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The stable isotopes of lithium (Li) serve as a robust proxy of silicate weathering. The fate and transport 
of these isotopes in the dissolved load of major rivers have been characterized to infer changes in 
both contemporary weathering regimes and paleo-conditions. In this contribution, we deconvolve this 
integrated signal into the individual processes that fractionate Li at the inception of silicate weathering 
by directly measuring Li isotope ratios of waters (δ7Li) transiting through a rapidly eroding first-order 
hillslope. We use these data to develop a multicomponent reactive transport framework, which shows 
that net dissolution of weathered material generates light δ7Li signatures (as low as −9.2�) in the 
shallow portion of the vadose zone. An increase in δ7Li deeper into the vadose zone (as much as +18�) 
reflects an increasing contribution of secondary mineral formation. Below the water table, congruent 
weathering occurs and imparts elevated cation concentrations and bedrock δ7Li. Silicate weathering 
continues within the saturated zone as groundwater travels downslope (δ7Li = +13 to + 24�) to 
the stream. The stream signatures (δ7Li = +28 to +29�) reflect the terminus of this network of 
silicate weathering reactions and the relative magnitude of each contributing process (e.g., transitions 
in secondary mineral formation, dissolution of weathered material). We show that fluid progressing 
through the weathering profile of this first-order hillslope is distinguished by a sequence of characteristic 
Li isotope signatures, which can be reproduced in a forward, process-based model framework. This 
model development offers an improved quantitative basis for the use of metal(loid) stable isotopes in 
disentangling catchment-scale chemical weathering fluxes.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Landscape denudation occurs as a result of physiochemical 
breakdown of rock within the weathering profile and removal via 
either solute export or mechanical erosion (Ahnert, 1970; Garrels 
and Mackenzie, 1971; Raymo et al., 1988; Riebe et al., 2001). In 
environments where fresh bedrock is shallow and accessed by me-
teoric fluids, the chemical weathering component of denudation 
releases geogenic nutrients vital to ecosystem function, generates 
the mineral building blocks of soil, and sets the chemical compo-
sition of headwaters (Anderson et al., 2007; Bormann and Likens, 
1967; Stallard and Edmond, 1983).

* Corresponding author.
E-mail address: jgolla2@illinois.edu (J.K. Golla).
https://doi.org/10.1016/j.epsl.2021.116988
0012-821X/© 2021 The Author(s). Published by Elsevier B.V. This is an open access artic
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Indirect inference from weathered bedrock elemental compo-
sition (e.g., Brantley and Lebedeva, 2011; Brimhall and Dietrich, 
1987) and relatively large solute concentration gradients in soil 
water (e.g., Anderson et al., 2002; White et al., 2009) suggest high 
silicate weathering rates in the vadose zone of upland hillslopes. 
However, direct observations of weathering in the vadose zone are 
scarce, primarily due to the difficulty of accessing fluids in the 
region below maximum trench or auger depth and above the shal-
lowest levels sampled by groundwater wells. Thus, the water-rock 
interactions of the vadose zone are largely appraised from inte-
grated samples such as the underlying groundwater or solid-phase 
cores. Another approach has been to infer weathering pathways 
from samples collected much further along catchment flow paths, 
such as in the streams and rivers that drain from the Critical Zone 
(e.g., Calmels et al., 2011; Torres et al., 2015; Gaillardet et al., 
1999). While multiple biogeochemical catchment processes con-
stitute this riverine signature, the extent to which the reactive 
le under the CC BY-NC-ND license 
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Fig. 1. A conceptual diagram linking regolith residence time to dissolved δ7Li signatures (δ7Lidiss) (Bouchez et al., 2013). This relationship has been supported by large river 
studies (e.g., Dellinger et al., 2015; Wang et al., 2015). δ7Lidiss resembling rock-like values are observed when dissolution of fresh bedrock (infiltration through thin regolith 
in settings where erosion occurs more quickly than weathering) or secondary clays (infiltration through thick regolith; typical of settings where erosion occurs more slowly 
than weathering) is dominant. Peak δ7Lidiss values are obtained when secondary mineral formation is dominant (infiltration through moderately thick regolith; typical of 
settings where erosion and weathering rates are equal or similar). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
pathways of weathering that actively drive regolith development 
(i.e. weathered bedrock and soil) are reflected remains unclear.

Lithium (Li) is an established and effective tracer of silicate 
weathering. The partitioning of its stable isotopes (6Li and 7Li) re-
flects the preferential incorporation of 6Li into the secondary min-
eral byproducts (i.e., clays and oxides) of silicate weathering (Huh 
et al., 2001; Kısakürek et al., 2004, 2005; Pistiner and Henderson, 
2003; Rudnick et al., 2004; Tomascak, 2004). Li is mostly contained 
in silicate rocks (Kısakürek et al., 2005; Millot et al., 2010) and 
its isotopes are unaffected by biological uptake (Lemarchand et al., 
2010; Pogge von Strandmann et al., 2016), making this tool widely 
applicable to parsing weathering signatures in the Critical Zone.

From this basis, riverine Li isotope signatures are increasingly 
being interpreted as a result of regolith residence time (Fig. 1; 
Bouchez et al., 2013). This model conceptualizes δ7Li signals as 
an integration of three key processes (and associated fractionation 
factors, αsolid-diss): (1) Li release to solution from primary minerals 
(α ≈ 1.0); (2) formation of Li-bearing secondary phases (α < 1.0); 
(3) Li release to solution from Li-bearing soil secondary phases 
during re-equilibration and evolution to Li-poorer phases (α ≈ 1.0). 
The result is a relationship between riverine δ7Li signatures and 
the intensity of chemical weathering of a given landscape.

Although this framework is supported by empirical evidence of 
riverine isotope signatures (e.g., Dellinger et al., 2015; Henchiri et 
al., 2016; Huh et al., 2001; Misra and Froelich, 2012; Pogge von 
Strandmann et al., 2014; Wang et al., 2015), the validity of the un-
derlying mechanisms has yet to be demonstrated within the fluids 
draining an active weathering profile. This study will investigate 
whether the isotope signatures of fluid vertically draining through 
2

the interior of hillslopes are described by the same sequence of 
processes and how this signal propagates further into the fluvial 
drainage networks of watersheds. Within the Bouchez et al. (2013)
framework, process (3) would prevail in the upper soil horizons 
where clays formed at depth re-equilibrate with infiltrating dilute 
waters, sometimes rich in dissolved organic carbon that aid solu-
bilization of major silicate- and oxide-forming metals such as Al 
or Fe. Process (2) would be most prominent deeper in the regolith 
where percolating waters are solute-laden enabling the formation 
of cation-rich clays. Process (1) would dominate where fluids are 
in contact with fresh bedrock. Hence, in a weathering profile we 
would anticipate that (Fig. 2):

1. The fluid composition both at the top and base of the pro-
file would inherit the isotopic signature of the dissolving clays 
and bedrock, respectively (Burton and Vigier, 2012; Pistiner 
and Henderson, 2003; Wimpenny et al., 2010). At intermedi-
ate depth, dissolved 6Li would become depleted (i.e., fluid will 
have higher δ7Li) in the zone where secondary minerals are 
actively precipitating.

