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ARTICLE INFO ABSTRACT

Editor: H. Bao Silicate weathering and organic carbon (OC) burial in soil regulate atmospheric CO,, but their influence on
each other remains unclear. Generally, OC oxidation can generate acids that drive silicate weathering, yet clay
minerals that form during weathering can protect OC and limit oxidation. This poses a conundrum where clay
formation and OC preservation either compete or cooperate. Debate remains about their relative contributions
because quantitative tools to simultaneously probe these processes are lacking while those that exist are often
not measured in concert. Here we demonstrate that Li isotope ratios of sediment, commonly used to trace clay
formation, can help constrain OC cycling. Measurements of river suspended sediment from two watersheds
of varying physiography and analysis of published data from Hawaii soil profiles show negative correlations
between solid-phase 67Li values and OC content, indicating the association of clay mineral formation with OC
accumulation. Yet, the localities differ in their ranges of 6’Li values and OC contents, which we interpret with
a model of soil formation. We find that temporal trends of Li isotopes and OC are most sensitive to mineral
dissolution/clay formation rates, where higher rates yield greater OC stocks and lower §Li,,;, values. Whereas
OC-enhanced dissolution primarily dictates turnover times of OC and silicate minerals, clay protection distinctly
modifies soil formation pathways and is likely required to explain the range of observations. These findings
underscore clay mineral formation, driven primarily by bedrock chemistry and secondarily by climate, as a
principal modulator of weathering fluxes and OC accumulation in soil.
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1. Introduction soil (Hilton and West, 2020). Organic carbon (OC), with its diversity

of molecular forms and reactivity (Boudreau and Ruddick, 1991; Boye

Earth’s climate remains in a delicate balance, so much so that mi-
nor imbalances of carbon (C) inputs and outputs to the ocean and
atmosphere may lead to Greenhouse or icehouse states (Berner and
Caldeira, 1997). As biogeochemical hubs of C cycling that modulate
and respond to climate over months to millions of years, soils play a
critical role in this balance. The relevance of C cycling in soil over
such a broad time span is governed by the rates of mass transfer for
constitutive organic matter and inorganic (e.g., silicate) minerals in

et al., 2017), rapidly cycles (< 1,000 yr) (Schmidt et al., 2011) due
to quick fixation of atmospheric CO, by photosynthesizers, transfor-
mation to organic ligands, and mineralization to CO, by microbes,
root exudates, mycorrhizae, or dissolved dioxygen. In contrast, sili-
cate minerals are comparatively more stable than OC at Earth surface
conditions, leading to sluggish rates of mineral dissolution and precip-
itation (White and Brantley, 2003; Nagy et al., 1991) with relevance to
C drawdown via alkalinity generation and marine carbonate formation
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Fig. 1. Connections and feedbacks between OC cycling and silicate weather-
ing. OC contains two reservoirs, one that is fast-cycling (particulate OC) and
another that is slow-cycling (mineral associated). Silicates are composed of pri-
mary bedrock and secondary clay minerals. Solid arrows show processes that
link mass transfer between reservoirs where plus signs indicate a process that
increases the affected pool (i.e., one being pointed to) and minus signs indicate
the opposite. We distinguish processes from mass fluxes by arrow color. Dashed
arrows indicate mass loss from system.

over 10° to 10° yr (Walker et al., 1981; Berner et al., 1983). The in-
teraction of silicate weathering and OC cycling in soil has received
significant attention (Chadwick et al., 1994; Drever, 1994; Torn et al.,
1997; Masiello et al., 2004; Slessarev et al., 2022; Hemingway et al.,
2019; Fang et al., 2023; Roering et al., 2023) despite their distinct
timescales of operation. However, it remains unclear how each process
impacts one another and how environmental or geologic conditions may
regulate their coupling. With increasing anthropogenic C emissions and
attendant hydroclimate change (IPCC, 2022), bridging this knowledge
gap in paired data sets and with quantitative modeling approaches is a
pressing need (Beerling et al., 2020).

Fully characterizing the interplay of OC cycling and silicate weather-
ing is challenging because even in an idealized system, there are several
conceivable ways that they could either arrest or enhance each other
(Chadwick and Chorover, 2001) (Fig. 1). For example, the breakdown
of solid-phase OC generates a range of carbon species that are either
exported from soil (Talbot et al., 2022) or involved in mineral dissolu-
tion and surface complexation reactions (Drever, 1994; Lawrence et al.,
2014; Winnick and Maher, 2018). The enhancement of mineral dissolu-
tion by biogenic carbon species at the expense of solid OC would thus
constitute a negative relationship between silicate weathering and OC
accumulation in soil. However, the liberation of rock-bound nutrients
by mineral dissolution may stimulate biological activity (Frings et al.,
2021; Hahm et al., 2014; Maher and von Blanckenburg, 2023), increas-
ing OC inputs to soil and thus generating a positive relationship between
silicate weathering and OC accumulation in certain settings. From an-
other perspective, not all solid OC is transformed or mineralized, and
the fraction of OC that evades these processes (Spohn et al., 2016; Liang
et al., 2017) persists for a longer duration (> 10,000 yr) largely because
of its association with clay minerals (Chadwick et al., 1994; Torn et al.,
1997; Masiello et al., 2004; Doetterl et al., 2016; Hemingway et al.,
2019; Heckman et al., 2022; Fang et al., 2023) and oxides (Rasmussen
et al., 2018; Tipping et al., 2002) that form in soil. The high specific
surface area and negatively charged surfaces of clay minerals act as
physiochemical shields from oxidants, enabling the accumulation of OC.
Clay minerals are byproducts of primary silicate dissolution and in this
way, their formation constitutes a positive relationship between silicate
weathering and OC accumulation. Yet, if there is a point in soil devel-
opment where OC is predominantly associated with and protected by
clay minerals, the production of biogenic carbon species that enhance
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weathering may decrease (Schmidt et al., 2011), generating a negative
relationship. Observations of soil profiles suggest that the nature of the
coupling may depend on depth within soil (Fang et al., 2023) or soil
age (Torn et al., 1997; Doetterl et al., 2016), but in considering soils
in aggregate, a fundamental conundrum arises: does organic carbon cy-
cling drive silicate weathering, or vice versa? To address this question,
we argue that quantitative constraints of clay mineral formation are an
essential requirement.

