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a b s t r a c t

The weathering of shale exerts an important control on the hydrochemical fluxes to river systems, thus
influencing the global carbon, nutrient, and geochemical cycles. However, the quantitative understanding
of shale weathering and its impact on global biogeochemical cycles remains inadequate due to the com-
plex interplay between hydrological, biogeochemical, and physical processes. In this study, we develop a
novel modeling approach to quantitatively interpret the long-term chemical weathering of shale occur-
ring since the last glaciation period (15,000 years) leading to the present geochemical conditions. The
model explicitly considers processes occurring across multiple phases and involved in the weathering,
including: (i) the infiltration of meteoric water, (ii) the interactions between the water and the mineral
assemblage via dissolution/precipitation reactions, (iii) the microbially-mediated oxidation of organic
matter, (iv) the evolution of porosity induced by mineral reactions, and (v) the exchange of gases between
the subsurface and the atmosphere. To implement and test our model, we conduct this study at a well-
instrumented hillslope underlain by Mancos Shale and located at the East River study site, Western
Colorado. Consistent with field observations, the model successfully reproduces the stratified weathering
front, the complex spatial distribution of organic carbon, and the gaseous emissions of carbon dioxide
from the subsurface. Model simulations show that aerobic respiration exerts a fundamental control on
the weathering of shale. While previous studies have highlighted the diffusion of oxygen from the atmo-
sphere as the primary mechanism for shale weathering, our model simulations demonstrate that aerobic
respiration limits the propagation of oxygen in the shallow subsurface, and thereby inhibits the dissolu-
tion of pyrite at depth. Aerobic respiration is particularly favored in the top soil horizon due to the con-
stant flux of oxygen from the atmosphere, the replenishment of fresh litter/plant-derived organic matter,
and to a lesser extent the presence of fossil shale-associated organic matter. The acidic pore water gen-
erated through aerobic respiration within the shallow subsurface is transported to greater depths, where
it sustains the dissolution of carbonate (dolomite in this example). Overall, our results demonstrate that
the evolution of pyrite and carbonate depletion fronts are significantly different, and primarily depend on
the ability of microorganisms to carry out microbial respiration and the various transport pathways of
reactants controlling the mineral reactions under partially saturated conditions.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chemical weathering consists of the conversion of protolith into
regolith, and contributes to the global cycle of carbon and nitrogen
(Houlton et al., 2018), the formation of biologically active soil and
the evolution of landscape (Hunt et al., 2021). In particular, this
critical zone process determines the hydrological properties of
aquifers (Navarre-Sitchler et al., 2015; Gu et al., 2020a), the sea-
sonal variation in hydrochemical exports to rivers (Maher, 2011;
Ameli et al., 2017; Newcomer et al., 2021; Stewart et al., 2021),
and the mobilization of trace elements and contaminants (Tuttle
et al., 2009; Morrison et al., 2012). Weathering of shale sedimen-
tary rock is particularly important since shale accounts for 25 %
of Earth’s continental rocks (Amiotte-Suchet et al., 2003) and rep-
resents a large reservoir of carbon and nitrogen given its high
levels of fossil organic matter (OM) and carbonate minerals
(Petsch et al., 2005; Copard et al., 2007; Jin et al., 2014; Fox
et al., 2020).
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A significant challenge in understanding the mechanisms con-
trolling the dynamics and extent of weathering lies in the complex
interplay between various physical, chemical, and biological pro-
cesses occurring within multiple phases. In particular, the contin-
uous diffusion of atmospheric gases and the infiltration of
meteoritic water into the subsurface modify the composition of
the pore water, influence the biogeochemical reactions, and lead
to concentration gradients (Maher et al, 2009; White et al., 2009;
Arora et al., 2016; Yabusaki et al., 2017). While the ingress of oxy-
gen is known to trigger the oxidative dissolution of pyrite
(Manning et al., 2013; Battistel et al., 2019; Ahmadi et al., 2022),
the primary drivers for the dissolution of carbonate and silicate
minerals remain unclear as multiple processes such as microbial
respiration and sulfide dissolution can acidify the pore water
(e.g., Beaulieu et al., 2011; Jin et al., 2013; Bao et al., 2017;
Tremosa et al., 2020; Gu et al., 2020b). Quantifying the contribu-
tion of these mechanisms is particularly difficult as various pools
of organic matter with different reactivity and bioavailability
might coexist in shale formation (Fox et al., 2020). For example,
fossil organic matter associated with shale can be consumed
through aerobic respiration when exposed to the atmosphere
(Petsch et al., 2005; Jin et al., 2013). In addition, modern organic
matter derived from litter/plant sources can be transported to
depth, sorb onto solid materials, and/or sustain microbially-
mediated reactions (Dwivedi et al., 2017, 2019; Chapelle, 2021).
Furthermore, the extent and dynamics of the biogeochemical reac-
tions are intimately linked to the gas and hydrochemical fluxes.
Such fluxes are in turn controlled by the degree of water saturation
and fluid residence time, the intrinsic properties of the bedrock
(i.e., porosity and permeability), and the degree of weathering
(Jin et al., 2011; Navarre-Sitchler et al., 2015; Lebedeva and
Brantley, 2020; Gu et al., 2020a).

Given this complexity, understanding the primary drivers of
weathering can benefit from reactive transport modeling that is
instrumental to quantitatively interpret the tight coupling
between physical, chemical, and biological processes in porous
media (Steefel, et al., 2005; Steefel et al., 2015; Li et al., 2017;
Dwivedi et al., 2018a; Steefel, 2019; Maher and Navarre-Sitchler,
2019; Stolze et al., 2019a, 2019b; Cogorno et al., 2022). In this
regard, remarkable applications of numerical models to explore
chemical weathering include the optimization of the disposal of
waste rock (Tremosa et al., 2020; Muniruzzaman et al., 2021),
the characterization of the porosity and mineral surfaces evolution
at microscopic scale (Navarre-Sitchler et al., 2011), and the inter-
pretation of seasonal chemical exports at catchment scales
(Godderis et al., 2006; Beaulieu, et al., 2011). To date, only a few
studies have analyzed the evolution of weathering front under nat-
ural conditions and over millennial time scales using process-
based reactive transport models (Bolton et al., 2006; Maher et al.,
2009; Heidari et al., 2017; Bao et al., 2017). Although these studies
have offered valuable insights into deep time weathering and its
control on the hydrogeochemical conditions, none of the modeling
efforts have yet explicitly accounted for microbially-mediated
reactions and the presence of different sources of organic matter
(i.e., fresh litter/plant-derived and/or shale-associated). This short-
coming limits the rigorous assessment of shale weathering mech-
anisms, and, in particular the evaluation of the role of aerobic
respiration in the loss of fossil organic matter as well as the disso-
lution of sulfide and carbonate minerals (Littke et al, 1991; Petsch,
et al., 2000; Jin et al, 2014),

To address these gaps, this study investigates the weathering of
shale over a hillslope-to-floodplain transect located at the East
River study site, a pristine mountainous watershed of Western Col-
orado, USA (Hubbard et al., 2018; Tokunaga et al., 2019). At this
site, field investigations have shown a complex stratified weather-
ing front of pyrite and dolomite associated with the local Mancos
173
shale environment. We implement a reactive transport model
based on an updated version of CrunchTope (Steefel et al., 2015)
that includes partially saturated flow (Li et al., 2021), thus provid-
ing an opportunity to analyze the coupling between hydrochemical
transport, gas exchange at the soil/atmosphere interface, microbial
respiration, and the weathering of shale. The model development is
constrained by the field dataset that includes the aqueous, gas, and
solid phases. The specific objectives of this study are to identify the
key biogeochemical and physical processes controlling the long-
term dissolution of the primary minerals and to assess the relative
contribution of the various pools of organic matter on weathering
(shale and fresh-litter/plant-derived).
2. Field site description and dataset collection

The hillslope-to-floodplain transect considered in this study is
located in the East River watershed of the Upper Colorado River
basin encompassing the Rocky Mountain Biological Laboratory
(Fig. 1). The transect is 140 m long with an average slope of 19 %,
exposed northeast and drains into an adjacent floodplain. The alti-
tude of the hillslope transect ranges between 2750 m and 2800 m.
The shallow soil profiles (i.e., 1 m ± 0.3 thick; Wan et al., 2021) are
vegetated with grasses, forbs, and shrubs representative of the
regional lower montane life zone. The transect is underlain by Cre-
taceous Mancos shale that is broadly distributed throughout the
southwestern United States and has been shown to strongly con-
trol the aqueous chemistry and seasonal hydrochemical exports
to the river through weathering (Morrison et al., 2012; Tokunaga
et al., 2019; Arora et al., 2021).