2. The δ7Li of the new clays formed from this fluid would es-
sentially track the fluid δ7Li value with depth and be offset 
by the fractionation factor associated with mineral formation 
and/or adsorption reactions.

3. The bulk regolith δ7Li composition can shift relative to the 
bedrock. The specific δ7Li value of this bulk solid is a function 
of the length scale over which regolith is produced and the 
relative contribution of newly forming Li-bearing secondary 
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Fig. 2. A conceptual interpretation of dissolved and solid-phase lithium isotope 
compositions in a weathering profile. The lettered markers denote key stages of 
the hypothesized evolution of the dissolved profile. Dissolution conditions domi-
nate during infiltration in the near-surface (A) and reaction with fresh bedrock at 
depth (C) results in an inheritance of the solid-phase isotopic composition. The 
bulk solid-phase isotope composition depends on the balance between new clays 
and secondary minerals originally in the bedrock. Although a newly formed clay 
could be relatively isotopically heavy (especially if precipitated from 6Li-depleted 
fluids), we reflect conditions in which the overall isotopic composition of clays in 
the weathering profile is generally lighter than that of the fresh bedrock (e.g., Rud-
nick et al., 2004; Steinhoefel et al., 2021; Zhang et al., 2021a). Therefore, in the 
case of (A), a low dissolved δ7Li value can be generated by preferential dissolution 
of 6Li-enriched weathering byproducts (Lemarchand et al., 2010; Pistiner and Hen-
derson, 2003). In between these points, secondary mineral formation predominates 
deeper into the regolith (B) and imparts high δ7Li values to the fluid.

minerals (point 2 above) versus those originally present in the 
bedrock and retained across the weathering profile.

Here, we report the first direct measurements of the Li isotope 
ratios of fluids draining an actively weathering vadose zone. We 
combine these observations with samples of groundwater laterally 
transiting the hillslope and the stream that drains the base of the 
hillslope. These data are used to validate a forward, process-based 
reactive transport framework capable of quantifying the contribu-
tions of multiple silicate weathering reactions operating in tan-
dem through the open, through-flowing structure of this hillslope. 
With this data-validated, isotope-enabled model framework, we of-
fer the first direct analysis of the inception of silicate weathering 
signatures generated via infiltration of fluids through unsaturated 
regolith and how these signals are further affected by transport 
through the saturated zone to the river network.

2. Study area

We leverage an extensively-instrumented, small, and steep 
(4,000 m2 and ∼32◦; Kim et al., 2014; Salve et al., 2012) hillslope, 
named “Rivendell”, in the Eel River Critical Zone Observatory (ER-
CZO) (Fig. 3). Rivendell sits within the Angelo Coast Range Reserve 
and is located within the 14-km2 Elder Creek watershed, which 
is a tributary of the South Fork Eel River in northern California. 
The climate of the region is Mediterranean typified by arid sum-
mers and wet winters. Most precipitation occurs as rain within a 
5-6 month period, with a mean annual rate of 1,900 mm/yr (Salve 
3

Fig. 3. Site map of the ERCZO Rivendell hillslope in Mendocino County, California 
showing the distribution of groundwater wells (red circles) and the Vadose Zone 
Monitoring System (VMS) apparatus (red dashed lines), which consists of two sub-
vertical sleeves (VMS-A and VMS-B). The approximate locations of the Elder Creek 
water sample (yellow square) and a U.S. Geological Survey stream gage (#11475560; 
yellow triangle) are also shown. The black outline marks the Rivendell watershed 
boundary. Elevation data are derived from a National Center for Airborne Laser Map-
ping survey in 2014. Contours shown are for 1-m intervals, which are labeled every 
5 m. The inset figure is a cross-section schematic of VMS-A showing the orientation 
of the instrumentation. The color scheme for respective subsurface layers is similar 
to that used in Figs. 1 and 2 (brown = soil; light gray = weathered bedrock; dark 
gray = fresh bedrock).

et al., 2012). The hillslope is covered by a dense, mature conifer 
forest with sparse undergrowth. Rivendell affords an ideal setting 
for examining silicate weathering dynamics between the soil and 
stream, given the thick actively weathering bedrock (4-25 m) rela-
tive to thin soil (0.5-0.75 m) (Kim et al., 2014, 2017).

Rivendell is underlain by turbidite sequences consisting of 
argillaceous shale interbedded with some minor beds of arkosic 
graywacke and conglomerate. The bedrock is mapped as Eocene 
Yager terrane of the Coastal Belt of the Franciscan Complex, 
which has experienced low-grade metamorphism (McLaughlin et 
al., 2000). The mineralogy of this parent material is a combi-
nation of primary minerals and pre-existing secondary phases: 
quartz (24.8%), albite (21.9%), chlorite (18.3%), smectite (12.6%), il-
lite (7.4%), kaolinite (3.5%), and carbonates (2.2%) (Gu et al., 2020). 
Contemporary erosion rates are approximately 0.2-0.4 mm/yr 
(Fuller et al., 2009).

Recent sampling and instrumentation advancements at the 
ERCZO have allowed direct access to waters hosted within the 
bedrock vadose zone. Monitoring to date indicates that roots ac-
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tively circulate water within the bedrock underlying soils (Rempe 
and Dietrich, 2018) and sustain enhanced reactivity (Tune et al., 
2020; Rempe and Dietrich, 2018), which leads to high silicate 
weathering rates that are dependent on the evolving composition 
of the uplifting solid and infiltrating fluid (Druhan et al., 2017; 
Wang, 2019).

3. Methods

3.1. Water sampling

Water samples were collected from a network of groundwater 
wells and Elder Creek (Fig. 3) between January 5 and January 8 
in 2017. Fluids transiting the vadose zone were obtained from a 
unique Vadose Zone Monitoring System (VMS) on March 3, 2019. 
The VMS consists of discrete water samplers distributed through-
out the weathering profile (Fig. 3). The subvertical orientation of 
the VMS allows for synoptic collection of fluids at different depths. 
More details about its functioning are described in Dahan et al. 
(2009) and Turkeltaub et al. (2015). At Rivendell, there are two 
parallel units, VMS-A and VMS-B, which altogether host 20 sam-
pling ports. Port depths are reported in Table 1. The deepest five 
ports were below the water table (i.e., in the saturated zone) at 
the time of sampling and thus collecting shallow groundwater. 
Unlike the discrete VMS ports, the wells are continuously slot-
ted throughout their depth and therefore represent a mixture of 
groundwaters. All water samples intended for cation and Li iso-
tope analysis were filtered at 0.22 μm (to retain only the dissolved 
load) into pre-washed polyethylene bottles, acidified with triple-
distilled, concentrated HNO3 to a target pH of <2, and refrigerated 
at 4 ◦C.