Conventionally, the mineralogy, physical attributes (e.g., grain size,
density), or bulk chemistry of soil are used to detect clay minerals and
constrain their formation rates. The difficulty of interpreting these data
are that without space-for-time substitutions, which are commonly used
in studies of catenas or soil chronosequences (Torn et al., 1997; Masiello
et al., 2004; Lawrence et al., 2014; Doetterl et al., 2016), inferring
rates of clay mineral formation and mass transfer requires highly speci-
fied, complex reactive transport models (Maher et al., 2009). Moreover,
there exist quantitative bounds for measurements of bulk soil chemistry
and clay mineralogy that limit the identification of new clay minerals
and their corresponding formation rates. The past several decades have
seen the establishment of several non-traditional stable isotope systems
that have been shown to be especially sensitive to clay mineral for-
mation, including Li isotopes (Huh et al., 1998; Dellinger et al., 2015,
2017; Andrews et al., 2020; Golla et al., 2021; Winnick et al., 2022).
Clay minerals preferentially incorporate aqueous °Li over 7Li during
their formation (Hindshaw et al., 2019), leading to low 7Li/®Li ratios in
clay and high ratios in the water from which it formed. The conversion
of bedrock silicates to authigenic clays progressively drives soil "Li/®Li
to lower values and generates an empirical relationship between river
suspended sediment 7Li/%Li and silicate weathering intensity (fraction
of mass loss via weathering) (Dellinger et al., 2015, 2017), showcasing
a key quantitative strength of the proxy. Studies have also illustrated
the sensitivity of Li isotopes to rapid changes in clay mineral formation
(Dosseto et al., 2015; Ramos et al., 2022; Chen et al., 2023). However,
to our knowledge, studies have not yet explicitly paired measurements
of weathering-sensitive isotope proxies and OC (abundances, isotope
ratios) that together could unveil a more complete perspective of C cy-
cling during soil formation.

In this study, we explore connections between clay mineral forma-
tion and OC accumulation in fluvial systems, resolving a previously
unknown connection between the inorganic and organic carbon cycles.
We compile previously published measurements of soil from Hawaii
(Torn et al., 1997; Ryu et al., 2014; Huh et al., 2004; Li et al., 2020)
and measure Li isotope ratios of river suspended sediment from two wa-
tersheds with different climatic and geologic conditions. We show how
these measurements, when compared to a coupled model of OC cycling
and silicate weathering, can refine the controls and coupling of silicate
weathering and OC cycling. The results underscore bedrock chemistry
and reaction stoichiometry as a mutually fundamental control of weath-
ering and OC cycling.

2. Description of study area

The three study sites encompass a range of climatic, geologic,
and lithologic conditions. The first are the well-characterized Hawaii
chronosequence (Torn et al., 1997; Ryu et al., 2014) and climosequence
(Huh et al., 2004; Li et al., 2020) soils. Whereas the chronosequence
contains ridgetop soils from 0.3 to 4,100 kyr in age which together have
been interpreted as a classic example of soil development over time
(Chadwick et al., 1999), the climosequence soils are comparable in age
but form across a range of climatic conditions and ecological zones. All
soils form from the weathering of basalt and dust and contain variable
amounts of amorphous phases, like allophone and imogilite, and crys-
talline phases, like kaolinite and gibbsite. Amorphous phases are most
abundant in soil < 150 kyr old and are replaced by crystalline ones as
soils age (Chadwick et al., 1999; Torn et al., 1997). We focus on soil
profiles that develop in highly productive rainforest-like climates and



E.J. Ramos, W.J. Larsen, Y. Hou et al.

are not heavily impacted by aerosol input (see Supporting Information
and Figs. S1-S3 for further justification). Fossil pollen grains show that
climate has changed over the time encompassed by the chronosequence
and climosequences, but studies argue that climate change minimally
impacted the trajectory of soil formation (Hotchkiss et al., 2000). All
data from Hawaii presented here considers whole-soil average OC con-
tent (Torn et al., 1997) and Li-weighted average 57Li values (where

57Li,fnknawn = [G_Eunknown/z_ELSVEc] —1) (Ryu et al., 2014) for each soil
profile.

The additional two sites where we generate new datasets are the Lit-
tle Deschutes River in the eastern Cascade Range of Oregon, USA and
the Rio Bermejo in Argentina and Bolivia (Fig. S4). The Little Deschutes
River was recently deglaciated after Last Glacial Maximum, contains
exclusively volcanic bedrock (pumiceous ash from the 7 kya eruption
of Mt. Mazama, rhyodacites, Quaternary basalt flows), and is mostly
pristine, having been designated by the US Forest Service as protected
wilderness in 1984 (Gannett, 2004). We focus on the headwaters of the
Little Deschutes River that flow proximally to bedrock sources (Fig. S5).
With negligible petrogenic OC and bedrock phyllosilicates, the water-
shed and the chemistry of its soil and river sediment are interpreted
as chiefly the byproduct of near-surface biogeochemical cycling (Du-
das and Harward, 1975). Amorphous phases like halloysite, allophane,
and ferrihydrite are the dominant byproducts of weathering in the wa-
tershed (Dudas and Harward, 1975). The climate in the watershed is
temperate where wintertime snowfall is the primary form of precipita-
tion and snowmelt drives discharge in late spring.

The Rio Bermejo is a larger drainage than the Little Deschutes, and
it flows eastward from the central Andes into the continental interior
without any tributaries for over 1000 km of flow (Repasch et al., 2023).
The mean residence time of sediment in the lowland floodplain is ap-
proximately 8.4 kyr (Repasch et al., 2020). The fluvial environment
is thought to be at a steady state with respect to aggradation rates in
the foreland basin and rates of uplift in the adjoining Andes (Repasch
et al.,, 2021). Recycled sedimentary rocks that contain petrogenic OC
(0.01-0.04 wt.%) and primary phyllosilicates compose the bedrock in
this watershed (McGlue et al., 2016; Scheingross et al., 2021), which is
characteristic of Andean foreland basins (Dellinger et al., 2014). Smec-
tite and illite are the main secondary clay minerals that form during
weathering (McGlue et al., 2016). Climate in the watershed is subtrop-
ical with monsoonal precipitation controlling river discharge (Repasch
et al., 2021).