The climate at the field site is continental, subarctic character-
ized by long cold winters and short cool summers with average,
minimum and maximum temperature of 3 �C, �9.2 �C, and
9.8 �C, respectively. The average annual precipitation and evapo-
transpiration (ET) are � 700 ± 100 mm and � 300 mm, respectively
with about 70 % of the precipitation occurring as snow fall between
October and May (Carroll et al., 2018). The months of November to
April are characterized by persistent snow cover and are followed
by a warming-driven snowmelt and rapid increase in ET. Summer
months are characterized by an arid climate and intermittent mon-
soonal rain events, which do not significantly impact the net
recharge due to the strong ET during this period. The water table
rises abruptly during snowmelt, starting end of April, and then pro-
gressively declines over the year (Wan et al., 2021; Dwivedi et al.,
2022). Surface runoff and/or perched water table have not been
observed at the site.

The study site and instrumentation installed over the transect
to monitor the vadose zone and the groundwater have been
described elsewhere (Hubbard et al., 2018; Tokunaga et al., 2019;
Wan et al., 2021). For completeness, a brief description is provided
here. In 2016, three observation wells (PLM1, PLM2, and PLM3;
Fig. 1) were drilled to a depth of 10 m using a track-mounted drill
rig and a 0.14 m diameter ODEX drilling bit. The wells were
equipped with suction lysimeters to carry-out vertically-discrete
pore water sampling; 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; Wan et al., 2021); and tem-
perature sensors.
2.1. Solid phase composition

Multi-depth solid sampling and analyses were performed to
assess the mineralogy and spatial distribution of carbon in the sub-
surface. In particular, mineral concentrations in PLM1 and PLM2
were determined from X-ray diffraction (XRD) measurements



Fig. 1. Location of the East River Watershed study area (a) and topographic map showing the 140 m long hillslope transect in the Rocky Mountains and the locations of the
three monitoring wells separated by � 70 m from each other (b-c).
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performed on samples collected during installation of the monitor-
ing wells (Wan et al., 2021). Additional XRD measurements were
performed on sub-core samples collected in PLM3 at approxi-
mately 0.3 m intervals between the upper part of the core and
10 m below ground surface (this study). These samples were pow-
dered in an agate mortar and stored in a glovebox under N2 condi-
tions to avoid mineral oxidation between sample preparation and
analysis. The XRD analyses were performed using a Rigaku Smar-
tLab high-resolution XRD diffractometer with a Bragg-Brentano
geometry. The diffractometer was equipped with a theta-theta
goniometer and a rotating sample holder using Cu (kka1 = 1.540
6 Å and kka2 = 1.5444 Å) cathode. For clay identification, an ali-
quot from the < 2 lm particle size suspension was dropped on a
zero-background plate and dried at room temperature to obtain
oriented clay samples, whereas the bulk ground rock samples were
placed in an aluminum holder to ensure random particle orienta-
tions. Bulk rock samples were collected from 2 to 90 �2h with a
0.02 �2h step-size and count times of 2 s per step. Oriented clay
sample was measured (3 to 25 and 3 to 75 �2h with 0.02 �2h
step-size and 10 and 2 s per step, respectively) under four different
conditions: (1) dry at room temperature, (2) saturated with ethy-
lene–glycol and heated at 333 K for 1 h, (3) heated at 673 K for
1 h, and (4) heated at 823 K for 1 h. The diffraction patterns were
analyzed using the software Match (Putz and Branderburg, 2011)
and the PDF-2 mineral database (Gaste-Rector and Blanton,
2019). The mineral concentrations were quantified with the Riet-
veld refinement method using the software Rockjock (Eberl,
2003). Illite, muscovite, and chlorite were identified in all samples
and presence of smectite was detected in the upper 30 cm of PLM3
174
(Supplementary data). Illite, muscovite, and smectite were repre-
sented with a single phase in the model considering the similar
structural properties of illite and muscovite and the uncertainty
on smectite concentration quantification.

Table 1 presents the mass fractions, volume fractions and bulk
surface areas of the minerals composing the parent shale rock as
defined in the model. The mass fractions were calculated as the
average of XRD measurements performed on unaltered samples
collected below the weathering front in PLM3 (i.e., greater than
4 m bgs). The bedrock primarily consists of quartz (40.22 wt%)
and clay minerals (36.3 wt% in total) composed of chlorite and
illite. The dominant carbonate mineral is dolomite (13.70 wt%)
and small amounts of calcite were detected (1.23 wt%). Pyrite
and shale-associated organic carbon represents minor fractions of
the mineral assemblage (0.90 wt% and 1.25 wt%, respectively). Iron
oxides were not detected below the weathering front. Mineral con-
centrations in PLM1 and PLM2 from Wan et al. (2021) were nor-
malized based on the parent rock mineral composition measured
in PLM3. Total organic carbon content (TOC) was determined from
solid samples collected during installation of the monitoring wells
at depth intervals of 10 cm above 1 m bgs and � 90 cm below 1 m
bgs. TOC analysis was performed using a carbon analyzer (Shi-
madzu TOC-VCSH; Wan et al., 2019).

2.2. Soil gas and groundwater composition

Aqueous-phase sampling and analyses were carried out
between 0.2 m and 8 m bgs from the suction lysimeters installed
in the three monitoring wells and at weekly to monthly time inter-



Table 1
Mass fractions, volume fractions, and bulk surface areas of the minerals composing the shale bedrock as defined in the model.

Dolomite Albite Quartz Chlorite Illite Calcite Pyrite Goethite Shale OC

Molar volume, Vm [cm3/mol] 64.37 100.25 22.69 215.88 140.67 36.93 23.94 20.82 15(a)

Molar mass, Mm [g/mol] 184.40 262.22 60.08 713.51 400.10 100.09 119.98 88.85 12
Mass fraction, wm [wt%] 13.70 6.69 40.22 4.30 32.00 1.20 0.90 0.00 1.25
Volume fraction, hm,0 [%] 12.6 6.74 40.02 4.23 29.65 1.17 0.47 0.00 4.12
Specific surface area, Am,s [m2/g] 1.82(b) 0.10(c) 0.01(d) 1.1(e) 42(f) 0.22(g) 0.05(h) -* –
Bulk surface area, Am,0 [m2/m3] 1069 29 17 250 57,601 11 1.9 – 1**

(a) Bao et al. (2017); (b)Marouf et al. (2009); (c)Moore et al. (2019); (d)Stolze et al. (2020); (e)Brandt et al. (2003); (f)Bibi et al. (2011); (g)Sø et al. (2012); (h)Williamson and
Rimstidt (1994); *initially not present; **assumed.
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vals from fall 2016 to fall 2019 (Wan et al., 2019). Major cations
and trace elements were determined from filtered HNO3-acidified
samples with inductively coupled plasma mass spectrometry
(ThermoFischer, MA, USA). Anions were measured from unacidi-
fied samples using ion chromatography (ICS-2100, Dionex, CA,
USA). Dissolved carbon was measured using a TOC-VCPH analyzer
(Shimadzu Corporation, Japan). In particular, dissolved organic car-
bon (DOC) was measured as non-purgeable organic carbon (NPOC)
by purging acidified samples with carbon-free air to remove DIC.
DIC was calculated by subtracting the DOC to the total measured
dissolved carbon. Major cations concentrations and pH measure-
ments show that the groundwater is of Ca-Mg-SO4 and Na-SO4

types and has a neutral to slightly basic pH (i.e., [6.67; 8.63])
reflecting the local geochemical conditions with dolomite, pyrite,
and albite dominating the reactive part of the mineral assemblage.

