
Earth and Planetary Science Letters 595 (2022) 117773

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Subsurface weathering signatures in stream chemistry during an 

intense storm

Jon K. Golla a,∗, Julien Bouchez b, Marie L. Kuessner b, Daniella M. Rempe c, 
Jennifer L. Druhan a,b

a Department of Geology, University of Illinois at Urbana-Champaign, Urbana, 61801, IL, USA
b Institut de Physique du Globe de Paris, Sorbonne Paris Cité, Université Paris Diderot, CNRS, Paris, 75238, France
c Jackson School of Geosciences, University of Texas at Austin, Austin, 78712, TX, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 15 March 2022
Received in revised form 7 August 2022
Accepted 9 August 2022
Available online xxxx
Editor: A. Jacobson

Keywords:
Critical Zone
storms
weathering
rock moisture
lithium isotopes

Long-term relationships between stream chemistry and discharge are regulated by watershed subsurface 
structure and biogeochemical functioning. The extent to which these mechanisms are expressed and may 
be explored in the geochemical response of streams during storm events remains an open question. 
Here, we monitor an intense storm as it infiltrated an upland hillslope draining into a small steep canyon 
stream that is typified by chemostatic concentration-discharge relationships in rock-derived solutes. Our 
approach couples a high-frequency record of stable lithium isotope ratios (δ7Li) in the stream with 
novel sampling of rock moisture within the hillslope. At peak discharge, lithium-sodium ratios (Li/Na) 
increased from 0.58 μM/mM to 0.82 μM/mM and δ7Li decreased from +28.9 ± 0.1� to +26.4 ± 0.4�
in the stream. Hillslope hydrologic monitoring reveals that the rainwater infiltrated the subsurface, yet 
attenuated breakthrough of the heavily depleted δD signal of this storm (as low as −86�) only reached 
the upper 3-4 meters of the vadose zone. These δD data show that the storm water mixed with previously 
stored rock moisture and displaced stored fluid to deeper depths, causing an observable rise in the water 
table. Groundwater 87Sr/86Sr and δ7Li demonstrate consistency in the fluid-rock interactions that occur 
below the water table prior to and during the storm. In total, these observations indicate that the transfer 
of fluid and generation of solutes through the interior of the hillslope produce the variability of Li/Na and 
δ7Li within the stream during the storm, and support application of a previously established 1-D reactive 
transport model framework developed for the evolution of lithium within the hillslope to this extreme 
hydrologic event. Based on the model, both Li/Na and δ7Li versus discharge relationships reflect an overall 
shorter transit time of fluid through the interior of the hillslope. These model results are consistent with 
our hydrologic observations and indicate that Li from further upslope (where the vadose zone becomes 
thicker) contributes to stream solute chemistry at the height of the storm. We conclude that in this 
system, stream lithium isotope signatures record the routing of water and generation of solutes within 
the hillslope even during intense storm events.

© 2022 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

The geochemistry of streamflow offers a unique window into 
landscape functioning and evolution, as it integrates a range of wa-
ter ages transiting the biogeochemical reaction network inherent 
to a given watershed. Basic relationships between solute concen-
tration (C) and discharge (Q) have long been used to infer changes 
in transport and reaction pathways in the Critical Zone (e.g., An-
derson et al., 1997; Arora et al., 2020; Baronas et al., 2017; Basu 
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et al., 2010; Bieroza and Heathwaite, 2015; Chanat et al., 2002; 
Evans and Davies, 1998; Godsey et al., 2009; Johnson et al., 1969; 
Miller and Drever, 1977; Knapp et al., 2020; Rose et al., 2018; Tor-
res and Baronas, 2021). Weathering-derived solutes (e.g., Na, K, Mg, 
Ca, and Si) often display chemostatic behavior or little variability 
in concentration over a broad range of discharge values (e.g., Dia-
mond and Cohen, 2018; Godsey et al., 2009; Herndon et al., 2015; 
Koger et al., 2018; Sullivan et al., 2019; Wlostowski et al., 2018). 
This capacity for solute export to ‘keep pace’ with discharge has 
been attributed to a substantial supply of rock-derived solutes that 
are accessed during flood events (e.g., Basu et al., 2010; Thomp-
son et al., 2011), while others have suggested sufficiently rapid 
reaction rates such that the timescale of weathering does not lag 
le under the CC BY-NC-ND license 
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behind the timescale of fluid transport (e.g., Ameli et al., 2017; Ma-
her, 2011). Under such conditions, water-rock reactions buffer the 
chemistry of fluid contributing to streamflow.