3.2. Analytical procedure

Analytical work was done at the HELGES laboratory of GFZ 
Helmholtz Centre Potsdam (GFZ) and the PARI analytical platform 
of the Institut de physique du globe de Paris (IPGP). Water samples 
and a bedrock solid-phase sample were processed prior to isotopic 
analysis via the chemical purification scheme developed by James 
and Palmer (2000) and modified by Zhang et al. (2021b). Aliquots 
of digested samples were loaded onto a column packed with 2 mL 
of Bio Rad AG50-X12 cation-exchange resin. Li was separated from 
the sample matrix via elution in 0.2-M HCl. Li isotope measure-
ments were made using a Thermo Scientific Neptune MC-ICP-MS 
at GFZ. Processed and re-dried samples were dissolved in 0.5-N 
HNO3 to make up a 20 ng/mL Li solution and introduced into the 
plasma through an APEX-HydroFluoric (Elemental Scientific) des-
olvating nebulizer. The instrument was operated under conditions 
similar to those outlined in Millot et al. (2004). The instrument 
was tuned to achieve a stable 7Li/6Li ratio (standard deviation of 
<10−3 over 12 cycles) and a low blank-to-sample ratio for the 7Li 
signal (<0.8%). Analyses were done using standard-sample brack-
eting as:

δ7Li(�) =
( 7Li

6Li sample
7Li
6Li L-SVEC

− 1

)
× 1000, (1)

where the L-SVEC Li carbonate reference material (Flesch et al., 
1973) is the bracketing standard. Full external reproducibility (in-
corporating uncertainty from sample preparation, column chem-
istry, and analysis) was approximated by analysis of reference ma-
terials with each sample set, with a similar mass of Li (∼50 ng) 
used for samples and reference materials. Uncertainty applied to 
sample measurements is based on the repeat measurement of OSIL 
4

Atlantic seawater (δ7Li = 30.88 ± 0.76�; n = 4). Accuracy of Li 
isotope analysis in other sample matrices was verified by mea-
surements of the reference materials BHVO-2 and JB-2 (basalts) 
and Till-1 (soil). Values of 4.77 ± 0.09� (BHVO-2), 4.99 ± 0.06�
(JB-2) are in good agreement with published literature values (Li 
et al., 2018, and references therein), although we note our value 
of 7.21 ± 0.27� for Till-1 is somewhat higher than the only pub-
lished measurement of this material to date (6.4 ± 0.1�; Weynell 
et al., 2017). Concentrations of major ions and trace elements for 
well and Elder Creek waters and the digested bedrock sample were 
analyzed by a high-pressure ion chromatograph (Dionex ICS-300 
and −120 for cations and anions, respectively) and an Agilent 
7900 quadrupole ICP-MS at IPGP, respectively. VMS cation concen-
trations were determined at GFZ with a Thermo Scientific iCAP 
Q ICP-MS. The analytical uncertainties for major (<2%) and trace 
(<4%) elements were assessed with replicate analyses of the refer-
ence material SLRS-5.

3.3. Reactive transport simulations

We employ an isotope-enabled, multicomponent reactive trans-
port model using the open-source CrunchFlow/CrunchTope soft-
ware (Druhan et al., 2013; Steefel et al., 2015) to simulate the reac-
tive flow of infiltrating precipitation (δ7Li = +31�; Supplemen-
tary Text S1.1) through present-day bulk regolith composing the 
Rivendell hillslope (δ7Li = −0.57�; Table 1). Here, we integrate 
Li and its isotopes into a previously established reactive transport 
model for the Rivendell vadose zone, which focused on cation so-
lute profiles and solid-phase mineralogy (Wang, 2019). Parameter-
ization of hydraulic properties and initial geochemical conditions 
are detailed in this prior work. Notably, the present simulations fo-
cus on the evolution of the dissolved phase over a relatively short 
timespan (∼5 pore volumes or 6 yr; Supplementary Text S1.1) and 
thus erosion and uplift of the solid phase are considered negligi-
ble. The model in Wang (2019) is limited to the vadose zone. Thus, 
we extend the simulation into the saturated zone as a 0-D batch-
reactor framework that advances through time (a proxy for lateral 
downslope transport) under fully water-saturated conditions (Sup-
plementary Text S1.2).

Of the pre-existing minerals found in the shale protolith, we 
selected three clays (smectite, illite and kaolinite) to contain Li 
as trace substitutions in their stoichiometry (Supplementary Text 
S1.3). The additional presence of Li in chlorite in the unweathered 
bedrock (Gu et al., 2020) is explored further in subsection 5.2. To 
simulate isotopic fractionation, we parse total Li into two compo-
nents, 7Li and 6Li (Table 2). The isotope composition of these clays 
is initially specified to match the bulk bedrock composition (δ7Li =
−0.57�; Table 1), while newly precipitating clays are allowed to 
fractionate through a solid solution with endmembers containing 
either 7Li or 6Li (Druhan et al., 2013). We use an updated ver-
sion of CrunchFlow/CrunchTope so that dissolution of a mineral 
configured as a solid solution does not spuriously fractionate Li 
and instead results in inheritance of the isotopic composition of 
the dissolving mineral(s) by the reacting water (Burton and Vigier, 
2012; Pistiner and Henderson, 2003; Wimpenny et al., 2010). A ki-
netic fractionation factor is implemented as the difference in ki-
netic rate constants (i.e., α = 7k/6k) during precipitation of kaolin-
ite and illite. The fractionation factor used for kaolinite formation, 
αkaolinite-diss = 0.992, is based on an earlier study reporting batch 
experiments under ambient conditions (Li and Liu, 2020). The frac-
tionation factor for illite formation, αillite-diss = 0.976, is based on 
an extrapolation of a value determined from a high-temperature 
illitization experiment to 25 ◦C (Williams and Hervig, 2005). Im-
portantly, both of these fractionation factors are literature-derived 
and are not free parameters in these simulations. The rationale for 
these fractionation factors and the reactive pathways that they rep-
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Table 1
Dissolved element concentrations and isotopic compositions for Rivendell waters and digested bedrock sample. Fluid volumes collected from the VMS are limited, so the 
entirety of the samples collected on 03/03/2019 were devoted to lithium isotope analysis. All concentrations are in μmol/L, except for those of the digested bedrock sample 
(mmol/kg). Uncertainties for dissolved δ7Li measurements and elemental concentrations are ±0.76� and typically <5%, respectively. The accuracy of the Li isotope analysis 
of the bedrock samples is discussed in subsection 3.2.

Sample ID Locationa Sample type Sampling date δ7Li 
(�)