Gas samples were collected in the vicinity of PLM2 with a peri-
staltic pump from pre-installed lysimeters at 25 cm, 91 cm, and
152 cm bgs. Supplementary samples were collected by introducing
a ¼ inch diameter tubing into the soil. After purging the sampling
tubes and well lysimeters, the samples were collected in 60-mL
glass, gas tight syringes and stored in pre-evacuated 60-mL serum
bottles stoppered with 20-mm diameter blue chlorobutyl septa
(Bellco Glass, Inc., Vineland, NJ). CO2 and CH4 concentrations were
determined with a GC-2014 Shimadzu gas chromatograph (GC-
2014 Shimadzu, Kyoto, Japan). � 4.5 mL of gas was injected into
a 1 mL stainless steel loop. CO2 and CH4 were separated on a
packed HayeSep-D packed column (4 m � 1/8 in.). CO2 was
reduced to CH4 in a methanizer. Both reduced CO2 and CH4 were
quantified with a flame ionization detector (FID).
3. Modeling approach

Shale weathering was simulated over a period of 15,000 years
(i.e., starting from the last glaciation period; Quirk et al., 2022)
with explicit consideration for the impact of external forcing (i.e.,
meteoric water infiltration and atmospheric gases ingress), unsat-
urated flow and multiphase transport (gas and water), microbially-
mediated reactions, water–rock reactions, and the different pools
of organic matter (i.e., modern fresh litter/plant-derived and fossil
shale-associated).

3.1. Reaction network

The model considers a series of kinetically-controlled
microbially-mediated and geochemical reactions. The reactions
are controlled by the continuous supply of aqueous species and
fresh organic matter transported with the infiltrating meteoric
water, the ingress of atmospheric gases into the subsurface, and
the presence of fossil mineral-associated organic matter. A visual
illustration of the conceptual framework for the proposed model-
ing approach is shown in Fig. 2.

The reaction network is composed of (i) the microbially-
mediated aerobic oxidation of dissolved organic matter (DOM),
(ii) the oxidative dissolution of the sulfide mineral pyrite induced
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by oxygen and ferric iron, (iii) the oxidation of ferrous iron to ferric
iron and the precipitation of iron oxide, and (iv) the dissolution/-
precipitation of carbonate, silicate, and clay minerals. The set of
kinetically-controlled reactions is shown in Table 2.

Based on recent studies characterizing the sediment organic
matter in the East River mountainous watershed (Fox et al.,
2020), two distinct types of reactive organic matter were consid-
ered: a fresh litter/plant-derived organic matter present at the soil
surface and a fossil shale-associated organic matter initially pre-
sent in the bedrock. The sorption of fresh organic matter onto aqui-
fer materials (Chapelle, 2021) as well as the release of DOM from
shale-associated organic matter (Schillawski and Petsch, 2008)
were defined as first-order mass-transfer processes (Dwivedi
et al., 2017, 2018b; Rogers et al., 2021) controlled by the rate
expression:

RDOM ¼ kDOMASOM 1� CDOM

Keq;DOM

� �
ð1Þ

where kDOM [mol/m2/s] is the rate constant, ASOM is the exposed sur-
face area of the solid organic matter (SOM) [m2], and CDOM and Keq,

DOM are the DOM concentration and the equilibrium controlling the
reaction, respectively.

The co-occurring presence of DOM and oxygen sustains the aer-
obic respiration (Van Capellen and Wang, 1995; Regnier and
Steefel, 1999). The rate controlling this biotic reaction was
expressed with a Michaelis-Menten rate equation (Van Capellen
and Gaillard, 1996):

RS ¼ lmax;S
CS

Km;S þ CS

CTEA

Km;TEA þ CTEA
ð2Þ

where lmax, S is the maximum rate of reaction for the substrate
denoted S [mol/L/s]. CS and Km,S are the concentration and half-
reaction constant of the substrate, respectively, CTEA and Km,TEA are
the concentration and half-reaction constant of the electron accep-
tor [mol/L], respectively.

The abiotic transformation of the mineral assemblage involves
the dissolution of the primary minerals and the precipitation of
secondary minerals. These dissolution/precipitation reactions
were controlled by rate expressions accounting for thermody-
namic constraints, the local hydrochemical conditions, and the
exposed surface area of the minerals. In particular, the
dissolution/precipitation of silicate, carbonate, and clay minerals
were controlled by parallel rates based on the transition state the-
ory to account for the effect of pH (Helgeson et al., 1984; Lasaga,
1984; Lasaga, 1998; Palandri and Kharaka, 2004; Steefel et al.,
2015):

Rm ¼ Am

km;H2Oexp
�Ea;m;H2O

RT

� �
þ

km;Hþ Hþ� �x1;mexp �Ea;m;Hþ
RT

� �
þ

km;OH� OH�½ �x2;mexp �Ea;m;OH�
RT

� �

0
BBBB@

1
CCCCA 1� IAPm

Keq;m

� �
ð3Þ

where Am is the total exposed surface area of the mineral m [m2],
km;H2O, km;Hþ , and km;OH� are the effective rate constants for the



Fig. 2. Illustration of the conceptual framework used to simulate the weathering of shale: (a) reaction network and (b) conceptual model; the color-coded pie chart shown
with the shale mineral assemblage in (a) illustrates the mass fraction of the minerals composing the parent bedrock.

Table 2
Kinetic aqueous reactions and solid mineral phase dissolution/precipitation reactions included in the model. The reactions involving DOM, defined with the general stoichiometry
CH2O, were included for both litter-derived and shale-associated organic matter.

Aqueous reactions

Processes Reaction stoichiometry
Aerobic respiration CH2O þ O2 ¼ Hþ þ HCO�

3

Ferrous iron oxidation Fe2þ þ 0:25O2 þ Hþ ¼ Fe3þ þ 0:5H2O

Mineral phase dissolution/precipitation reactions

Minerals Reaction stoichiometry
Dolomite MgCa CO3ð Þ2 þ 2Hþ ¼ Mg2þ þ Ca2þ þ 2HCO�

3

Albite NaAlSi3O8 þ 4Hþ þ 4H2O ¼ Al3þ þ Naþ þ 3H4SiO4

Chlorite* Fe5Al2Si3O10 OHð Þ8 þ 16Hþ ¼ 5Fe2þ þ 2Al3þ þ 3H4SiO4 þ 6H2O
Quartz SiO2 þ 2H2O ¼ H4SiO4

Pyrite (oxygen) FeS2 þ 3:5O2 þ H2O ¼ Fe2þ þ 2SO2�
4 þ 2Hþ

Pyrite (ferric iron) FeS2 þ 14Fe 3þ þ 8H2O ¼ 15Fe2þ þ 2SO2�
4 þ 16Hþ

Goethite Fe3þ þ 2H2O ¼ FeOOH þ 3Hþ

Calcite Ca2þ þ CO2�
3 ¼ CaCO3

Illite** 2:35Al3þ þ 3:4H4SiO4 þ 0:85Kþ þ 0:25Fe2þ ¼ K0:85Al2:35Fe0:25Si3:4O10 OHð Þ2 þ 8:4Hþ þ 1:6H2O
SOM SOM ¼ CH2O

* The stoichiometry of chamosite was adopted based on the XRD analyses showing a Fe2+-rich chlorite.
** The stoichiometry provided in Godderis et al. (2006) was adopted based on the XRD analyses showing a Al3+-rich illite.
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reaction accounting for its dependency to water, protons and
hydroxide at 25 �C [mol/m2/s], Ea;m; H2O, Ea;m; Hþ , and Ea;m;OH� are
the respective activation energy [cal/mol] to account for the tem-
perature dependency of the reaction using the Arrhenius relation-
ship, R is the gas constant (1.9872 cal/K/mol), T is the absolute
temperature [K], IAPm and Keq,m are the ion activity product [-]
and equilibrium constant [-] of the reaction, respectively. The quan-
tities in brackets (e.g., [H+], [OH–]) represent the molar concentra-
tion of dissolved species.

Considering the constant ingress of oxygen from the atmo-
sphere and the pristine conditions at the hillslope (i.e., circumneu-
tral pH and low nitrogen concentrations), the oxidative dissolution
of pyrite was assumed abiotic. As shown in Table 2, we defined two
distinct reactions of pyrite with oxygen and ferric iron (McKibben
and Barnes, 1986; Moses et al., 1987; Williamson and Rimstidt,
176
1994). These reactions were respectively controlled by the empir-
ical rate formulations developed for pyrite (Williamson and
Rimstidt, 1994) as:

Rpyr;O2 ¼ kpyr;O2Apyr O2½ �xpyr;1 Hþ� �xpyr;2 ð4Þ
and

Rpyr;Fe3þ ¼ kpyr;Fe3þApyr Fe3þ
� �xpyr;3 Fe2þ

� �xpyr;4 Hþ� �xpyr;5 ð5Þ

where kpyr;O2 and kpyr;Fe3þ are the rate constants [mol/m2/s], Apyr is
the total exposed surface area of pyrite [m2], xpyr,1, xpyr,2, xpyr, 3,
and xpyr,4 [-] are exponents.