Unlike the Hawaii soil profiles, our study of the Rio Bermejo and
Little Deschutes involves the analysis of river suspended sediment. The
composition of river suspended sediment typically reflects catchment-
wide silicate weathering, sediment provenance, and clay formation
(Lupker et al., 2012; Malkowski et al., 2019), potentially offering a dif-
ferent and complementary perspective on biogeochemical cycles at the
watershed scale. For the Little Deschutes River, we analyze bedrock and
river suspended sediment for Li isotope ratios and element concentra-
tions and soil and suspended sediment for OC concentrations, stable C
isotopes, and radiocarbon content (see Methods). For the Rio Bermejo,
since measurements of OC and of sediment/soil properties were con-
ducted in previous studies (Repasch et al., 2020, 2021; Scheingross
et al., 2021), we solely analyze river suspended sediment for Li isotope
ratios and element concentrations.

3. Methods
3.1. Data compilation and calculations for Hawaii soils

All soil profile measurements from Hawaii were compiled from pre-
vious studies (Huh et al., 2004; Li et al., 2020; Mikutta et al., 2009; Ryu
etal., 2014; Torn et al., 1997) and used to quantify soil-average compo-
sitions (Egs. (1) and (2)). Each study reports sample localities, bedrock
ages, and depths that sample was retrieved. Each chronosequence study
(Mikutta et al., 2009; Ryu et al., 2014; Torn et al., 1997) sampled soil
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from an individual profile, and we assume that each soil profile is repre-
sentative of soil formation processes at a given locality. For a given soil
quantity J, we compute depth-integrated values using the trapezoidal
rule such that

Zbot

1 1

']average = ‘](Z) dz ~

Zpot ~ Ztop Zpot ~ Ztop

Ztop

: %(JlAzl +2% JyAzy+ o + 25 Ty 1 Azy_, +JNAZN)
@
where z,,, is the bottom of the soil profile, z,,, is the top of the soil
profile, z,, — z,,, is the length of the soil profile, J; is a quantity of
sample i from a given soil profile, Az; is the depth interval of sample i,
and N is the total number of samples in a soil profile.

One study (Mikutta et al., 2009) designates the depth of soil B hori-
zons for each locality and reports soil properties and reactive element
concentrations that are helpful to compare with Li isotope ratios. In
instances where we compute depth-integrated averages of entire soil
profiles, we let z,,, = 0 where 0 corresponds to the top surface of the
soil. When computing depth-integrated averages of B horizons, we let
Z,0p = 2z Where z is the top of the B horizon.

For Li isotope ratios, we compute Li-weighted averages values (also
using the trapezoidal rule) where

Z,

[ Li(z) 8"Li(z) dz
§'L Lor

i, = @
soil,average /Zzbm Li(Z) dz
“top

10)

and Li(z) and §’Li(z) are the depth profiles of Li concentrations and Li
isotope ratios, respectively.

3.2. Sample acquisition, preparation, and analysis for the Rio Bermejo and
Little Deschutes river

For the Rio Bermejo, the sampling protocol for river suspended sed-
iment and details for stable C and radiocarbon analyses can be found in
previous studies (Repasch et al., 2020, 2021; Scheingross et al., 2021).

All samples from the Little Deschutes River, Oregon, USA were col-
lected over two field seasons spanning August 2021 and June 2022.
Exposed bedrock that lacked obvious evidence of weathering product
was gathered with a hammer and chisel and stored in new Ziploc®
bags. Soil was retrieved with an auger, collected at regular depth inter-
vals (5-10 cm), stored in new Ziploc® or WhirlPak® bags, and placed
in a freezer (—4 °C). For each river suspended sediment sample, 30-50 L
of river water was collected with a Van Dorn sampler ~1 m below the
water surface near the river thalweg, and subsequently stored in new,
10 L polyethylene bags (Smart Bottles Inc.). The water was then fil-
tered through polyethersulfone filters using a plastic filter holder and a
manually operated pump to isolate sediment (> 0.22 um fraction). All
sediment-laden filters were stored in a freezer (—4 °C).

At the time of analysis, soil and sediment-laden filters were dried
in an oven at 50°C. Once dry, soil was gently dis-aggregated and
sieved to remove coarse sediment (> 2 mm) and then split into aliquots
with a riffle splitter. All visible macrophytes were handpicked from
the sediment-laden filter and the remaining sediment was removed by
gently squirting doubly deionized water (18.2 MQ) onto the sediment
surface. The sediment-water slurry was collected in pre-combusted glass
scintillation vials and evaporated to dryness in an oven at 50 °C. The
sediment was homogenized with a Teflon spatula. Bedrock was cut with
a water saw with care taken to remove any pieces that had evidence of
weathering (e.g., oxide deposits). A ~2 cm? piece of bedrock was then
powdered with a clean tungsten carbide ball mill.

Aliquots of soil and sediment were used for a series of chemical anal-
yses: element concentrations, Li isotope ratios, bulk OC content, stable
C isotope ratios, and radiocarbon content. Aliquots of bedrock powders
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only underwent analyses for element concentrations and Li isotope ra-
tios. Prior to element and Li isotope analyses, approximately 10 mg
of sample was weighed, digested in a series of ultrahigh purity acids
(PlasmaPURE Plus grade HF, HNO,, and HCI from SCP Science), and
reconstituted in 6N HNO3. An aliquot of sample digest (5% v/v) was
dedicated for major and trace element analyses and the remaining di-
gest (95% v/v) was used for Li isotope ratios. All major, minor, trace,
and rare earth element analyses were conducted on a Thermo iCAP
triple quadrupole ICP-MS equipped with a dual direct-injection system
at Rice University. The major/trace element sample aliquots were di-
luted ~8,000% in 1% (v/v) HNO5 and introduced in solution into the
instrument. The dual direct-injection system enabled the simultaneous
uptake of sample and an in-house standard (2 ppb In, Sc, and Y solu-
tion), permitting the detection and correction of instrument drift during
each analytical session. Calibrations for each element were performed
using external gravimetric solutions, and blanks and external reference
standards were analyzed every ~12 samples. Error on reference mate-
rials was <10%.

