon data in our modeling framework 
will support the refinement of the CO2 flux associated with geo­
respiration for the local conditions under consideration (4, 21, 52).

Finally, considering the strong controls of external forcing on 
subsurface biogeochemical processes, climate change is expected 
to alter the carbon fluxes associated with shale weathering. In 
particular, our results suggest that future no-snow conditions 
(53) will lower the transport of soil CO2 to the carbonate weath­
ering front, whereas higher temperature will lead to lower car­
bonate solubility (Fig. 4) and an increase in petrogenic OM 
oxidation (15, 16). Moreover, increase in sulfide mineral oxida­
tion has been observed as a result of reduced groundwater 
recharge and declining water tables (19). This suggests that cli­
mate warming could promote a reduction in soil CO2 consump­
tion by carbonate weathering and an enhancement in CO2 release 
via oxidative weathering. However, the impact of climate change 
on the net carbon balance cannot easily be extrapolated from the 
present conditions due to the complex interactions and feedback 
between evolving processes that add additional degrees of free­
dom beyond what is considered here. In particular, changes in 
net primary productivity and soil respiration induced by warming 
and higher atmospheric CO2 concentration (37, 54) are known 

to influence the weathering processes (28). The integration of 
additional model components explicitly describing the evolution 
of soil biological processes driven by climate change and their 
impacts on hydrological and biogeochemical conditions in 
physics-based models will provide the capabilities to explore the 
long-term interplay between climate and rock weathering.

Methods

Field Site. The study area is located in the Rocky Mountains within the East River 
watershed, near Gothic, Colorado (SI Appendix, Fig. S1). The East River water-
shed is used as a community testbed to gain insights into the key hydrological 
and biogeochemical processes governing water/solutes export in mountainous 
watersheds. It is part of the Watershed Function scientific focus area (SFA) led by 
Lawrence Berkeley National Laboratory (29). In this study, we consider a 140 m 
hillslope transect exposed northeast with an average slope of 19%, located within 
altitudes ranging between 2,750 m and 2,800 m, and draining into a floodplain 
adjacent to the East River (SI Appendix, Fig. S1A) (33, 55). The shale primarily con-
sists of quartz (40.22 wt%), clay minerals (36.3 wt% in total) composed of chlorite 
and illite, and carbonate minerals that consist of dolomite (13.70 wt%) and a 
minor amount of calcite (1.23 wt%). Pyrite and shale-associated OM represent low 
fractions of the total mineral assemblage (0.90 wt% and 1.25 wt%, respectively; 
SI Appendix, Table S1). The plant community at the field site is composed of per-
ennial bunchgrasses (e.g., Festuca arizonica), forbs (e.g., Lupinus spp., Potentilla 
gracilis, Veratrum californicum), and shrubs (Artemisia tridentata) representative 
of the dominant land cover of the Upper Colorado River Basin (56). The climate is 
continental, subarctic characterized by long cold winters and short cool summers 
with average annual air temperature, precipitation, and evapotranspiration (ET) 
equal to 3 °C, 700 mm, and 500 mm respectively. About 70% of the precipitation 
occurs as snow fall between October and May. Rising temperature in spring drives 
snowmelt, which leads to an abrupt rise of the water table followed by its progres-
sive decline over the year (Fig. 3A). Summer is characterized by an arid climate 
and intermittent monsoonal rain events which do not significantly contribute to 
groundwater recharge due to the strong ET prevailing during this period. Three 
observation wells (PLM1, PLM2, and PLM3) were drilled in 2016 to a depth of 10 
m along the transect using a track-mounted drill rig and a 0.14 m diameter ODEX 
drilling bit. The wells are equipped with suction lysimeters and pore gas samplers 
to carry out vertically discrete pore water and gas sampling, respectively; pressure 
transducers to perform daily measurements of the water table [AquaTROLL 2000; 
except in PLM2 where the water table was determined from equilibrium pressure 
and moisture measurements (33)]; and temperature sensors. Details on solid and 
fluid sampling and analyses are provided in SI Appendix.

Modeling Approach and Numerical Implementation. This section summa-
rizes the key features of the physics-based model. Technical details including 
the set of partial differential equations and model parameters are presented 
in SI Appendix.

Shale weathering and the associated biogeochemical reactions were simu-
lated using the finite volume reactive transport code CrunchTope (57), which has 
recently been upgraded with the capability to calculate variably saturated flow 
using the Richards equations (58). The model builds on the modeling framework 
of Stolze et al. (3) with the addition of the following:

•  The explicit description of root respiration and exudation;
•  The release of soil DOM as a function of water saturation;
• � Transient boundary conditions reproducing the water infiltration from rain-

fall and snowmelt as well as the evapotranspiration fluxes;
• � Spatial and temporal variations in temperature and their impact on the 

biogeochemical reaction rates;
• � The description of ion exchange reactions between the solid materials and 

the aqueous phase.