The initial bulk surface areas of the reactive minerals (Am,0,
Table 1) were defined by considering the volume fractions of the
minerals and their specific surface areas (i.e., literature values
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shown in Table 1), and by accounting for the lower reactivity of
minerals composing the shale. This effect has been attributed to
the low pore connectivity of the bedrock (Pandey and Rajaram,
2016), the presence of surface coatings (Battistel et al., 2021;
Stolze et al., 2022), and/or the larger size of the natural solid enti-
ties in comparison to the particulate size typically used for labora-
tory BET surface measurements (Heidari et al., 2017; Navarre-
Sitchler et al., 2011). Therefore, we reduced the bulk surface area
by applying a scaling factor Sf determined from a previous study
characterizing mineral weathering rates (i.e., 1.61 � 10-3,
Navarre-Sitchler et al., 2011). The initial bulk surface area of min-
eral m was calculated as:

Am;0 ¼ Sf
Am;sMm

Vm
hm;0 ð6Þ

where Am,s, Mm, Vm, and Vm,f are the specific surface area [m2/g],
molar mass [g/mol], molar volume [m3/mol], and volume fraction
of mineral m, respectively.

Furthermore, the model considers the oxidation of ferrous iron,
generated by the dissolution of pyrite and illite, to ferrous iron
upon reaction with dissolved oxygen. The reaction was kinetically
controlled by the general rate law (Stumm and Morgan, 1961;
Singer and Stumm, 1970; Haberer et al., 2015):

RFe ¼ kFe Fe2þ
� �½O2�½Hþ��2 ð7Þ

where kFe is the rate constant [mol/s].
The subsequent precipitation of ferrous iron into an iron oxide

mineral phase was expressed as a function of the degree of oversat-
uration and goethite was defined as the representative type of iron
oxide based on the XRD analyses:

Rgoe ¼ kgoe 1� IAPgoe

Keq;goe

� �
exp

�Ea;goe

RT

� �
ð8Þ

where kgoe is the rate constant [mol/s], IAPgoe and Keq, goe [-] are the
ion activity product and equilibrium constant of the reaction,
respectively, Ea,goe is the activation energy of the reaction [cal/mol].
The rate constants and thermodynamic parameters controlling the
abiotic dissolution and precipitation of the minerals were taken
from the literature and are summarized in Table 3.

3.2. Flow, transport and physical processes

The simulations were performed by considering partially satu-
rated conditions with advective–dispersive transport in the aque-
ous phase and diffusive transport in the gas phase. The flow of
water in the unsaturated porous medium was described using
the generalized Richard’s equation (Li et al., 2021):

nwSs
@h
@t

þ ht
@nw

@t
� @

@z
K�ðhÞ @h

@z
� 1

� �� 	
� qs ¼ 0 ð9Þ

where nw is the water saturation [-], Ss is the specific storage coef-
ficient [m�1], h is the hydraulic head [m], z is the vertical coordinate
[m], K* is the hydraulic conductivity, and qs is a source/sink term.
The water retention properties (i.e., Ss and krw) were described with
the van Genuchten-Mualem model (Mualem, 1976, van Genuchten,
1980; see the Supplementary Material for more details).

The governing mass conservation equation describing the reac-
tive transport of aqueous and gas species can be written as:

@

@t
hwCw;i

 �þ @

@t
ðhgCg;iÞ ¼ @

@z
hwD

w
L;i

@

@z
Cw;i

� �
þ @

@z
hgD

g
P;i

@

@z
Cg;i

� �

� @

@z
hwvCw;i �

XNk

k¼1

v ikRk �
XNm

m¼1

v imRm ð10Þ
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where the indices w and g refer to the aqueous and gas phases,
respectively, Ci [mol/L] is the concentration of the primary species
i, Dw

L;i and Dg
P;i [m

2/s] are the effective dispersion and diffusion coef-
ficients in the aqueous and gas phases, respectively, hw and hg [-] are
the water-filled and gas-filled porosities, respectively with the total
porosity ht ¼ hw þ hg , v is the seepage velocity [m/s], vir [-] is the sto-
ichiometric coefficient for species i in the aqueous reaction r pro-
ceeding at a rate Rr [mol/L/s], vim [-] is the stoichiometric
coefficient for species i in the mineral transformation reaction m
proceeding at a rate Rm [mol/L/s].

The hydrodynamic dispersion coefficients of aqueous species
were calculated with the linear parameterization:

Dw
L;i ¼ Dw

P;i þ av ð11Þ

where Dw
P;i is the effective diffusion coefficient and a is the

dispersivity (0.1 m; Jardine et al., 1999; Zhou et al., 2007; Bao
et al., 2017). Both effective pore diffusion coefficients for water
and gas phase were calculated based on the semi-empirical formu-
lation of Millington and Quirk (1961) to account for the local
tortuosity:

Dw
P;i ¼ Dw

0 h
1=3
t n7=3

w ð12Þ

Dg
P;i ¼ Dg

0h
1=3
t n7=3

g ð13Þ

where Dw
0 and Dg

0 are the molecular diffusion coefficients equal to
1 � 10-9 m2/s and 5 � 10-6 m2/s for the aqueous and gas species,
respectively; nw and ng are the water and gas phase saturations,
respectively with nw + ng = 1. The equilibrium mass-transfer of a
species i between aqueous and gas phase was simulated using
Henry’s law:

Hi ¼ Cg;i

Cw;i
ð14Þ

where Hi is the Henry’s law coefficient of species i (see Table S2).
The evolution of the porous matrix induced by the transforma-

tion of the mineral assemblage and its impact on the transport of
aqueous species and the biogeochemical reactions were explicitly
considered in the model by simulating the change in porosity, per-
meability, and exposed surface area (Carrier, 2003; Navarre-
Sitchler et al., 2011; Seigneur et al., 2019; see Section S2 of the Sup-
plementary Material for more details). The initial volume fractions
of the minerals (hm,0, Table 1) were calculated from the mass frac-
tions measured with XRD using the molar mass and molar volumes
of the respective minerals. Throughout this work, physical pro-
cesses refer to meteoric water infiltration, gas diffusion, and pore
size evolution related to the transformation of the mineral
assemblage.

3.3. Numerical implementation

The model was implemented in the finite volume reactive
transport code CrunchTope (Steefel and Lasaga, 1994; Steefel
et al., 2015). The capability to calculate partially saturated flow
via the Richards equation has been recently added to CrunchTope
as part of this work. The governing partial differential equations
are solved with a global implicit reactive transport approach
(GIMRT; Steefel and Lasaga, 1994; Steefel and Yabusaki, 1996;
Steefel and MacQuarrie, 1996), which makes it possible to simulta-
neously simulate the transport and reaction processes with an
implicit backwards Euler method and an upwind differencing
scheme for advective transport. Newton’s method is to solve the
system of differential equations. GIMRT is particularly important
in this study as it allows us to perform simulations over millennial
time scale (in this case: 15,000 years) at affordable computational



Table 3
Kinetic model parameters controlling the abiotic dissolution/precipitation of minerals.