All preparation and measurement of Li isotope ratios were con-
ducted at the University of Texas at Austin. Prior to measurement,
the remaining aliquots of sample digest were evaporated to dryness
in Teflon beakers and reconstituted in 0.67N HNO; + methanol (30%
v/v) for 24 hours. Li purification via column chromatography followed
(Ramos et al., 2022) with at least one reference standard (IAPSO stan-
dard seawater or JR-1 rhyolite) analyzed per session of column chro-
matography. All isotope ratios were analyzed on a Nu Plasma 3D Multi-
collector ICP-MS with IRMM-16 serving as the bracketing standard be-
tween each measurement of an unknown. To calculate a §’Li value, all
unknown ’Li/®Li ratios were normalized by the average 7Li/®Li ratio of
its corresponding bracketing standards and reported relative to lithium
carbonate 8545-LSVEC. The long-term average measured §’Lijz _; value
= 4.03 + 0.47%o (2 s.d.; n = 21; accepted 67LiJR_1 value = 4 + 0.3%o;
Qi et al., 1997) and the long-term average measured 6’ Lijspg value =
31.29 + 0.76%o (2 s.d.; n = 43; accepted 6 Lijzpso value = 30.88 +
0.12%o; Huang et al., 2010).

Bulk organic C and N concentrations of suspended sediment (~ 1-10
mg of sediment) were measured at Rice University using a Costech In-
struments Elemental Analyzer and C concentrations of bulk soil (~ 1-10
mg of soil) were measured at Brown University using a Delta V Plus GC-
EA-IRMS. Replicate analyses of international standard materials (e.g.,
PACS-3 from Environment Canada) every 10-12 samples were mea-
sured to assess accuracy and precision. All stable C and radiocarbon
analyses were conducted at the National Ocean Sciences Accelerator
Mass Spectrometry Facility (NOSAMS) with the former using an ele-
mental analyzer-isotope ratio mass spectrometer and the latter using an
accelerator mass spectrometer. All radiocarbon data are converted to a
fraction modern carbon (Fm. C) by calculating the difference between
the sample '#C activity and 95% the '“C activity of NBS Oxalic Acid I
(SRM 4990B, OX-I) normalized to 6'3Cyppg = -19%o. For fraction mod-
ern calculations, isotopic fractionation is corrected using the measured
13¢/12C to the value of §'3C = -25%o.

3.3. OC cycling and weathering model

A set of ordinary differential equations (ODEs) are derived below to
capture the coupled evolution of OC cycling, mineral dissolution and
formation, and Li isotope transfer. To limit the number of parameters
for OC cycling and weathering reactions, we simplify constitutive mass
transfer equations by assuming soil as a uniform box but include suffi-
cient detail so that measured Li isotope ratios and OC contents can be
linked to first-order soil formation processes. Operationally, the effect
of OC oxidation on mineral dissolution and formation can be toggled
on or off in these ODEs, which we use to ascertain the directional ef-
fects of OC cycling on silicate weathering reactions. We define two C
pools that broadly represent particulate OC (a fast cycling pool denoted
as OC,,) and mineral-associated OC (a slow cycling pool denoted as

Earth and Planetary Science Letters 628 (2024) 118584

0C,,,,), bedrock (subscript rock), clay (subscript c/ay), and water (sub-
script water) as constituents of soil. The transfer of OC is described as

dOCy

dt = PCfa.w - kaa.vz OC.f‘”’ ®
and
dOCslow Xr“ki n
T = fCt,—uns kaa.vz ch‘”I - kC”’“U OCSluw Xcluy (4)

where OC [M-L~3] is driven by gross primary productivity per depth
of soil Pcfw [M-L=3-T~!] and its intrinsic transformation rate kcfm

[T~!], and OC,,,,, is driven by inputs from OC rast transformation and
outputs from its transformation. Of the OC/,,, that is transformed, only
a fraction f¢, [M-M~!] of that transformation yields C,;,,, accumula-
tion with the remaining fraction (1- fcmm) either available as dissolved
organic carbon (DOC) or dissolved inorganic carbon (DIC) for mineral
dissolution ( fd,-mcf) or exported (1- fd,-m,cf). The transformation of
0OCy;,,, is a nonlinear function of the relative mass abundance of ini-
tial bedrock X, [M-L73] and secondary clay X clay [M-L73], modified
by the positive exponent n [unitless]. In this formulation, higher clay
abundances suppress the transformation of OC

The dissolution of bedrock X

slow*

ock i described as

rock
dt —Krock X rock 5)
where K, is the effective rock dissolution rate [T~!] that is the sum

of intrinsic dissolution rate k,,, and the organic-enhanced dissolution
rate (Lawrence et al., 2014), expressed in its complete form as

Kroer =1 = fC,,am, )fdisx,Cf kaaS, Mfastarockﬂ + -

Xrock,»

fdiss,C.\-szlaw < X

In this formulation, we also assume that a remaining fraction of trans-
formed OCy4,,5 fyissc, is available for silicate weathering and that the
proportion of DIC/DOC that reacts with bedrock versus clay is a func-
tion of the relative mass abundance of OC M (akin to an activity) and
mass-weighted relative surface area of bedrock or clay a. For example,
Mg, and a,,., are expressed as

n
> Mslnwarnckﬁ + krack' ©
clay

slow
oC
M= s ?
rock clay
and
_ Arocerock S
frock = Xk + Ay X ®
rock“* rock clay“*clay
where
rock + aclay =1 (9)

A [L2-M~!] is the specific surface area of a corresponding phase. We
assume A, to have a specific surface area of plagioclase and 4, to
have a specific surface area of kaolinite. We lastly modify the fast and
slow OC-enhanced dissolution terms by a splitting fraction § [M-M~!]
that tempers the effect of DIC/DOC activity on dissolution rates, qualita-
tively similar to treatments in previous studies (Drever, 1994; Lawrence
et al., 2014).

Like X clay content X

clay €an be expressed as

rock>

dX

clay _
dt — Jclay

]CrockX - ]CclayX (10

rock clay

where clay formation is proportionate to bedrock dissolution, scaled by
fraction £, [M-M~!], and its dissolution rates K jay, which is the sum

of its intrinsic dissolution rate k,, and organic-enhanced dissolution:

Kclay =(1- fC,m,,s )fdis.s',Cf kaaS, Mfastaclayﬂ +



E.J. Ramos, W.J. Larsen, Y. Hou et al.