Li Na Cl K Ca Mg SiO2 Al

B1 VMS-B (1.1 m) Vadose zone 3/3/2019 – 0.14 57 – – – – – –
A1 VMS-A (1.7 m) Vadose zone 3/3/2019 – 0.34 62 – – – – – –
B2 VMS-B (2.6 m) Vadose zone 3/3/2019 – 0.17 45 – – – – – –
A2 VMS-A (3.2 m) Vadose zone 3/3/2019 – 0.40 82 – – – – – –
B3 VMS-B (4.0 m) Vadose zone 3/3/2019 −9.24 0.31 56 – – – – – –
A3 VMS-A (4.7 m) Vadose zone 3/3/2019 −3.79 0.52 113 – – – – – –
B4 VMS-B (5.6 m) Vadose zone 3/3/2019 – 0.47 94 – – – – – –
A4 VMS-A (6.2 m) Vadose zone 3/3/2019 −7.64 0.43 109 – – – – – –
B5 VMS-B (7.1 m) Vadose zone 3/3/2019 2.76 0.46 78 – – – – – –
B6 VMS-B (8.6 m) Vadose zone 3/3/2019 4.39 0.59 88 – – – – – –
A6 VMS-A (9.2 m) Vadose zone 3/3/2019 5.96 0.83 171 – – – – – –
B7 VMS-B (10.1 m) Vadose zone 3/3/2019 4.94 0.99 186 – – – – – –
A7 VMS-A (10.7 m) Vadose zone 3/3/2019 9.60 0.67 172 – – – – – –
B8 VMS-B (11.6 m) Vadose zone 3/3/2019 4.20 0.62 97 – – – – – –
A8 VMS-A (12.2 m) Saturated zone 3/3/2019 8.92 0.65 134 – – – – – –
B9 VMS-B (13.1 m) Saturated zone 3/3/2019 14.86 1.20 161 – – – – – –
A9 VMS-A (13.7 m) Saturated zone 3/3/2019 10.46 2.73 148 – – – – – –
B10 VMS-B (14.6 m) Saturated zone 3/3/2019 – 0.53 197 – – – – – –
A10 VMS-A (15.2 m) Saturated zone 3/3/2019 17.28 2.79 888 – – – – – –
R-1 Well 2 (420 m) Saturated zone 1/05/2017 24.56 0.63 261 58 – – 335 466 0.08
R-3 Well 3 Saturated zone 1/06/2017 – 0.50 215 83 – – 113 479 0.09
R-4 Well 5 (449 m) Saturated zone 1/06/2017 – 0.83 348 100 – – 357 435 0.06
R-6 Well 6 (452 m) Saturated zone 1/05/2017 – 0.73 246 101 – – 117 568 0.17
R-7 Well 7 (454 m) Saturated zone 1/06/2017 12.81 0.45 220 135 – – 72 582 0.37
R-8 Well 7 (454 m) Saturated zone 1/06/2017 – 0.46 – 133 – – 71 580 0.35
R-9 Well 7 (454 m) Saturated zone 1/06/2017 – 0.47 – 132 – – 70 568 0.36
R-11 Well 10 Saturated zone 1/06/2017 15.66 0.58 231 92 – – 79 574 0.16
R-13 Well 12 (402 m) Saturated zone 1/05/2017 23.74 0.58 363 70 – – 469 375 0.07
R-15 Well 13 (420 m) Saturated zone 1/05/2017 – 0.40 274 87 – – 524 267 0.05
R-17 Well 14 (445 m) Saturated zone 1/05/2017 – 0.43 196 64 – – 112 439 0.08
R-18 Well 14 (445 m) Saturated zone 1/05/2017 – 0.44 – 70 – – 97 460 0.11
R-20 Well 15 (468 m) Saturated zone 1/05/2017 14.97 0.43 211 109 – – 144 597 0.07
R-21 Well 15 (468 m) Saturated zone 1/05/2017 – 0.43 – 112 – – 147 593 0.07
R-24 Well 16 Saturated zone 1/05/2017 – 0.49 186 96 – – 126 530 0.16
R-25 Well 16 Saturated zone 1/05/2017 – 0.49 – 93 – – 122 518 0.17
1 Elder Creek Stream 1/05/2017 28.29 0.12 251 59 14 247 138 239 0.07
5 Elder Creek Stream 1/07/2017 28.90 0.12 246 62 14 247 138 234 0.05
7 Elder Creek Stream 1/07/2017 28.68 0.11 226 54 13 217 121 219 0.12
9 Elder Creek Stream 1/07/2017 28.61 0.11 230 53 14 222 124 216 0.12
11 Elder Creek Stream 1/08/2017 28.30 0.12 229 56 14 220 122 214 0.10
MK4 By Well 7b Bedrock 1/08/2017 −0.57 7.76 729 – 627 – 739 – 4766

a VMS and well samples are annotated with a corresponding depth and wellhead elevation, respectively. The depths reported for the VMS ports are the averages of 
sampling depth intervals relative to the wellhead (Tune et al., 2020).
b Sample taken at an outcrop along path by Well 7.

Table 2
Thermodynamic and kinetic rate parameters for Li-bearing minerals.

Mineral Chemical formulaa log(Keq,298 K)b log(k298 K,pH=7)c

Smectite Ca0.025Na0.1K0.2Fe
+2
0.5Fe

+3
0.2Mg1.1441127Li0.0108926Li0.000884Al1.25Si3.5(H2O)12 17.42 −12.78

Smectite (isotopically light) Ca0.025Na0.1K0.2Fe
+2
0.5Fe

+3
0.2Mg1.1441127Li0.0108836Li0.000893Al1.25Si3.5(H2O)12 17.42 −12.78

7Smectite (batch model) Ca0.025Na0.1K0.2Fe
+2
0.5Fe

+3
0.2Mg1.1441127Li0.011776Al1.25Si3.5(H2O)12 17.42 −12.78

6Smectite (batch model) Ca0.025Na0.1K0.2Fe
+2
0.5Fe

+3
0.2Mg1.1441126Li0.011776Al1.25Si3.5(H2O)12 17.42 −12.7727e

7Kaolinite Al1.99977Li0.0009Si2O5(OH)4 6.81 −13.18
6Kaolinite Al1.99976Li0.0009Si2O5(OH)4 6.81 −13.1765e

Kaolinite (batch model) Al1.99977Li8.3245E-046Li6.755E-05Si2O5(OH)4 6.81 −13.18
7Illite K0.6Mg0.248727Li0.00256Al2.3Si3.5O10(OH)2 9.02 −11.4d

6Illite K0.6Mg0.248726Li0.00256Al2.3Si3.5O10(OH)2 9.02 −11.3894e

a The amount of total Li in each mineral is based on the Li/Mg and Li/Al ratios discussed in Supplementary Text S1.3. The partitioning of Li isotopes in non-fractionating 
phases (i.e., smectite in the vadose zone reactive transport model and kaolinite in the saturated zone batch model) reflects the δ7Li of that mineral.
b Equilibrium constants are from the EQ3/6 database (Wolery et al., 1990).
c Kinetic rate constants are from compilation of Palandri and Kharaka (2004) (unless individually annotated) and expressed in units of mol/m2/s.
d Based on model validation against Li analyses (subsection 4.2 and subsubsection 5.1.1).
e This study. The rate constants of 6Li-bearing phases are offset from those of the 7Li endmembers to implement a fractionation factor during mineral precipitation (i.e., 

α = 7k/6k).
5
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Fig. 4. Observations (circles) and reactive transport modeling results (solid lines) of dissolved Li concentrations (a) and isotopic signatures (b) of VMS samples in the 
vadose zone. In panel (b), the isotopic composition of the shale protolith is also marked as a red dashed line. Panel (c) shows simulated changes in mineral volume 
of Li-bearing phases with depth after five complete pore volume flushes (subsubsection 5.1.1). The estimated Li isotopic composition for a new bulk secondary phase 
δ7Lisec, and ‘effective’ isotopic fractionation between the new bulk secondary phase and fluid, �sec-diss (= δ7Lisec – δ7Lidiss; Eqn. (5)), are shown in panel (d) as solid 
gray and black lines, respectively. The dashed red vertical lines represent the fractionation factors for illite and kaolinite assigned to the model (to a close approximation, 
1000(αsec-diss −1) ≈ �sec-diss), whereas the lighter red, solid vertical lines denote some of the �sec-diss values observed across different sites (B = Rayleigh fit for Brahmaputra 
River, Bagard et al., 2015; D1 = linear fit in Dellinger et al., 2015; D2 = Rayleigh fit in Dellinger et al., 2015; H = Rayleigh fit for Congo River, Henchiri et al., 2016; P =
median from range of batch fits for the Ganges River, Pogge von Strandmann et al., 2017).
resent are detailed in the supplement (Supplementary Text S1.4). 
A fractionation factor for smectite is unnecessary as this phase re-
mains undersaturated across the domain.