Dissolution/precipitation of silicate, carbonate and clay minerals

Albite Calcite Chlorite Dolomite Illite Quartz

Equilibrium constant at 25�C log Keq,m [–] 3.00 (a) 1.85(b) 68.38(c)* 3.53(a) 6.58(d) -3.73 (e)

H2O dependency, effective rate constant km;H2O [mol/m2/s] 2.75�10-13 (f) 1.55�10-6 (f) 7.76�10-12 (f) 2.51�10-9 (f) 1�10-15 (g) 1.02�10-14 (f)

H2O dependency, activation energy Ea;m;H2O [kcal/mol] 16.68 (f) 5.62 (f) 21.03 (f) 22.78(f) 3.35 (g) 20.96 (f)

H+ dependency, effective rate constant km;Hþ [mol/m2/s] 10-10.16 (f) 10-0.3 (f) 10-12.52 (f) 10-3.76 (f) 10-11.7 (g) –
H+ dependency, exponent x1,m [–] 0.457 (f) 1.00 (f) 0.49 (f) 0.50(f) 0.60 (g) –
H+ dependency, activation energy Ea;m;Hþ [kcal/mol] 15.54 (f) 3.44 (f) 21.03 (f) 13.55(f) 10.99 (g) –
OH- dependency, effective rate constant km;OH� [mol/m2/s] 10-7.59 (f) – – – 10-12.3 (g) –
OH- dependency, exponent x2,m [–] 0.572 (f) – – – 0.6 (g) –
OH- dependency, activation energy Ea;m;OH� [kcal/mol] 16.97 (f) – – – 16.01 (g) –
CO2 dependency, effective rate constant km;CO2 [mol/m2/s] – 10-4.99 (f) – -5.37(f) – –
CO2 dependency, exponent x3,m [–] – 1.00 (f) – 0.5(f) – –
CO2 dependency, activation energy Ea;m;CO2 [kcal/mol] – 8.46 (f) – 10.92(f) – –

Oxidative dissolution of pyrite and precipitation/dissolution of goethite

Effective rate constant kpyr;O2 [mol/m2/s] 7.94�10-9 (h)

Exponent xpyr;1 [–] 0.5 (h)

Exponent xpyr;2 [–] -0.11 (h)

Effective rate constant kpyr;Fe3þ [mol/m2/s] 3.16�10-10 (h)

Exponent xpyr;3 [–] 0.3 (h)

Exponent xpyr;4 [–] -0.47 (h)

Exponent xpyr;5 [–] -0.32 (h)

Goethite equilibrium constant at 25�C log Keq,goe [–] 0.36 (i)

Goethite, effective rate constant kgoe [mol/s] 1.15�10-8 (f)

Goethite, activation energy Ea,goe [kcal/mol] 20.67 (f)

(a) Robie and Hemingway (1995).
(b) Blanc et al. (2012).
(c) Helgeson et al. (1978).
(d) Köhler et al. (2003).
(e) Richet et al. (1982).
(f) Palandri and Kharaka (2004).
(g) Godderis et al. (2006).
(h) Williamson and Rimstidt (1994).
(i) Majzlan et al. (2003).
* For chlorite, the thermodynamic properties of clinochlore 14 Å were considered based on the similar properties of these minerals.
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cost. The thermodynamic database Thermoddem (Blanc et al.,
2012) was used to calculate the aqueous speciation and reaction
between dissolved species. CrunchTope partitions the aqueous
species between primary and secondary species. Primary species
are used for mass conservation transport equation while secondary
species are explicitly considered for aqueous reactions and mineral
transformation calculations. The model considers 17 primary and
39 secondary species in the aqueous phase and 3 species in the
gas phase: O2(g), CO2(g), and N2(g) (see Table S2 for a complete list
of species).

The simulations were performed using a vertical 8 m long 1-D
domain discretized into 80 grid cells (Dx = 10 cm). Unaltered shale
bedrock was assumed to uniformly compose the porous matrix at
the start of the simulation using the mineral composition of the
parent rock determined with the quantitative XRD analyses and
presented in Table 1. Infiltration of meteoric water was simulated
by defining a flux boundary condition at the top of the model
domain with an average water infiltration rate of 300 mm/year.
The hydrochemical composition of the infiltrating water was
assumed constant throughout the simulation using data from the
National Atmospheric Deposition Program (Table S3). The DOC
concentration of the infiltrating water was calibrated to simulate
the replenishment of fresh litter/plant-derived organic matter
and to reproduce the DOC and TOC levels measured in groundwa-
ter and the upper soil layer, respectively. Furthermore, gas
exchange between the subsurface and the atmosphere was con-
trolled by defining a Dirichlet boundary condition with fixed par-
tial pressure of reactive gases in the atmosphere at the altitude
of the hillslope (i.e., pO2 = 1.68 � 10-1 bar, pN2 = 6.24 � 10-1 bar,
and pCO2 = 3.17 � 10-4 bar).
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To decrease the computational cost of the simulations, the dis-
tribution of water saturation determined using the Richards’ equa-
tion (Eq. (8)) was assumed constant in time by using the lower
water saturation conditions that prevail through most of the year
(Fig. S2). The model also accounted for the effect of temperature
on the biogeochemical reactions (e.g., Arora et al., 2016) by defin-
ing a vertical temperature gradient based on the temperature mea-
surements performed at multiple depths in the monitoring wells
(Fig. S2).

Calibration was performed to develop a single set of parameters
capable of reproducing the vertical profiles of the mineral concen-
trations, solid carbon content (TOC), aqueous concentrations of
organic carbon (DOC), and CO2 concentration in the gas phase mea-
sured in all three monitoring wells. The calibration was restrained
to model parameters controlling the mass-transfer of organic mat-
ter between the aqueous and solid phases (kDOM and KDOM), the aer-
obic respiration of organic matter (lmax,S, Km,S, and Km, TEA), and the
fresh litter/plant-derived DOC concentration in the infiltrating
water. More details on parameters calibration are provided in Sec-
tion S5 of the Supplementary Material.
4. Results

4.1. Long-term evolution of the weathering front

Fig. 3 compares the simulated and measured mineral concen-
trations and displays the simulated change in porosity in the three
monitoring wells. The results illustrate the presence of a weather-
ing front within the upper two to four meters of the hillslope.
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The weathering front is primarily characterized by the deple-
tion of dolomite (Fig. 3a-c) and pyrite (Fig. 3d-f) and the precipita-
tion of secondary mineral phases: calcite (Fig. 3i) and goethite
(Fig. 3j-l). The depth of the weathering front (i.e., defined as the
zone where dolomite and pyrite concentrations are lower than in
the parent rock) coincides with the greatest depth of the water
table, but differs among the three wells. In particular, the weather-
ing front and water table are significantly shallower in PLM3 (wa-
ter table is 2.5 m) located at the toe-slope and closer to the
floodplain. In comparison, wells PLM1 and PLM2 are located
upslope and their water tables are 4 and 4.1 m, respectively.

Measured data in wells PLM1 and PLM3 show that the low
amounts of calcite initially present in the bedrock (i.e., 1.2 wt%)
Fig. 3. Measured mineral concentration profiles in the three monitoring wells and simu
profiles are plotted at 1000 years intervals. Goethite concentrations in PLM1 and PLM2
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is depleted within the top soil, but that localized secondary calcite
precipitation occurs below the weathering front leading to a peak
in calcite concentration (Fig. 3i). The detected amount of calcite
is higher in PLM3 (maximum concentration is 6.9 wt%) compared
to PLM1 (maximum concentration is 2.5 wt%) as shown by the
broad concentration peak measured between 2.13 and 3.96 m
bgs in PLM3 (Fig. 3i). Low amounts of goethite are also observed
within the top two meters in well PLM3 with concentrations mir-
roring that of pyrite (Fig. 3l), which indicates that the iron released
upon the dissolution of pyrite precipitates predominantly into iron
oxides. Results for the clay and silicate minerals are presented in
Fig. S3 and show that their alteration remains minor as these min-
erals are relatively insoluble over the time scale considered.
lated evolution of the mineral composition and porosity. Simulated concentration
and calcite concentrations in PLM2 were not reported by Wan et al. (2021).



Fig. 4. Present-day measured and simulated organic carbon concentrations profiles
in the solid phase (a-c) and aqueous phase (d-f) and carbon dioxide concentrations
in the gas phase (g-i). The dots show the average concentrations measured at a
specific depth and the error bars show the amplitude of seasonal variations in
concentrations. Lines show simulation outcomes at t = 15,000 years. CO2(g)

concentrations were only measured in the vicinity of PLM2.
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The model successfully reproduces the measured primary min-
eral concentration profiles and captures the weathering front in
the three wells (i.e., comparison between data and model results
at 15,000 years are shown as red lines; Table S5 presents a model
accuracy matrix for the different measured aqueous, gas, and solid
concentrations). The simulated long-term evolution of the mineral
profiles displayed in Fig. 3 shows the progressive depletion of dolo-
mite and pyrite and the precipitation of goethite and calcite and
emphasizes the complex spatiotemporal behavior of weathering.
In particular, pyrite is removed faster and shows a sharper deple-
tion front than that of dolomite. This difference is particularly clear
in wells PLM1 and PLM2, which have thicker unsaturated zones
(Fig. 3a-b and Fig. 3d-e) compared to PLM3 where near-complete
removal of dolomite and pyrite occurs during the time period con-
sidered (Fig. 3c and Fig. 3f). Furthermore, the dissolution rates of
the parent minerals vary significantly as the weathering proceeds.
For instance, the dissolution of dolomite increases during the last
5,000 years within the upper two meters as illustrated by the
greater distance between themineral concentration profiles (Fig. 3-
a-c). In contrast, the dissolution of pyrite is initially fast (greater
distance between the lines of the concentration profile) and
decreases with time (Fig. 3d-f). The dissolution of both dolomite
and pyrite are strongly limited close to the water table as shown
by the shorter distances between the concentration profiles at
depth greater than 2 m bgs.