Xrack,-

faiss.c, ki
diss,C " Cgon Xclay

n
) Msluwaclayﬂ + kclay' (1n

In the absence of organic-enhanced dissolution, Egs. (6) and (11)
simply become K., = ko, and K, = k.4, respectively. With
Egs. (3)-(11), we derive equations for the conservation of Li and its
isotopes. In treating soil as a batch reactor, we can assume a coexist-
ing fluid phase (liquid water) that mediates weathering reactions and
neither flows into or out of the domain. The Li content and isotope
composition of water will be a function of the relative amount of min-
eral dissolution to clay formation (Bouchez et al., 2013; Dellinger et al.,
2015), which can be described as

dLi,,, 1 . ‘
% = []Crocerock(Llrock - fclayDLiLlwater)
Puwater
+ KclachlayLiclay] (12)

where Li is the Li concentration [M-M~!], Dy; [M-M~!] is the partition
coefficient of Li between secondary clay and water, and p,,,,, [M-L7]
is the density of water. This model assumes that all newly formed clay
minerals incorporate Li from solution and that bedrock Li content is a
constant. As a result, clay Li content evolves over time and is expressed
as

dLiclay X k . .
dt = claynrock ch (DLiLlwater - Llclay) . (13)
clay
With the Li content of secondary clay and water considered,
87Li a0, values can be expressed as
d57Liwater _ 1 %
dt pwalerLiwater

. Ty s Ty .
[KrockackLlrock(é Llrock -6 Llwaler) t+

KrayX crayLicia, A

clay“* clay™~‘clay=clay — ***

fclaylcrocerockDLiLiwaterAclay] (14)

where all isotope fractionation between secondary clay and water fol-
lows equilibrium, temperature-dependent batch fractionation (Bouchez
et al., 2013) such that

A -8'Li

clay = 1000 IOgaclay—water(T) i 57Liclay water* (15)

In the simulations, we assume a constant A, value when computing
&L, ay values from 87Li, 410, values. Mineral dissolution is assumed not
to fractionate Li isotopes, although solution pH has a subtle impact on
the magnitude of isotopic fractionation during dissolution (Zhu et al.,
2023).

Altogether, bulk soil Li concentrations and 67Li values can be calcu-
lated whereby

. XrackLirock + XclayLiclay
leil = X + X (16)
rock clay
and
Ty - XrockLirock57Lirock + XclayLiclay57Liclay
o Llsoil = X Li X Li . (17)
rock™rock + clay 1clay
4. Results

4.1. Geochemical data

All geochemical data can be found in the Supporting Information.
The 67Li values of river suspended sediment in the Rio Bermejo span
—2.6 to +4.1%0 (n=13) whereas those in the Little Deschutes span
—10.1 to —2.0%0 (n=23). Of the samples whose bedrock sources are
well characterized and have paired OC concentrations in the Little De-
schutes (see Fig. S5), the range of 57Li values narrows from —10.1 to
—5.2%0 (n=14). The Li-weighted average soil §7Li values from Hawaii
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Fig. 2. Li isotope and OC data for each study site. A) OC content versus 6’Li
difference between “fine” (suspended sediment or bulk soil) and bedrock. B)
Li isotope and OC array for the Rio Bermejo array (inset of A). Listed beside
each array are p values and Spearman’s rho. Hawaii data correspond to bulk
soil average values (error bars are standard errors) whereas Rio Bermejo and
Little Deschutes are measurements of river suspended sediment. Their error
bars correspond to long-term precision (20) of replicate standards (0.5%o for
67Li values and 0.1% for OC abundances). All arrays contain 1o error envelopes
(68% confidence).

span —0.1 to 5.6%o0 (n==8). The range of sediment/soil OC contents for
Rio Bermejo, Little Deschutes, and Hawaii are 0.1 to 0.4 wt.%, 7.9 to
17.6 wt.%, and 2.2 to 15.4 wt.%, respectively. River sediment and soil
OC content from Rio Bermejo compare well, whereas the range of river
sediment OC content generally exceeds soil OC contents for Little De-
schutes, albeit with some overlap (Fig. S6). For bedrock source 57Li
values, we assume a bedrock composition of +4.1 + 0.5%o for the Rio
Bermejo, which is the highest measured value from our river sediment
samples and comes from the sample with the highest fraction sand. We
measure a range of values in the Little Deschutes from —3.1 to +7.4%o
(n=9) and use its mean value (+3.3%o) since the sediment provenance
and spatial distribution of bedrock 67Li values lack distinctive trends
(Fig. S5). Lastly, we use an average of the reported values for lava flows
and Asian dust sources, approximately equal to +4.0%o0 (Huh et al.,
2004; Li et al., 2020). We take the difference between §7Li fine (“fine”
meaning soil or river suspended sediment) and their locality-specific
mean or assumed 67Li,,., value to constrain weathering signals where
A"Li o pock = 6"Lifipe — 6" Liyoy (Dellinger et al., 2017).

When arrays of Li isotope ratio differences and OC contents are fit
with a Deming regression, we find statistically significant negative cor-
relations (Fig. 2). The Hawaii and Little Deschutes arrays have compara-
bly steep slopes in OC-87Li space whereas the slope of the Rio Bermejo
array is notably shallow. For each array, the lowest A’Li fine—rock Values,
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often interpreted as representing the most intense silicate weathering
(Dellinger et al., 2017; Winnick et al., 2022), are associated with the
highest OC contents. Li isotope ratios of Rio Bermejo sediment and
Hawaii soil correlate with reactive Mn, Fe, and Al content, stable C
isotope compositions, and grain size (Fig. S7-S8), where lower 6Li
values correspond to high relative abundances of reactive elements as
well as low sand fractions. Li isotope ratios of Little Deschutes sedi-
ment do not correlate with bulk stable C isotopes (Fig. S9). In both
watersheds and Hawaii, the Li isotope ratios do not correlate with ra-
diocarbon content, although Li isotopes and radiocarbon exhibit some
spatial and/or temporal trends (Fig. S10-S12). The role of fluvial mix-
ing in the Rio Bermejo and Little Deschutes (Fig. S12) might explain
these weak correlations. Together, these results show consistent inter-
actions of the organic and inorganic components of the C cycle. Yet, the
varying absolute ranges of Li isotope ratios and OC contents among the
localities may indicate differing environmental modulators of OC burial
and/or silicate weathering, or differences in analyzed material (i.e., soil
vs. river suspended sediment).