We emphasize that the modeled outputs emerge from forward 
simulations based on a set of parameters (flow rates, thermody-
namic data, kinetic rate constants, solid-phase and aqueous ma-
jor element geochemistry, mineral abundance, and specific sur-
face areas) that is independently constrained by field observations 
and laboratory experiments (Wang, 2019; Gu et al., 2020). In the 
present study, only two relevant parameters are adjusted based 
on model validation against Li analyses: the clay isotope compo-
sition in the shallow subsurface and the kinetic rate constant for 
illite precipitation. Overall, this approach expands upon analytical 
models that do not explicitly account for the distribution of mul-
tiple minerals and aqueous species (e.g., Bohlin and Bickle, 2019; 
Lemarchand et al., 2010; Pogge von Strandmann et al., 2014) and 
numerical models that were not grounded by direct observations 
(e.g., Wanner et al., 2014).

4. Results

4.1. Li signatures

Dissolved Li concentrations and δ7Li values across the vadose 
zone generally increase with depth (Fig. 4a-b). Notably, the sam-
ple volume obtained from some shallow VMS ports did not yield 
sufficient Li for isotope analysis. Li concentration profiles collected 
from both VMS-A and VMS-B behave similarly, with initial values 
of 0.17-0.34 μM progressively increasing by as much as a factor 
of six to 0.82-0.98 μM roughly 10 m below land surface (Ta-
ble 1). VMS fluids are generally defined by a +14 to +18� shift 
with depth from the isotopically lightest samples (−7.7� VMS-A, 
−9.2� VMS-B) at shallow depths. In the analysis of vadose zone 
fluids, we omit the inclusion of any samples from ports that were 
fully saturated and thus located below the water table.

Measured Li concentrations and isotopic compositions vary sub-
stantially among the groundwater wells ([Li] = 0.39-82 μM; δ7Li 
= +10 to +25�). In contrast, Elder Creek Li concentrations are 
lower ([Li] = 0.11-0.12 μM) and the isotope ratios are even more 
6

positive and tightly clustered (δ7Li = +28 to +29�; Table 1). 
To further interpret these results, we apply a correction for atmo-
spheric inputs and normalize the Li concentrations to those of Na 
to account for dilution (Supplementary Text S2). There is a general 
decrease in the Li/Na ratio of groundwater (sampled from wells) 
downslope from ridge to stream, ranging from 5 to 0.58 (Fig. 5). 
The δ7Li values similarly appear to vary systematically across the 
hillslope, from upslope wells (+13 to +15�) to stream (+28 to 
+29�), broadly increasing by +15 to +16�.

Samples collected from the deepest VMS ports (>12 m) yield 
a set of shallow groundwater observations (Fig. 6). Relative to the 
range of Li compositions highlighted thus far, these samples show 
isotopic values (+8.9 to +17�) that are intermediate between the 
unsaturated VMS and the groundwater wells, yet are characterized 
by uniquely elevated Li concentrations (0.64-2.8 μM) (Table 1) and 
a wide range of Li/Na ratios. Two samples (A10 and B10) yield 
Li/Na ratios (2.7 and 3.1 μM/mM) comparable to those of other 
saturated zone waters. In comparison, a second pair of samples 
(A9 and B9) exhibit values much higher than any other samples 
recorded in the study (7.5 and 18 μM/mM).

4.2. Model results

The vadose zone reactive transport model captures the gen-
eral behavior of the Li solutes (Fig. 4a), reflecting the observed 
increase in concentration as a function of depth as the profile 
reaches a maximum value of ∼0.87 μM at 12 m. As mentioned 
in subsection 3.3, two parameters were modified after incorpo-
ration of Li into the pre-existing Wang (2019) model to achieve 
agreement between simulated and measured Li isotopic profiles. 
First, reproducing the isotopically light fluid values measured in 
the depth profile was not possible using a balance between infil-
trating rainwater (δ7Li of +31�) and dissolution of a bulk bedrock 
composition (δ7Li = −0.57�), particularly given the enrichment 
of 7Li in the fluid phase caused by fractionating secondary min-
eral growth. Therefore, we recognize that over the development of 
this weathering profile, the accumulation of secondary clays prin-
cipally at shallow depths must result in a correspondingly negative 
solid-phase isotope ratio near the top of the profile. To honor this 
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Fig. 5. Spatial distribution of fluid isotope ratios (blue circles) and dissolved lithium relative to dissolved sodium (Li∗/Na∗ ratio; green squares) in the saturated zone. The wells 
do not directly lie along a transect, but are illustrated by their relative position and elevation across the Rivendell (Fig. 3). The stars (∗) indicate that molar concentrations 
and isotope ratios are corrected for atmospheric input (Supplementary Text S2).
Fig. 6. Li/Na ratios and isotope signatures of VMS, well, and Elder Creek waters and 
the representative bulk bedrock sample. Concentrations and isotope ratios of well 
and Elder Creek samples are corrected for atmospheric input (Supplementary Text 
S2). Results of the vadose zone reactive transport model (solid) and the saturated 
zone batch-reactor model (dashed) are represented by black lines. An inferred trend 
for congruent dissolution is in gray. The vadose zone model faithfully reproduces 
Li concentrations with depth (Fig. 4a), although these trends are largely obscured 
when normalized to Na concentrations. This normalization alleviates variability in 
the measured data as a result of dilution (Supplementary Text S2). A version of this 
figure illustrating a direct comparison between modeled and observed Li concentra-
tions is given in the supplement (Supplementary Fig. S1).

gradient, we adjust the composition of the dissolved Li sources 
above 4 m (i.e., partially dissolving smectite and illite) to −12�
(Fig. 4b). Without this adjustment, modeled fluid δ7Li values result 
in a flat profile that overestimates all of the observed data above 
8 m and underestimates those beneath this portion of the domain 
7

(Supplementary Fig. S2). Such negative shallow solid-phase values 
have been observed for clay-rich soil in the Quiock Creek catch-
ment in Guadeloupe, France (−13.5�; Clergue et al., 2015), and 
for saprolite along a weathering sequence from the Cayce diabase 
in South Carolina, USA (−20�; Rudnick et al., 2004). A gradient 
characterized by isotopically light signatures near the surface and 
increasing values with depth approaching the protolith composi-
tion has been observed in the solid-phase δ7Li of other weath-
ering profiles of comparable scale (Kısakürek et al., 2004; Liu et 
al., 2013). At Shale Hills in northeastern USA, the bulk signatures 
of shallow soil (−1.1�) and shale bedrock (−1.6�) are heavier 
than what is estimated for the secondary mineral constituents (as 
low as −5.7�; Steinhoefel et al., 2021). Hence, this model ad-
justment also accounts for the possibility that low fluid δ7Li can 
result from solid material with a crust-like (+0.6 ±0.6�; Sauzéat 
et al., 2015) bulk δ7Li signature via preferential dissolution of 6Li-
depleted secondary minerals (Lemarchand et al., 2010; Pistiner and 
Henderson, 2003) and emerging evidence suggesting potential iso-
topic fractionation during clay dissolution that would result in the 
preferential release of 6Li to solution (Zhang et al., 2021b).