Furthermore, the outcomes of the simulations show that calcite
precipitates underneath the dolomite reaction front (i.e., location
where dolomite dissolution rate is highest) and re-dissolves once
dolomite is depleted, thus leading to a progressive shift in the cal-
cite concentration peak (Fig. 3g-i). Calcite has a lower solubility
under groundwater temperature conditions, and therefore precip-
itates at the expense of dolomite (Szramek et al., 2007). Although
the model can reproduce the maximum calcite concentration mea-
sured in the wells, the simulated calcite concentration peak is nar-
rower than the one measured in PLM3. This discrepancy might
reflect the importance of the lateral flow below the water table
that leads to concentration build-up and/or transverse dispersion
of calcium and carbonate and ultimately results in more wide-
spread precipitation of calcite (i.e., Ca2+ plume released from the
dolomite dissolution broadens downgradient; e.g., Haberer et al.,
2015).

Fig. 3m-o present the simulated porosity profiles and show that
the depletion of the primary minerals in the weathering front
induces an increase in porosity with a maximum ht = 0.17 in the
three wells. The complex pattern in simulated porosity primarily
results from its dependency to dolomite dissolution (Fig. 3a-c) as
dolomite occupies a significant volume fraction in the parent rock
(12.6 vol%). In contrast, the dissolution of pyrite and calcite (1.2 vol
% and 0.5 vol%, respectively) as well as minor dissolution of albite
and chlorite (<2 vol%) have a limited impact on the porosity. The
simulated porosity value in the upper part of the profiles is in
agreement with the experimentally-determined porosity of the
weathered shale (htot = 0.2), but underestimates the soil porosity
(htot = 0.4; first meter below bgs). This discrepancy can be attribu-
ted to other physical and biological mechanisms (e.g., root growths
and decay, bioturbation, freeze–thaw cycles) that are not included
in the model but may contribute to a significant increase in poros-
ity in top soils (Sorensen et al., 2020; Meurer et al., 2020).
4.2. Spatial distribution of organic carbon

Fig. 4 presents the comparison between simulation outcomes
and the depth-discretized measurements of organic carbon and
CO2 concentrations at the three spatial locations. The results show
complex spatial distribution of organic carbon and strong CO2
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emissions indicating that microbial respiration is a significant pro-
cess along the hillslope transect.

Fig. 4a-c show that the TOC concentration is vertically heteroge-
neous but relatively homogeneous in the longitudinal direction of
the hillslope ([1.0 – 8.4] wt%). Low TOC concentration reflects the
composition of shale below 1 m (�1 wt%) and increases sharply
within the top 1 m, which represents a depth shallower than the
weathering front (i.e., 4 m, 4.1 m, and 2.5 m in wells PLM1,
PLM2, and PLM3, respectively). In contrast, the measured DOC con-
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centrations are in the range [0.12 – 1.66] mM and only show a
slight increase in the upper part of the subsurface, which is more
pronounced in PLM1 (Fig. 4d-f).

The CO2(g) concentrations measured in the vadose zone are sig-
nificantly higher (i.e., average concentrations are in the range [940
– 6960] ppm; Fig. 4g-i) than the atmospheric CO2(g) concentration
(�400 ppm), indicating significant CO2(g) emissions to the atmo-
sphere resulting from aerobic respiration in the subsurface. In
comparison, measured CH4(g) concentrations are low with values
lying close to the detection limit of the instrument (i.e., <
2.1 ppm; not shown here) showing that methanogenesis does
not significantly contribute to the cycling of carbon at our study
site.

The model can satisfactorily reproduce the complex profiles of
carbon concentrations measured in the three wells (R2 = 0.82 and
0.48 for TOC and DOC, respectively, Table S5). In particular, the
model captures the accumulation of fresh litter/plant-derived
organic carbon in the top soil (Fig. 4a-c) and the concentration of
DOC released from the shale at depth (Fig. 4d-e) using the cali-
brated parameters controlling the mass-transfer of organic matter
between the aqueous and the solid phases (kDOM and Keq,DOM shown
in Table 5). The simulated distribution of shale-associated and
fresh litter/plant-derived organic carbon is shown in Fig. S4. Fur-
thermore, the rate constant controlling the release of DOM from
shale (kDOM = 1.28 � 10-8 mol/m2/s) is in agreement with the rate
of DOC release estimated experimentally by Schillawski and Petsch
(2008) (i.e., RDOM = �3 � 10-7 mol/s considering the amount of
shale OM observed at our site and shown in Table 1). Finally, the
model can reproduce the CO2(g) levels measured in the vadose
zone, which validates the simulated rates of aerobic respiration
since CO2(g) is the end product of the microbially-mediated reac-
tion. The kinetic parameters controlling the aerobic respiration of
fresh litter/plant-derived and shale-derived organic matter are
provided in Table 4 and show that the simulated aerobic respira-
tion rate of fresh litter/plant-derived OM is higher than shale-
derived organic matter.

4.3. Processes controlling the weathering of shale

The calibrated model is used to quantitatively evaluate the roles
of the physical, microbial, and geochemical processes controlling
the weathering of shale. To do so, we define five modeling scenar-
ios (denoted A-E) in which mechanisms are individually removed
from the calibrated model (Table 5). Here, we use PLM3 as our base
case and focus on the effects of physical mechanisms (i.e., gas dif-
fusion and porosity development related to the dissolution of pri-
mary minerals) and aerobic respiration. Further, both the total and
individual impacts of fresh litter/plant-derived and shale-
associated organic matter degradation are evaluated.

Fig. 5 displays the outcomes of the simulations and the compar-
ison with the measured mineral concentrations in well PLM3 (sim-
ilar results are presented for the two other monitoring wells in
Table 4
Calibrated model parameters controlling the availability of organic matter and the aero
brackets.

Shale OM

Exch

kDOM [mol/m2/s] 1.28 � 10-8 [1.81 � 10-9; 5.22 � 10

logKeq,DOM [-] �3.32 [-3.6; �3.1]

lmax,S [mol/L/s] 6.02 � 10-11 [2.98 � 10-11; 1.01 �
Km,S [mol/L]
Km, TEA [mol/L]
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Fig. S5). The simulation performed in scenario A (red line in Fig. 5-
a-e) shows that the dissolution of primary minerals (dolomite and
pyrite) and the precipitation of secondary minerals (calcite and
goethite) are limited significantly when gas diffusion is not
included in the model. This result indicates that the continuous
ingress of atmospheric gases is the primary physical mechanism
driving the weathering of shale. In particular, the delivery of reac-
tants via diffusion in the gas phase, such as O2 that is directly
involved in the dissolution of pyrite and the precipitation of
goethite (see reaction stoichiometries in Table 2), is relatively rapid
(i.e., diffusion coefficient almost four orders of magnitude higher in
the gas phase than in the aqueous phase). The slight decrease in
mineral concentration simulated in the upper part of the profile
in the absence of gas diffusion takes place as the infiltrated water
contains low concentrations of dissolved O2 and CO2 in equilibrium
with the atmosphere. Furthermore, simulation outcomes of sce-
nario B (dotted purple line in Fig. 5a-e) show that the increase in
porosity resulting from the loss of parent minerals plays a signifi-
cant role in the transformation of the mineral assemblage. In fact,
when a constant porosity is assumed, mineral reactions decrease
with significantly lower dolomite dissolution (Fig. 5a), and to a les-
ser extent, lower pyrite dissolution (Fig. 5b) and goethite precipita-
tion (Fig. 5d). This result indicates that the increase in porosity is
an important mechanism for the weathering of shale by allowing
both an increase in reactive gas ingress into the subsurface and a
higher contact between the reactants and the mineral surfaces
(see details on the evolution of the porous matrix in the Supple-
mentary Material).