4.2. Model predictions

To understand processes that underlie these OC-Li isotope arrays
(Fig. 2), we model expressions of mass transfer linking the turnover
of OC with the formation and dissolution of silicates (see Supporting
Information for details on non-dimensionalization). Given our treat-
ment of soil as a single reservoir, we interpret compositional changes as
representing average, watershed-scale biogeochemical cycling (Bouchez
et al., 2013).

Assuming that an initial soil reservoir contains solely bedrock, the
change of clay Li isotope ratios and OC abundances over time follows
a consistent path (Fig. 3, 4). As bedrock dissolves and clays precipitate
from solution, clays reduce the transformation rate of OC;,,, (Eq. (4)),
enabling this OC pool to grow. OCy,,, insensitive to clay formation,
rapidly reaches a steady state due to its high transformation rate. Clays
also incorporate aqueous Li when they form and cause §'Li,g,, val-
ues to increase. The increase in Li concentrations in water and newly
formed clay at early time show that the supply of Li from bedrock disso-
lution exceeds uptake of Li by clay during formation, and the plateauing
of Li concentrations and &’Li,,,, values at later time reflect the bal-
ance of Li inputs to and outputs from solution (Fig. 3A). Clay 67Li
values, assuming equilibrium batch fractionation (Eq. (15)), will mir-
ror this trend and steadily increase in value from more negative ones
over time (Fig. 3B). The value of Aclay (Eq. (15)) impacts the absolute
range A7Liday_mk values most at early time (Fig. S13) but becomes
less noticeable as time proceeds.

OC-enhanced dissolution rates can have a sizable impact on both OC
and weathering dynamics (Fig. 3, 4). In models with low OC-enhanced
weathering ( fdisx,Cf = fd,-mcx = 0; Egs. (6) and (11)), where either
OC inputs as gross primary productivity are low or export of trans-
formed OC is high, the turnover of bedrock, clay, and OCj;,,, occurs
over a longer time span than in high OC-enhanced weathering mod-
els (fd,-mcf = faiss.c, = 1; Fig. 3A, 4). The resultant low bedrock and
clay dissolution rates also enable greater accrual of OC,,,, given the
longer time span of clay accumulation. Soil development during high
OC-enhanced weathering models advances more quickly because of in-
creased mineral dissolution and formation rates (Figs. 3A, 4D). The high
specific surface areas of clays (Table S1) make them especially prone to
OC-enhanced dissolution (Bouchez et al., 2013; Drever, 1994). Thus,
the amount of clay will decrease once the cumulative amount of clay
surfaces exceeds those of bedrock mineral surfaces (Eq. (8); Fig. 3A) and
become primary targets of transformed OC. In contrast, clay abundances
decrease in low OC-enhanced weathering models only when bedrock
minerals have completely weathered away (Ferrier and Kirchner, 2008).
Both models show that clay dissolution causes 6’Li,,, values to de-
crease and water Li concentrations to increase as more clay-bound Li is

introduced in solution, bulk §’Li,,;, values to begin decreasing (Fig. 5)
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Fig. 3. Example model predictions with low (black lines) and high (gray lines)
OC-enhanced dissolution. Note that all variables are non-dimensionalized (de-
noted with primes; see Supporting Information) to better convey relative dif-
ferences between simulations. A) Temporal trajectories of fast OC (solid lines)
and slow OC (dashed lines) (panel i), bedrock (X,,.; panel ii) and clay abun-
dances (X clays panel iii), clay and water Li concentrations (panels iv and v), and
water 6’Li values relative to bedrock (panel vi). The imposed per-mil fractiona-
tion factor between clay and water (A, = —17%o) is delineated with a dashed
line. Bedrock 67Li values are constant across model time (6”Li, ., = 3%o). Note
that the model trajectories depart from one another significantly at interme-
diate time (¢' ~ 0.4-0.5) once clay minerals achieve modest abundances; this
is emphasized with a color bar where it indicates the less and more apparent
effects of OC-enhanced dissolution on model outcomes. B) Model predictions
for slow OC accumulation and clay §’Li values (calculated with 67Li,,,, and
A4y following Equation (15)) at high and low OC-enhanced weathering sce-
narios. The sole difference between model scenarios are the values of faissc,
and [y, c,, where faissc, = Faissc, =1 for high OC-enhancement and values
Jaissc, = faissc, =0 for low OC-enhancement.

(Bouchez et al., 2013), and OCg,;,,,, abundances to decrease proportion-
ate to clay decreases. The consistent evolution of soil compositions in
both model scenarios shows that OC-enhanced dissolution primarily
acts to accelerate soil development rather than change its overall path-
way of development. As a result, the timescales of observations and/or
watershed longevity may limit the ability to corroborate the role of OC-
enhanced dissolution in natural systems and thus evaluate this possible
linkage between OC cycling and silicate weathering.
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5. Discussion

5.1. Fluvial mixing vs. heterogeneous biogeochemical cycling across
landscapes

This model exercise crucially illustrates that over a range of parame-
ter values that agree with the geologic and environmental conditions of
the three study sites (Fig. 4, S13), OCj,,,, and A7LiC,gy_,ock values will
always increase at early time, forming a positive slope in OC-Li isotope
space (Fig. 3). A negative slope in this space could only be achieved if
rates of secondary clay turnover far exceed bedrock dissolution, which
could be the case for old, well-developed soils with pronounced hori-
zonation. It is furthermore unclear how fluid flow (absent from models)
would simultaneously promote clay turnover and suppress bedrock dis-
solution. Therefore, the negative correlations observed at each locality
(Fig. 2) do not simply represent a temporal evolution of soil develop-
ment and instead involve other modulators. We consider two likely,
and not mutually exclusive, explanations that may bridge model find-
ings with observations: 1) that suspended sediment contain a mixture
of newly formed clay minerals and bedrock fragments and 2) that rates
of weathering and OC cycling differ across a watershed.