The second parameter adjustment is an increase in the rate 
constant of illite from 10−14.8 to 10−11.4 mol/m2/s (Table 2), which 
is comparable to values used in other shale-based reactive trans-
port models (10−11.0-10−10.98 mol/m2/s; Li et al., 2020; Phan et 
al., 2018). This increase is essential to achieving the relatively large 
positive shift in δ7Li across the deep portions the profile (Supple-
mentary Fig. S2). Critically, we emphasize that these updates do 
not significantly alter the replicability of the major cation profiles 
reported in Wang (2019) (Supplementary Fig. S3), highlighting the 
utility of dissolved Li isotope ratios in parsing silicate weathering 
processes beyond what is resolvable through major cation chem-
istry. The implications of this parameter tuning are discussed in 
further detail below (subsection 5.1).

As a demonstration of the mass balance principles underlying 
the simulation results, we note that the modeled fluid δ7Li pro-
file starts near 0� despite the implementation of a +31� upper 
boundary condition for the dissolved phase (Fig. 4b). Such a rapid 
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drop highlights the strong influence the solid phase exerts on dis-
solved Li values as dilute rainwater enters the subsurface. With 
further depth, the simulated δ7Li values follow a sharp decrease 
to values near −8�, reflecting the adjusted initial model condi-
tion of isotopically light clay assumed over the upper section of 
the domain. Although the Li sources to the solution in this shallow 
layer are −12�, the aqueous phase does not reach such a negative 
value. Thus, the preservation of an isotopically heavy fluid relative 
to the surrounding regolith in this upper section of the domain is 
a first indication that isotope fractionation via secondary mineral 
formation is playing an important role at these depths (discussed 
further in subsubsection 5.1.1). Across the deeper sections of the 
model, the trend of the VMS observations is mimicked by the dis-
solved δ7Li simulation, which asymptotically approaches a single 
value (+3�) of δ7Li in the fluid phase. In the absence of iso-
topic fractionation associated with secondary mineral formation, 
the model faithfully returns a fluid approaching the bedrock δ7Li 
value at depth (Supplementary Text S3.1). Further sensitivity analy-
sis of individual fractionation factors and flow rates are also offered 
in the supplement (Supplementary Texts S3.1 and S3.2).

In the saturated zone, we run an extended simulation forward 
in time (called “SZ batch” in Fig. 6; described in subsection 3.3) 
starting from the composition corresponding to the fluid at the 
base of the vadose zone reactive transport simulation (called “VZ 
RTM” in Fig. 6). Results show that the trajectory of both dissolved 
δ7Li and Li/Na ratios reproduce the observed progression of the 
Li isotope composition from the deepest unsaturated VMS signa-
tures to those observed in the wells and ultimately in Elder Creek 
(Fig. 6).

5. Discussion

5.1. The weathering reactions within a hillslope as recorded by dissolved 
lithium and its isotopes

5.1.1. Characteristic silicate weathering reactions
A principal objective of the isotope-enabled reactive transport 

framework is to deconvolve the characteristic silicate weathering 
reactions that govern the Critical Zone structure and produce the 
fluid chemical compositions that are exported to the drainage net-
work. The dissolved Li concentrations and stable isotope ratios 
(Figs. 4a-b) are generated as a result of simultaneous dissolution 
and precipitation of multiple Li-bearing phases (Fig. 4c). Modeled 
changes in mineral volume (Fig. 4c) are calculated by differenc-
ing the results between an initial simulation where quasi-steady 
state is achieved (Supplementary Text S1.1) and a subsequent sim-
ulation lasting for an additional 6 yr reflecting multiple passages 
of water (∼5 renewal of total pore volume) through the domain. 
Based on these relative rates of mineral alteration, we observe that 
smectite dissolves at a relatively constant rate across the upper 7 
m, below which it progressively trends to an infinitesimal relative 
change in mineral volume. In the shallowest portion of the depth 
profile, new secondary clay formation is dominated by kaolinite, 
but is overtaken by illite formation at around 2.4 m. Like smec-
tite, there is virtually no change in kaolinite mineral volume near 
the bottom of the domain. In comparison, the behavior of illite is 
characterized by shallow and deep intervals of dissolution and an 
intermediate zone of precipitation that is maximized at ∼6 m. This 
forward model results in dynamic dissolution-precipitation condi-
tions (Fig. 4c) that are in agreement with the thermodynamic sta-
bilities of clay minerals (Drever, 1988; Supplementary Fig. S7) and 
the mineralogy generally observed at Rivendell (Gu et al., 2020). 
Notably, the modeled dissolution of illite in the upper 2.4 m of the 
profile is consistent with observed relative depletion of the mineral 
in multiple bulk soil samples (Gu et al., 2020).
8

The model reproducibility of the measured fluid δ7Li signatures 
(Fig. 4b) demonstrates the sensitivity of the reactive transport sig-
natures of Li to the relative rates of clay formation. This relation-
ship is underscored by the single instance in which we needed to 
increase the kinetic rate constant of illite (or equivalently increase 
the reactive surface area of illite) in order to achieve sufficient Li 
isotope fractionation to reproduce the dissolved isotopic signatures 
below the shallowest layers of the profile (subsection 4.2). This ad-
justment provided a critical improvement to the isotope model and 
exerted a negligible effect on the modeled cation concentrations 
(Supplementary Fig. S3), highlighting the sensitivity of isotope ra-
tios to these parameter values and to the type of clay precipitating.

As a result, the model generates a bottom-up prediction of 
the solid phase mineralogy that shifts from illite- to kaolinite-
dominated secondary mineral formation reflecting the transition 
from early to later (or deeper to shallower) stages of silicate 
weathering. This result is consistent with observations of abundant 
kaolinite at the top of mature weathering profiles (e.g., Murphy 
et al., 1998; White et al., 2001) due to the relative insolubility of 
Al in its structure. In our simulations, as with prior work (Maher 
and von Blanckenburg, 2016), the location of maximum kaolinite 
accumulation is dictated by the balance between saturation state 
and flow rate. Such parallels highlight the enhanced utility of Li 
isotopes as a potent tracer of silicate weathering pathways in a re-
active transport model.

5.1.2. Insights into apparent Li isotope fractionation
We use our modeling framework to constrain what we here-

after refer to as an ‘effective’ Li isotope fractionation based on the 
secondary mineral phases forming through space and time. Such 
effective isotope fractionation stems from the relative roles of mul-
tiple fractionating processes impacting the Li isotope distribution 
in hillslopes, each with their own individual or ‘intrinsic’ isotope 
fractionation factor. This is obtained from our model results by 
tracking the isotopic composition of a representative newly form-
ing bulk secondary solid weighted by the amount of Li incorpo-
rated into each contributing mineral

δ7Lisec (�) =
N∑
i

f Lii

( 7Vi
6Vi

7Li
6Li L-SVEC

− 1

)
× 1000, (2)

where 7Vi and 6Vi each correspond to the new mineral volume 
(as defined in subsubsection 5.1.1) of the 7Li and 6Li solid solution 
endmembers for N precipitating mineral(s) and

f Lii = nLii∑
nLii

, (3)

given

nLii = (7Vi + 6Vi)xi
V m
i

, (4)

such that xi is the number of moles of Li per mole of mineral 
and Vm

i is the mineral molar volume. The bulk secondary solid is 
isotopically lightest at depths where kaolinite and illite formation 
are simultaneous (Figs. 4c and 4d). δ7Lisec trends toward heavier 
values deeper in the domain, following the progressive enrichment 
of the fluid phase from which these minerals are formed, but the 
value of δ7Lisec never reaches the measured bulk bedrock value of 
−0.57�. With this information, the effective isotopic fractionation 
between the newly formed bulk secondary solid and the dissolved 
phase, �sec-diss, can be calculated as

�sec-diss = δ7Lisec − δ7Lidiss, (5)
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where δ7Lidiss corresponds to the isotopic composition of the dis-
solved phase.