Modeling outcomes in scenario C (blue lines in Fig. 5f-j) demon-
strate that aerobic respiration is a critical mechanism for the devel-
opment of the weathering front. In fact, when this microbially-
mediated reaction is not included, the dissolution of carbonate
minerals is significantly reduced (dolomite and calcite in Fig. 5f
and 4 h, respectively), whereas the dissolution of pyrite is
enhanced (Fig. 5g). The impact of aerobic respiration on dolomite
dissolution can be explained as this microbially-mediated reaction
leads to significant production of CO2 that acidifies the pore water
and triggers the dissolution of dolomite. In contrast, the consump-
tion of O2 during aerobic respiration limits the dissolution of pyrite
at depth (Fig. 5g). The slight dissolution of dolomite visible in Sce-
nario C is induced by the atmospheric CO2 ingress and the produc-
tion of sulfuric acid during pyrite dissolution (Fig. S6).

Scenarios D and E (green full line and orange dashed line,
respectively in Fig. 5f-j) explore the individual impacts of the aer-
obic respiration of fresh plant-litter-derived and shale-associated
organic, respectively. Simulation outcomes show significantly
lower carbonate minerals dissolution when the aerobic respiration
of fresh OM is discarded (scenario D; green full line in Fig. 5f and
5 h), while no significant change in the mineral assemblage trans-
formation is observed when the reactivity of shale-associated OM
is inhibited (scenario E; orange dashed line in Fig. 5f and 5 h). This
difference suggests that aerobic respiration of shale-associated
bic respiration. 95% confidence intervals of the calibrated parameters are shown in

Fresh OM

ange between aqueous phase and solid matrix

-8] 1.90 � 10-20 [1.17 � 10-20; 6.12 � 10-19]

�9.35 [-9.50; �7.62]

Aerobic respiration

10-10] 2.00 � 10-10 [1.95 � 10-10; 2.00 � 10-10]
1.31 � 10-4 [6.33 � 10-5; 6.25 � 10-4]
3.00 � 10-6 [3.00 � 10-6; 1.15 � 10-5]



Table 5
Physical and biogeochemical mechanisms considered in the modeling scenarios.

Fig. 5. Comparison between present-day measured and simulated mineral concentration profiles in PLM3 as impacted by physical (a-e) and biological mechanisms (f-j). The
simulations are performed using five modeling scenarios denoted A-E, which are described in more details in Table 5. Lines show simulation outcomes at t = 15,000 years.
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organic matter plays a minor role in the mineral weathering com-
pared to the aerobic respiration of fresh litter/plant-derived
organic matter.

As shown by the simulated decrease in TOC when aerobic respi-
ration of shale OM is discarded (Scenarios C and E in Fig. 5j), signif-
icant depletion of shale-associated TOC is simulated from the
release of shale-derived DOM. In order to test if the simulated
release and subsequent elution of shale-derived DOM don’t result
in underestimating the importance of shale OM aerobic respira-
tion, we perform additional simulations in which direct oxidation
of solid shale OM is considered (Petsch et al., 2000; Bolton et al.,
2006). Outcomes of the simulations are shown in Fig. S7 and SI8
and confirm that the aerobic respiration of shale OM has a limited
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influence on the weathering of shale at our site. The results also
corroborate our conceptual model which includes the release of
labile DOM from shale that subsequently undergoes aerobic
respiration.

5. Discussion

The model-based interpretation through the formulation of
modeling scenarios has allowed us to identify the key processes
leading to the alteration of shale bedrock and the development of
the observed weathering front. In particular, we found that the
ingress of atmospheric oxygen via the gas phase directly induces
the oxidative dissolution of pyrite, although it is limited by the
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degradation of fresh organic matter through microbial respiration.
This microbially-mediated reaction generates carbon dioxide that
acidifies the pore water and triggers the dissolution of carbonate
minerals. Thus, aerobic respiration exerts a fundamental control
on the depletion fronts of carbonate and sulfide minerals through
the balance between oxygen consumption and carbon dioxide pro-
duction. In the following, we further analyze and discuss the spa-
tial and temporal evolution of the weathering front and the
implications of the presence of different types of organic matter
having different spatial distribution and reactivities for the weath-
ering of shale. We focus on one location of the hillslope transect
(PLM3) and similar results for the two other monitoring wells
(PLM1 and PLM2) are provided in the Supplementary Material.
5.1. Rates and mechanisms controlling pyrite and dolomite depletion
fronts

In order to analyze the dynamics of the long-term alteration of
shale, we computed the advance of the depletion fronts, expressed
as 5 %, 50 %, and 95 % of the initial amount present the shale bed-
rock, of the pyrite and dolomite. Fig. 6 illustrates the results
obtained in well PLM3 and shows important differences regarding
the depletion of the two minerals.

As shown by the dissociated depletion fronts expressed at 5 %,
50 %, and 95 % of the amount of mineral initially present (Fig. 6a-
b), the dissolution of pyrite and dolomite occur throughout the
unsaturated zone over the time period considered. While pyrite
dissolution rate is relatively uniform within the unsaturated zone
as shown by the similar advance rates of the 50 % and 95 % deple-
tion fronts, the advance of the dolomite depletion front shows a
more complex behavior. In particular, a small fraction of dolomite
is rapidly consumed throughout the unsaturated zone (green dot-
ted line in Fig. 6b), whereas the propagation of fronts characterized
by higher depletion of dolomite (greater than50 %) is significantly
slower. Furthermore, the 50 % and 95 % depletion fronts overlap,
indicating that the reaction front of dolomite is localized and shifts
downward as dolomite becomes depleted (black line and orange
dashed line in Fig. 6b). Such heterogeneous depletion of dolomite
within the unsaturated zone (i.e., dissolution of a small fraction
of dolomite throughout the unsaturated zone followed by a local-
Fig. 6. Simulated evolution of the weathering front in well PLM3: advance of depletion
average rate of mineral dissolution within the unsaturated zone (<2.5 m bgs) (c); fractio
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ized reaction front) leads to the development of a complex non-
planar weathering front as shown in Fig. 3a-b.

Furthermore, the model indicates that the depletion rate of
dolomite ([7 � 10-2 – 1.5 � 10-1] mol/m3/year) is significantly
higher than that of pyrite (<2.5 � 10-2 mol/m3/year; Fig. 6c). How-
ever, the removal of dolomite relative to its initial mass is slower
(Fig. 6d) due to the higher amount of dolomite in the bedrock.
These results clearly highlight the dissociation between the evolu-
tion of the dolomite and the pyrite dissolution fronts and show
that pyrite and dolomite dissolution are not stoichiometrically
linked through the production of sulfuric acid during pyrite disso-
lution. In particular, the amount of pyrite is significantly lower
(0.9 wt%) than that of dolomite (13.7 wt%). Therefore, the oxidative
dissolution of pyrite cannot by itself induce significant carbonate
mineral dissolution under the geochemical conditions considered
in this study.

To further analyze the differences in the evolution of the pyrite
and dolomite depletion fronts and the coupling between weather-
ing, transport, and biogeochemical mechanisms, Fig. 7 displays the
spatial and temporal changes in reactant concentrations, porosity,
mineral dissolution and aerobic respiration rates simulated in
PLM3.

Fig. 7a and 7b show that atmospheric oxygen can diffuse rapidly
via the gas phase, thus triggering the dissolution of pyrite through-
out the unsaturated zone. Oxygen concentration is lower at greater
depth as it is consumed by both aerobic respiration and pyrite oxi-
dation, but increases progressively in time as the primary minerals
dissolve and porosity increases (Fig. 7c). At present day (t = 15,00
0 years), the model shows that the gas and aqueous concentrations
of oxygen are nearly at equilibrium with the atmosphere within
the unsaturated zone and sharply decrease with depth around
the groundwater table due to the higher liquid saturation
(Fig. S9). The lower flux of oxygen under saturated conditions
and its consumption via aerobic respiration strongly limits the dis-
solution of pyrite below the water table (Fig. 7b; water table in
PLM3 is 2.5 m bgs). Furthermore, Fig. 7d shows that aerobic respi-
ration occurs primarily in the top soil, increases in time and gener-
ates carbon dioxide that triggers the dissolution of dolomite
(Fig. 7e) through the acidification of the pore water (Fig. 7f; see
reaction stoichiometries in Table 2). At present day, the rate of aer-
obic respiration within the upper 1 m (�0.4 mol/m3/year) is signif-
fronts of pyrite (a) and dolomite (b) expressed as percentage of depleted minerals;
n of depleted mineral within the unsaturated zone (d).