We assume vertical percolation of water since biogeochemical reactions con-
trolling carbonate weathering dominate in the upper 2 m. Partially saturated flow 
was simulated by solving the Richards equation (58) using the van Genuchten–
Mualem model (59, 60) for describing water retention and conductivity properties 
of the porous medium. Infiltration of meteoric water was simulated by defining a 

http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2400230121#supplementary-materials
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flux boundary condition at the top of the model domain. Infiltration time series were 
implemented by combining precipitation measurements and snowpack drainage 
simulations that were performed with the snowmelt model ESCIMO.spread v2 (61). 
Evapotranspiration fluxes were calculated through land surface simulations consid-
ering local meteorological forcing data. Evaporation was assumed to only modify 
the water content without affecting the mass of solutes, whereas transpiration was 
assumed to affect both water and solutes over the rooting depth. Minimum water 
table depth was fixed by defining a constant pressure head condition at the bottom. 
The hydrogeophysical parameters (i.e., permeability, porosity, and van Genuchten 
parameters) were calibrated to reproduce the water infiltration flux as well as the 
transient distribution of liquid phase observed at the site. To account for the effect 
of seasonal temperature variations, we define depth-discretized temperature time 
series based on the continuous temperature measurements performed in the mon-
itoring wells at different depths (SI Appendix, Fig. S6).

The model considers the advective-dispersive transport of solutes in the aque-
ous phase and the diffusive transport of chemical species in the gas phase. In 
particular, our simulations include 20 primary species (i.e., used for mass con-
servation transport equation; e.g., H+), 26 secondary species in the aqueous 
phase (i.e., used for aqueous reactions and mineral transformation calculations; 
e.g., OH-) as well as four species in the gas phase O2(g), CO2(g), N2(g), and N2O(g). 
CrunchTope simulates the chemical reactions between primary and secondary 
species assuming equilibrium relationships. Primary species and secondary reac-
tions are listed in SI Appendix, Table S2. The mass transfer of chemical species 
between the aqueous and gas phase was described with Henry’s law. Equilibrium 
constants controlling aqueous speciation and Henry’s law coefficients at specific 
temperatures were from the thermodynamic database Thermoddem (62) and 
are summarized in SI Appendix, Table S2. The activity coefficients of the aqueous 
species were calculated based on the extended Debye–Hückel equations (63). 
Gas exchange between the subsurface and the atmosphere was simulated by 
defining a Dirichlet boundary condition with fixed partial pressure of reactive 
gases composing the atmosphere at the altitude of the field site (i.e., pO2 = 1.68 
× 10−1 bar, pN2 = 6.24 × 10−1 bar, and pCO2 = 3.17 × 10−4 bar).

The domain was discretized into 10 cm grid cells. Model spin-up was run for 
10 y in order to ensure representative flow and hydrochemical conditions prior 
to running the 1 − y simulation considered in this study.

Biogeochemical Reaction Network. The model describes a series of kinet-
ically controlled biological processes and abiotic geochemical reactions that 
are influenced by the local hydrochemical conditions, the temporal change 
in temperature and water saturation, and the exchange of gases between 
the subsurface and the atmosphere. In particular, the biological processes 
include a series of microbially mediated reactions and the release of CO2 

and exudates from the root during the growing season. The reaction network 
is composed of i) the aerobic respiration of DOM, ii) the oxidative dissolu-
tion of the sulfide mineral pyrite, iii) the oxidation of ferrous iron to ferric 
iron and the precipitation of iron and oxide, iv) the dissolution/precipita-
tion of carbonate, silicate, and clay minerals. Two types of OM with different 
reactivities were defined in the model: a petrogenic shale-associated OM 
present in the bedrock and a soil-derived OM dominant in the top soil. The 
latter accounts for i) DOM leached from litter, ii) DOM released from SOM 
in soil during rewetting, and iii) root exudates. The model explicitly consid-
ers the growth and decay of microbial biomass (64). The list of kinetically 
controlled reactions integrated into the model is provided in Table 1. The 
model accounts for the effect of temperature on the biogeochemical reactions 
by using Arrhenius-type kinetic rate expressions and by accounting for the 
temperature dependency of mineral and gas solubility as well as aqueous 
speciation (i.e., using temperature-dependent equilibrium constants and 
Henry’s law coefficients). In particular, equilibrium constants controlling the 
mineral reactions, partitioning of chemical species between the water and 
gas phases, and aqueous speciation are updated as a function of temperature 
using polynomial fitting. Finally, the model simulates ion exchange reactions 
by defining mass action expressions with associated equilibrium constants 
and assuming local equilibrium conditions. The cation exchange capacity 
(CEC) of the solid materials was calculated by accounting for the content of 
illite, chlorite, and organic matter and validated against CEC measurements 
performed at our field site. The reactions between the exchanger and the 
aqueous phase include the exchange of Na+, K+, Ca2+, and Mg2+. Our sim-
ulations indicate that ion exchange reactions do not influence the carbon 
fluxes and concentrations of base cations and therefore are not discussed 
further in this study.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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