In the shallow and deep portions of the profile where the for-
mation of new secondary phases only occurs as kaolinite (Fig. 4c), 
the value of �sec-diss is −8�, reflecting the αkaolinite-diss of 0.992 
prescribed to the model (Fig. 4d). Across the depths dominated by 
illite formation, the �sec-diss values approach peak fractionation at 
−19�, which is only achieved when changes in kaolinite min-
eral volume become minimal at ∼8 m. This maximum �sec-diss
never reaches the assigned αillite-diss = 0.976. At the very bottom 
of the domain, virtually no secondary minerals are precipitated and 
thus no fractionation occurs (�sec-diss = 0�). These results illus-
trate how the individual intrinsic fractionation factors imposed for 
kaolinite and illite formation manifest in the fluid- and solid-phase 
isotope signatures produced by the simulation.

The variable �sec-diss that emerges from our model demon-
strates the extraordinary sensitivity of Li isotope fractionation to 
the contemporaneous rates and solubilities of multiple secondary 
mineral phases. Intermediate �sec-diss values in the profile are 
produced due to the competition between the unique fraction-
ation factors associated with kaolinite and illite formation. This 
outcome indicates that the observed range of effective isotopic 
fractionation (defined by Eqn. (5)) is a consequence of the pre-
dominant secondary mineral forming in the subsurface as a func-
tion of depth (or time), suggesting that the variability of dissolved 
δ7Li signatures within a given field site may reflect a shift be-
tween or among multiple secondary phases governing Li isotope 
partitioning (e.g., Murphy et al., 2019). Furthermore, the forma-
tion of a variety of secondary mineral assemblages should con-
tribute to the wide range of �sec-diss values observed across dis-
parate field sites and regions (Fig. 4d). Our model illustrates that 
a �sec-diss variation of as much as 11� can be produced as a 
result of a simple balance between formation of two contempo-
raneous secondary phases with unique intrinsic fractionation fac-
tors.

Additional factors may influence δ7Li signatures in fluid sam-
ples taken from natural systems. For example, isotope fractionation 
factors commonly appear to be ‘muted’ or dampened in field-scale 
observations relative to intrinsic values produced in closed systems 
typical of laboratory studies (e.g., Berna et al., 2010). The increased 
length scale of spatial averaging over which samples are collected 
in heterogeneous natural systems (e.g., large rivers; Gaillardet et 
al., 1999; Meybeck, 1987; Stallard and Edmond, 1983) has been 
proposed to cause this isotopic discrepancy (Druhan and Maher, 
2017). This effect may explain why the fractionation factors used 
to describe the evolution of δ7Li in the rivers (αsec-diss of 0.995 
and 0.996) appeared muted relative to the value fitted to shal-
low groundwaters (αsec-diss = 0.991) in the Ganges-Brahmaputra 
floodplain (Bagard et al., 2015). In contrast, relatively small length 
scales of observation, such as the δ7Li of soil samples across a 
∼13-cm profile in the Quiock Creek illustrate a maximum range 
of αsec-diss = 0.970-0.973 (Clergue et al., 2015) that is compara-
ble to the intrinsic αgibbsite-diss = 0.975 experimentally determined 
by Millot and Girard (2007). In total, these comparisons show 
the potential of forward reactive transport modeling approaches 
such as the one used here to offer a more realistic parsing of 
the distribution of multiple secondary phases within an open sys-
tem. We show that this approach can predict effective isotopic 
fractionation factors between and among phases using a variety 
of pathways beyond the capabilities of simpler batch or Rayleigh 
models that require fitting of a single fractionation factor. This 
utility is vital to linking experimentally determined, intrinsic iso-
topic fractionation factors to the variability observed in natural 
systems.
9

5.2. Evolution of silicate weathering from hillslopes to rivers

Below the water table, fluids collected from traditional wells al-
low us to constrain geochemical evolution of groundwater from the 
top of the hillslope to the base where it discharges to Elder Creek. 
Along this profile, dissolved δ7Li signatures trend towards heav-
ier values with a corresponding decrease in Li/Na ratios downslope 
(Figs. 5 and 6). These observations suggest that the pathways of 
secondary mineral formation that fractionate Li isotopes and de-
plete Li concentrations continue beyond the vadose zone and into 
the saturated zone as groundwater migrates laterally downslope. 
We expand our vadose zone reactive transport model to explore 
these saturated conditions (subsection 3.3), finding that the ma-
jor geochemical reactions defining this continued evolution are 
the dissolution of kaolinite and the precipitation of illite and, to 
a much lesser extent, smectite (Supplementary Fig. S8). To reflect 
these geochemical changes, the saturated zone model is adjusted 
to include isotopic fractionation during precipitation of smectite 
on the order of αsmectite-diss = 0.9834 (Table 2; Hindshaw et al., 
2019; Supplementary Text S1.4). In conjunction with the vadose 
zone simulations, these model results indicate the top-down pro-
gression of silicate weathering beginning in the vadose zone and 
continuing across the water table and within the saturated zone, 
ultimately reaching the stream at the base of the hillslope. This re-
action pathway is initiated in our batch model simulation by the 
formation of kaolinite that is only stable under near-surface con-
ditions and progresses below the water table through the eventual 
shift to precipitation of metastable clays, like illite and smectite, 
which can persist at depth due to gradual solute enrichment and 
favorable alkaline conditions (e.g., Eberl, 1984; Langmuir, 1997). 
From the base of the Critical Zone, the characteristic silicate weath-
ering reactions in the saturated zone mark the initial stages of the 
bottom-up maturation of the shale bedrock.

Based on elemental compositions alone, the vadose zone and 
well waters are largely indistinguishable. Prior studies have inter-
preted Rivendell groundwater solute concentrations as evidence for 
a lack of appreciable silicate weathering below the water table 
(e.g., Kim et al., 2014, 2017). With the new constraints afforded 
by δ7Li signatures, the modeled progression of isotopic composi-
tion highlights the continuity of silicate weathering through the 
vadose zone and into the saturated zone (Fig. 6). The high sili-
cate weathering rates of the vadose zone are driven by the influx 
of reactive meteoric fluids. Below the water table, silicate weath-
ering is sustained through the combination of contact between 
laterally-flowing waters and unweathered bedrock and of the evac-
uation of chemically saturated groundwaters via drainage to Elder 
Creek. This weathering regime in the saturated zone appears to be 
masked in solute concentrations, but is now apparent through the 
lens of Li stable isotopes.