Watersheds, with internally heterogeneous physiography, contain
sediment that experience a wide extent of weathering conditions, rates
of OC turnover, and residence times. The transit of sediment across
landscapes in rivers involves the erosion, suspension, and re-deposition

values at later time, most apparent at high PCM, is the result of the onset of clay mineral dissolution. We let fdixs,C/ = fuaissc, In

of sediment that may buffer in situ biogeochemical signals (Straub et al.,
2020). River suspended sediment thus encodes variable histories of wa-
tershed evolution, reducing the likelihood that their chemistry should
directly follow one idealized soil formation pathway (Fig. 3B). At one
simplified extreme, we can assume that weathering across a watershed
is occurring uniformly in rate and duration and that the river sedi-
ment is a simple binary mixture of newly formed clay minerals and
un-weathered bedrock fragments (Fig. 6A). The resultant mixing ar-
rays indeed generate negative, monotonic relationships between OCy,,,,
and 57Lic1ay values, albeit highly nonlinear relationships at early time.
The nonlinearity results from an uneven distribution of Li between
new clay minerals and bedrock where, in this case, bedrock Li con-
centrations far exceed clay Li concentrations at early time (see SI for
mixing calculations). An increase in Li partition coefficients between
clay and water will yield more linearity in the mixing arrays at early
time, but this change will also modify how quickly 57Lie1ay values in-
crease as time elapses. Moreover, the inclusion of old authigenic clay as
a possible sediment source, along with newly formed clay and bedrock
fragments, could yield an array of slopes in OC-6’Li space. The rela-
tionships between §7Li rine @nd suspended sediment concentration in
the Little Deschutes and Rio Bermejo (Fig. S12) support that fluvial
mixing between multiple clay endmembers is at least partially respon-
sible for OC-Li isotope trends. Altogether, the dilemmas that can arise
from such parameter modifications or endmember selections highlight
the challenge of ascribing mixing to these data trends.
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Fig. 5. Model trajectories of Li isotope ratios of clay and bulk soil in two model
scenarios: one with no OC-enhanced dissolution and one with the maximum
amount of OC-enhanced dissolution (same simulations as in Fig. 3). All param-
eters except f,; . (we let f, dissC; = faissc,) are identical between each model
run. Each model is run for the same length of time where the line corresponds
to the model pathway and the circle corresponds to values at the end time. Note
that there can be wide fluctuations in clay §’Li values with little change in soil
57Li because little amounts of clay have been generated. The high OC-enhanced
dissolution model shows a modest decrease in clay and soil ’Li at later time
as primary bedrock has been exhausted and any clay left in the profile are pre-
dominantly undergoing dissolution.

At another extreme, we can consider river sediment as a mixture of
sediment grains each with its own history of weathering and OC cycling
(Fig. 6B). To generate a wide span of 57Liclay values at given local-
ity, mineral dissolution rates, clay formation rates, and/or the duration
of soil formation must vary (Fig. 4). The occurrence of low 57Lic1ay
values at both high or low weathering rates/durations (Figs. 3B, 4D)
complicates the interpretation of Li isotope ratios. However, for fluvial
environments like the Rio Bermejo and Little Deschutes that contain
sediment with short (< 10 kyr) residence times, we can assume that
higher 57Lic,ay values indicate high weathering rates or longer weather-
ing durations. As for OC contents, assuming a narrow range of primary
productivity at a given locality, a wide span instead necessitates having
variable transformation rates of OCj,,,. This can be accomplished by
differing the inherent rates of OCy,,,, transformation, k-, or differing
the sensitivity of OCy,,,, stability to clay mineral formation, n (Eq. (4)),
where a decrease in either k¢, ~or n will enable more OCy,,, to ac-
cumulate over a given time interval (Fig. 6B). The values of szlaw orn
can plausibly vary within a landscape because conditions that affect OC
transformation like sediment age and age distribution (Boudreau and
Ruddick, 1991), OC molecular form (Boye et al., 2017), soil mineral-
ogy (Lawrence et al., 2015), and soil redox state can also vary within a
landscape.

When OC-Li isotope arrays (Fig. 2) are compared with model pre-
dictions (Fig. 6B), there are areas where heterogeneous biogeochemical
cycling may be a viable explanation at a given locality. For example,
in this model framework, sediment with low 6’Li values and high OC
would represent a soil formation pathway where 1) clay protection is
highly effective (low »n) and/or OC is more recalcitrant (low szzaw)
and 2) timescales of biogeochemical cycling are short and/or limited
amounts of clay form (Fig. 5, 6B). Although the coincidence of low
amounts of clay formation and high OC stabilization seems counter-
intuitive, these conditions are formally possible and supported widely
by observations of soil chronosequences. In the Hawaii chronosequence,
for instance, a young soil profile (20 kyr) with low amounts of crys-
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Fig. 6. Example simulations and calculations that showcase how fluvial mixing
or OC sensitivity to clay protection can underlie OC-Li isotope arrays. A) Pre-
dicted OC,,,, content and A7Liz,ay,mk values in a scenario where newly formed
clay (triangles) at different times along a closed-system soil formation pathway
(gray line; like those in Fig. 3B) mix with bedrock. Each array corresponds to
theoretical mixing between clay forming at different timesalong the pathway.
The nonlinearity is the result of Li concentration differences between clay and
bedrock. B) Model predictions with varying OC sensitivity to clay protection
n. Multiple pathways are shown that also have differing fractionation factors
A, j4y» and black lines show hypothetical negative arrays if multiple soil forma-
tion pathways for each sediment are inferred. A decrease in n indicates a higher
sensitivity of clay formation to OC protection. Note that decreases in k¢, (i.e.,
more sluggish rates of OC;,,, transformation) or increases in Fe,,. (i.e., larger
inputs of OC to soil) can accomplish a similar change in model sensitivity as a
decrease in n.

talline clay (Torn et al., 1997) has the lowest average 57Li value of all
the profiles (Ryu et al., 2014). Previous authors identify the central role
of amorphous allophane and imogolite in this profile that enable high
OC accumulation in such early stages of soil development (Torn et al.,
1997). So, the differing OC sensitivity » may indicate a mineralogi-
cal control on these Li isotope-OC trends. However, there are limits to
these model predictions. For example, the sample with the lowest OC
content and highest 6’Li value from Rio Bermejo overlaps models with
a high relative duration of weathering and high relative amounts of
clay formation (Figs. 2B, 6B). Yet, this sample has the highest sand con-
tent and appears compositionally most representative of bedrock. The
negative correlation would still hold if this sample was excluded from
the Rio Bermejo array (Fig. 2B), but its occurrence delineates the nar-
rower application of this model framework to samples with low sand
content. We thus conclude that although biogeochemical cycling will
certainly vary within a given landscape and at different soil depths,
fluvial processes may homogenize and obfuscate the extent of biogeo-
chemical processes.
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Table 1
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Relevant metrics for OC cycling, climate, and bedrock chemistry. Values are absolute ranges or mean
annual values. Sources are listed below each quantity. GPP: gross primary productivity; MAT: mean
annual temperature; MAP: mean annual precipitation.