Fig. 7. Simulated evolution of the reactant concentrations, aerobic respiration rates, primary mineral dissolution rates, and porosity within selected depth intervals in PLM3.
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icantly higher than that of pyrite dissolution (<5 � 10-3 mol/m3/
year) and is nearly equal to the maximum rate of dolomite disso-
lution (�0.41 mol/m3/year) showing that aerobic respiration is
the primary driver of carbonate mineral depletion. The model
shows that the protons are transported downward through
groundwater infiltration leading to a localized reaction front where
dolomite dissolves (Fig. 7e) to buffer the acidic pH (Fig. 7f). Addi-
tional simulations extended to 50,000 years show that the deple-
tion front of carbonate minerals will continue to extend beneath
the water table as aerobic respiration and groundwater recharge
sustain the supply of protons from the top soil to the dolomite
reaction front (Fig. S10).

5.2. Spatial distribution and reactivity of organic matter

The calibrated model was used to analyze the respective roles of
the ancient and modern organic matter on shale weathering
through aerobic respiration. In particular, the model allows us to
quantitatively assess the vertical distribution and respective reac-
tivities of fresh plant/litter-derived and shale-associated organic
Fig. 8. Relative concentrations of fresh litter/plant-derived and shale-derived organic ma
simulated in PLM3.
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carbon, which could not be directly inferred from the field
measurements.

Fig. 8a displays the simulated relative distribution of the
modern and ancient organic carbon in PLM3 after 15,000 years
of chemical weathering (i.e., present). The OM distribution shows
that dissolved fresh litter/plant-derived organic matter domi-
nates in the top soil and is rapidly consumed through microbial
respiration with depth (negligible concentration below 2 m).
This result also highlights that the continuous infiltration of
fresh organic matter has led to the accumulation of solid organic
carbon close to the ground surface (Fig. 4a-c; Dwivedi et al.,
2017; Chapelle, 2021) leading to the observed TOC profiles and
contributing to the formation of biologically active soil. In con-
trast, shale-associated organic carbon represents only a minor
fraction of the total carbon pool in the upper part of the profile
as it has been depleted through DOM released from the solid
organic matter and its exposure to atmospheric conditions. Shale
OC becomes dominant with depth where bedrock remains
weakly altered (shale accounts for more than 50 % of OC below
1 m).
tter at present day (t = 15,000 years) and evolution of the aerobic respiration rates
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Fig. 8b and 8c show that the simulated microbial respiration
rate using fresh plant/litter-derived organic matter is higher (aver-
age and maximum rate at present in the unsaturated zone equal
0.15 and 0.49 mol/m3/year, respectively) than that of shale-
derived organic matter (average and maximum rates at present
in the unsaturated zone equal 0.08 and 0.13 mol/m3/year, respec-
tively). This suggests the higher ability of microorganisms to
degrade modern organic matter and corroborates the modeling
scenarios presented in Section 4.2., which pointed out the predom-
inant role of aerobic respiration of fresh litter/plant-derived
organic matter on the weathering of shale. Furthermore, while
the aerobic respiration of fresh organic matter is low and uniformly
distributed within the unsaturated zone at early times of the sim-
ulation, it increases progressively in the first meter below the
ground surface where it becomes dominant with time. This result
indicates that the increase in porosity in the upper part of the sub-
surface due to the depletion of the primary minerals and the
related increase in reactants fluxes progressively favor the aerobic
respiration of organic matter within the upper 1 m. Therefore, bio-
logically active soil represents a hotspot where most of the dis-
solved fresh organic matter is consumed and pore water
acidification takes place before being transported downward
through groundwater recharge.

The lower aerobic respiration of shale associated organic matter
is more uniformly distributed due to its widespread presence in
the bedrock, although the location of the rate’s maximum shifts
downward as shale-associated carbon gets progressively depleted
(Fig. 8e).

6. Conclusions

In this study, we proposed and implemented a modeling
approach to disentangle the complex interplay between the phys-
ical, geochemical, and biological processes controlling the long-
term chemical weathering of shale with a particular focus on the
role of aerobic respiration. We considered a well-instrumented
hillslope transect, where detailed field investigations had revealed
a stratified weathering front and heterogeneous distributions of
dissolved and solid-associated organic carbon concentrations. A
multiphase reactive transport model simulating the alteration of
shale bedrock based on CrunchTope augmented with a newly
developed Richards’ equation routine was implemented to quanti-
tatively interpret the observations. The novelty of the proposed
modeling approach lies in the joint consideration of co-occurring
mechanisms including: (i) the gas exchange between the subsur-
face and the atmosphere and the infiltration of meteoric water,
(ii) the aerobic respiration driven by the continuous ingress of oxy-
gen and the presence of organic matter, and (iii) the reactions
between aqueous solutes and the complex mineral assemblage
composing the solid matrix. In particular, the model explicitly
accounts for the presence of ancient organic matter homoge-
neously distributed in the shale and the intrusion of modern
organic matter from the top soil. The simulations were run for
15,000 years starting from the last glaciation period and were able
to successfully reproduce the field dataset collected at various spa-
tial locations that includes the aqueous, gas, and solid phases with
a single set of model parameters.

The modelling results, verified by field observations, show that
the ingress of oxygen from the atmosphere into the subsurface rep-
resents the primary driver for the weathering as it induces the con-
version of pyrite into goethite and triggers aerobic respiration. The
latter exerts a strong but opposite control on the depletion of sul-
fide and carbonate minerals as it promotes the dissolution of dolo-
mite via the production of CO2, but limits the dissolution of pyrite
at depth by consuming O2. The modeling outcomes clearly indicate
that the evolution of the dolomite and pyrite depletion fronts are
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stoichiometrically decoupled (i.e., low impact of sulfuric acid pro-
duced during pyrite dissolution). In fact, the development of the
weathering fronts depends on the various pathways of the reac-
tants into the subsurface as well as the rates and spatial distribu-
tion of organic matter degradation via aerobic respiration. The
rapid ingress of oxygen into the subsurface via the gas phase leads
to the homogeneous depletion of pyrite within the unsaturated
zone. In contrast, aerobic respiration occurs predominantly in the
biologically active soil due to the higher reactivity of the fresh
litter/plant-derived organic matter compared to shale-associated
organic carbon, where it acidifies the pore water. The subsequent
transport of protons through groundwater infiltration leads to a
localized reaction front for dolomite that is gradually depleted
downward. The limited diffusion of reactive atmospheric gases
under high water saturation conditions and the consumption of
oxygen via microbially-mediated reactions limits the depletion of
pyrite below the water table. In contrast, continuous input of CO2

and protons via aerobic respiration and groundwater recharge
can sustain the dissolution of dolomite under saturated conditions.

Our results demonstrate that the balance between carbonate
and sulfide minerals consumption is determined by the availability
and reactivity of fresh and shale-associated organic matter and the
ability of the local microbial communities to perform aerobic res-
piration. Similar depletion fronts for sulfide, carbonate minerals
and shale-associated organic matter have been observed elsewhere
(e.g., Littke et al., 1991; Petsch et al., 2000; Wildman et al., 2004;
Jin et al., 2013), which indicate that the predominant weathering
processes identified in this study are valid for other shale forma-
tions. Our model represents a valuable tool that could be exported
to other locations in order to further analyze the impacts of local
climatic, hydrological, and geochemical conditions on the weather-
ing of shales and black shales (Ma et al., 2011; Dere et al., 2013).
The mechanistic understanding of shale weathering gained from
such modeling approach will improve the interpretation of sea-
sonal hydrochemical fluxes observed at larger scales (Winnick
et al., 2017; Arora et al., 2021) and will support the refinement
of global biogeochemical cycling of carbon and sulfur (Amiotte-
Suchet, et al., 2003; Fox et al., 2022).
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