While the saturated zone model offers only an approximate 
translation between time and the highly variable flow paths of 
Rivendell, the point at which the simulation achieves δ7Li enrich-
ment that appropriately represents the isotope ratios observed in 
the wells at the base of the hillslope (∼+25�; Figs. 5 and 6) 
places some constraint on the solute load derived from silicate 
weathering via lateral drainage of the hillslope. Dissolved silicon 
is used as a metric given its sensitivity to both solubilization and 
precipitation reactions that occur during silicate weathering. We 
find that fluid concentrations reach 0.48 mM over the depth in-
terval from infiltration to the base of the vadose zone, and further 
increased to 1.2 mM upon reaching the base of the hillslope. Al-
though these figures only constitute a first-order estimate of net 
silicate weathering rates, this comparison suggests that comparable 
weathering-derived solute masses are generated in the saturated 
zone versus above the water table.
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The simulation is not able to capture the small subset of 
uniquely high Li concentrations (as much as ∼2.7 μM) in some 
of the deepest VMS ports (Fig. 6 and Supplementary Fig. S1). As 
noted earlier, these deep VMS ports became water-saturated and 
thus reflect shallow groundwater samples, which returned two 
measurements with low Li/Na ratios (characteristic of the silicate 
weathering conditions that influence the deeper groundwater wells 
and stream water) and two other measurements with anoma-
lously high Li/Na ratios. In particular, the most Li-concentrated 
sample yielded a Li/Na ratio (18 μM/mM) almost double that of 
the bedrock (10.6 μM/mM; Table 1), implying that the amount of 
Li dissolved is in excess of what would be released from congruent 
dissolution. A closer inspection of the overall geochemical compo-
sition via multivariate analysis (Supplementary Fig. S9) reveals that 
all major weathering-derived cations are also enriched in these 
two shallow groundwater samples while the Li isotopes remain 
consistent with other saturated zone samples. Furthermore, the 
depth interval (13.1-13.7 m) of these cation-enriched fluids cor-
responds to the location of the base of the weathering front (15 
m) inferred from solid-phase elemental composition for a nearby 
borehole at Well 10 (Fig. 3; Gu et al., 2020). The fluctuation of 
the water table in this zone may facilitate periodic introduction 
of reactive gases and rapid delivery of relatively chemically under-
saturated waters that favor dissolution of the most soluble min-
erals (including Li-rich chlorite; Gu et al., 2020) composing the 
fresh shale protolith. Hence, the shallowest depths of the saturated 
zone may be an intermittent hotspot of heightened weathering 
rates, which releases elevated cation concentrations and impart a 
bedrock-like δ7Li signature to fluids.

5.3. Implications for interpretation of Li isotope signatures in rivers

The systematic evolution of Li signatures through the Rivendell 
hillslope allows us to test the hypotheses proposed by Bouchez 
et al. (2013) for the relationship between δ7Li and regolith resi-
dence time, which has been used to interpret the δ7Li signatures 
of major rivers (e.g., Dellinger et al., 2015; Wang et al., 2015) 
(Fig. 1). The reactive transport of Li through the compartments 
of the Rivendell hillslope creates conditions in which fluid experi-
ences each of the three endmember processes (section 1: processes 
1, 2 and 3) in the interval between infiltration and discharge. In the 
shallow vadose zone (0-2.4 m depth, Fig. 4), high weathering in-
tensity is facilitated by the infiltration of meteoric water charged 
with reactive gases that causes dissolution of cation-rich and Li-
bearing clays, like illite and smectite, and thus low δ7Li values. 
These shallow vadose zone conditions are thus consistent with 
supply-limited weathering regimes (process 3), where the disso-
lution of isotopically depleted, weathered material is interpreted 
to explain low δ7Li and low Li concentrations observed in river-
ine samples (Dellinger et al., 2015). The hypothesized hotspot of 
rapid dissolution of bedrock at the top of the Rivendell saturated 
zone (Figs. 6 and Supplementary Fig. S9) is similarly characteris-
tic of a low-weathering intensity regime (process 1) wherein fresh 
material is supplied at a faster rate than secondary mineral forma-
tion occurs. This general pattern of elemental depletion associated 
with the top of the saturated zone (or the depth at which bedrock 
becomes fractured and open to fluid circulation) is common (e.g., 
Anderson et al., 2002; Jin et al., 2010; Uhlig and von Blanckenburg, 
2019). Because these conditions elicit more congruent weathering, 
isotopic fractionation is relatively minimal and concentrations are 
the highest, as observed in this study and previous work (Dellinger 
et al., 2015; Huh et al., 2001; Misra and Froelich, 2012). At catch-
ment scales, the intermediate weathering intensity endmember is 
such that weathering and erosion in a system do not significantly 
outpace one another (process 2). Analogously, the isotopic ratios 
of some waters in the saturated zone can approach high δ7Li val-
10
ues while maintaining moderate Li concentrations due to coupled 
pathways of silicate weathering driven by the relative solubili-
ties of simultaneously dissolving and forming clays. Critically, this 
intermediate-depth reactivity is enhanced by the delivery of organ-
ics deep below soil via the roots of the mature forest ecosystem, 
which sustains a persistent source of respired CO2 driving weath-
ering (Tune et al., 2020). Similarly, the highest increase in δ7Li, 
comparable Li concentrations, and a transition from kaolinite- to 
illite-dominant precipitation observed deeper in the vadose zone 
(≥2 m depth, Fig. 4) depict an increasingly incongruent weather-
ing pattern.

Our observations and the parallels to other studies highlight 
the capacity for any hillslope of the basic structure represented at 
Rivendell to reflect the entirety of the weathering intensity - δ7Li 
relationships inferred previously across disparate regions based on 
solute fluxes of large rivers. The large shifts and predictive patterns 
in Li signatures we quantify across a small, first-order hillslope 
record generation and transport of solutes through a structured set 
of compartments each hosting unique conditions of silicate weath-
ering.

6. Conclusions

We find that in first-order hillslopes, silicate weathering is con-
tinuous as meteoric water infiltrating through the vadose zone is 
transferred to groundwater and ultimately discharged to streams. 
This work also highlights the enhanced sensitivity afforded by 
combining Li isotopes and concentrations in effectively capturing 
unique instances of dissolution-precipitation processes (e.g., sec-
ondary mineral neoformation, clay transformation, congruent dis-
solution) that define a range of silicate weathering regimes. In 
particular, heavy dissolved Li isotope signatures that occur near 
the bottom of the weathering profile trace the formation of sec-
ondary minerals and, thus, active weathering. The light dissolved 
Li isotope signatures, such as those measured toward the top of 
the regolith profile, reflect clay dissolution and, hence, the chem-
ical disaggregation of previously weathered material. Elevated Li 
concentrations within the zone of water table fluctuation mark the 
congruent dissolution of bedrock. The heavy isotope ratios at the 
base of the hillslope suggest the continuation of silicate weather-
ing below the water table, which combines with the Li signature of 
the vadose zone as an integrated export to the stream. This finding 
motivates the investigation of the seasonal relationship(s) between 
isotope ratio and discharge in low-order streams, which may offer 
a lens into the architecture of these weathering zones beyond what 
has been achieved through more common concentration-discharge 
dynamics.
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