Rio Bermejo Little Deschutes Hawaii
5'3C (%o VPDB) -27.1 to -25.2 -29.8 to -27.4
(Scheingross et al., 2021) This study
Fm C 0.78-0.91 0.84-1.04 0.46-1.10
(Repasch et al., 2021) This study (Torn et al., 1997)
GPP (gm~2.yr~1) 600-2000 620-1300 2500-5500
(Bi et al., 2022) (Bi et al., 2022) (Bi et al., 2022; Litton et al., 2007)
C (wt.%) 0.1-0.4 7.9-16.7 2.2-15.4
(Repasch et al., 2021) This study (Torn et al., 1997)
C/N (Wt.% - wt.%") 3-10 14-46 7-27
This study This study (Mikutta et al., 2009)
MAT (°C) 22 8 25
(Harris et al., 2014) (Gannett, 2004) (Torn et al., 1997)
MAP (mm-yr—') 1200 1200 1700-3000
(Harris et al., 2014) (Gannett, 2004) (Torn et al., 1997)
Bedrock type Sedimentary Volcanic Basaltic
Landscape element Floodplain Floodplain Hillslope
5.2. The unifying role of clay mineral formation high 67Li,,; values in tropical Hawaii indicate high relative amounts of

Despite the nuances that could explain the relationship between
67Li values and OC content at a given locality, the distinct range of
values across each of the localities supports broader governing con-
trols of silicate weathering and OC cycling. Climate, bedrock chemistry,
and mineral supply fundamentally limit silicate weathering intensity
and potential OC storage in soil (Slessarev et al., 2022; Roering et al.,
2023). Leveraging the wide span of rock types, climates, and landscape
elements characterizing the three study sites, we infer differing im-
pacts of these controls on sediment OC contents and &’Li values. For
instance, Hawaii and the Little Deschutes contain sediment/soil with
similarly high OC contents (Fig. S5; Table 1) despite the former be-
ing tropical and the latter being temperate. The low input of OC from
primary productivity and high export of DOC (as inferred by high soil
C/N (Aitkenhead and McDowell, 2000)) in the Little Deschutes indi-
cate that clay protection or high OC recalcitrance should sustain high
sediment OC contents. Soils in Hawaii, with higher primary produc-
tivity and less DOC export than Little Deschutes, could sustain its OC
content with less sensitive clay protection. The Rio Bermejo has high
primary productivity (Table 1) yet soil and river sediment with com-
paratively low OC contents (Fig. S6), suggesting significant oxidation
of OC (Scheingross et al., 2021) despite evidence of clay-mediated OC
protection (Repasch et al., 2021). Bedrock chemistry distinguishes Rio
Bermejo from Hawaii and the Little Deschutes (Table 1) and likely plays
a central role in the OC content disparity, especially given the lack of ev-
idence to support widely varying OC form and recalcitrance across the
sites. The high weatherability of extrusive igneous bedrock and their
high cation content, irrespective of climate and the supply of fresh min-
erals, could support swift production of clay minerals that then occlude
OC (Slessarev et al., 2022; Torn et al., 1997). The similarly steep slopes
of their OC-Li isotope arrays may support that their watershed-average
capacity to occlude OC is related to their bedrock chemistry (Fig. 2, 6B).

Furthermore, the disparity in 6’Li values between the Little De-
schutes and Rio Bermejo may point to a mineralogical control on Li
isotope fractionation factors. The formation of amorphous phases and
halloysite is associated with the lowest Li isotope fractionation fac-
tors (Winnick et al., 2022), potentially explaining the exceptionally low
87Li rine Values in the Little Deschutes. Smectite, which is the abun-
dant weathering product in the Rio Bermejo, tends to have comparable
or more positive fractionation factors (Hindshaw et al., 2019) com-
pared to halloysite. However, the wide range of 6’Li values across the
three sites may also illustrate the viable influence of climate and pri-
mary productivity on weathering across the sites. Low 57Liday values
observed in cool, temperate Little Deschutes indicate limited net clay

formation whereas high 57Lic,ay values in subtropical Rio Bermejo and

clay formation. The large differences between primary productivity and
C/N at both Rio Bermejo and Hawaii imply that OC-enhanced mineral
dissolution could facilitate the high relative amounts of clay formation.
Moreover, the limited erosion of the Hawaii ridgetop soils and the low-
relief floodplains in the Rio Bermejo likely yields long mineral residence
times that encourage more intense weathering.

Ultimately, if sediment from Rio Bermejo are intensely weathered
and have low OC content whereas those from Little Deschutes are not
intensely weathered and have high OC content, their discrepancy re-
inforces the idea that the crystallinity and type of clay that forms in
soil strongly relates to the magnitude of OC stabilization (Torn et al.,
1997) rather than clay formation alone. Newly paired measurements of
Li isotope ratios and OC content illuminate that while bedrock chem-
istry and climate together dictate reaction progress, bedrock chemistry
more strongly imposes constraints on reaction stoichiometry and thus
weathering products. Therefore, we assert that bedrock chemistry es-
tablishes the primary coupling of silicate weathering and OC cycling in
soil on millennial timescales and sets the potential of soil to sequester
atmospheric CO,. To make globally relevant predictions about OC sta-
bility in soil, however, clay mineral dissolution and formation rates in
natural systems need to be improved. Recent modeling efforts highlight
that uncertainty in clay mineral formation rates can have an outsize
effect on where in landscapes we expect OC to be best protected by sec-
ondary minerals (Roering et al., 2023), underscoring the need for these
rates to be refined. In lieu of using more sophisticated models of soil
formation that are calibrated to soil profile data (Maher et al., 2009),
measurements of Li isotope ratios of river solutes or sediment may offer
an alternative, useful constraint on the timing and magnitude of clay
mineral formation at the watershed scale. These measurements, paired
with more detailed characterizations of organic matter, should improve
the quantification of clay formation and OC transformation rates that
when incorporated into Earth system models can advance our quan-
titative understanding of past climates and future climate projections
(IPCC, 2022).
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