Connecting stream solute chemistry to the reactions occurring 
in hillslopes is challenging. Previous studies have noted that mul-
tiple coupled solubilization and secondary mineral formation reac-
tions can result in comparable solute concentrations (e.g., Kim et 
al., 2017; Torres and Baronas, 2021). Hence, a variety of reactive 
pathways may contribute both across the heterogeneous structure 
of the near-surface Critical Zone and over transient fluctuations 
in infiltration rate and discharge to produce apparently chemo-
static behavior. Furthermore, most observations of chemostatic so-
lute signatures in upland watersheds are based on relatively low-
frequency monitoring records typically spanning seasonal and an-
nual timescales (e.g., Diamond and Cohen, 2018; Godsey et al., 
2009; Herndon et al., 2015; Koger et al., 2018; Sullivan et al., 2019; 
Wlostowski et al., 2018). As a result, the C-Q relationships inferred 
from these records often integrate over indiscriminate sampling 
“snapshots” of systems subject to hydrological and biogeochemi-
cal perturbations across a wide range of timescales (e.g., individual 
storm events, seasonal variation in baseflow).

Individual storm events can generate as much as 80% of an-
nual solute fluxes in small catchments across a variety of climates 
and lithology (e.g., Inamdar et al., 2006; Lesack, 1993; Petrone 
et al., 2006; Ryan et al., 2021). Only a limited number of stud-
ies have reported data sufficient to compare weathering-derived 
C-Q patterns across individual storms and systematic monitoring 
records. Rose et al. (2018) monitored C-Q patterns in 44 individual 
storms spanning 11 years in White Clay Creek, located in Pennsyl-
vania, USA. They reported consistency between individual storm 
and long-term behavior, although the latter was compiled from 
storm events rather than an independent monitoring effort. At the 
Erlenbach catchment in Switzerland, Knapp et al. (2020) also sug-
gested consistency between base flow and flood C-Q relationships 
for major elements derived from weathering. In contrast, many 
interpretations of stream solute chemistry during individual pre-
cipitation events utilize mixing models that suggest bypassing of 
the subsurface below soil during intense infiltration (e.g., Bazemore 
et al., 1994; Gardner et al., 2017; Kurtz et al., 2011; Mulholland 
et al., 1990; Schellekens et al., 2004). Hence, it remains unclear 
to what extent the behavior of weathering-derived solutes during 
storm events simply falls within the broader C-Q patterns observed 
over seasonal and annual variations in discharge, or if these events 
trigger major modifications to the routing of water to the stream 
and thus the origin and composition of solutes recorded across 
storm hydrographs. Furthermore, it remains uncertain whether C-
Q relationships break down at high discharge rates produced by 
extreme events, which are presently projected to increase in fre-
quency with intensification of the hydrologic cycle.

Analyses of C-Q patterns and the exploration of the potential 
underlying factors that yield apparent chemostasis in C-Q relation-
ships of rock-derived solutes are greatly aided by tracers sensi-
tive to the water-rock reaction network producing these solutes. 
A new generation of highly precise and increasingly routine stable 
metal(loid) isotope analysis (e.g., B, Li, and Si) now offers height-
ened sensitivity to the precipitation and dissolution reactions that 
underlie C-Q patterns (e.g., Burton and Vigier, 2012; Fernandez 
et al., 2022; Fries et al., 2019; Frings et al., 2021; Gaillardet and 
Lemarchand, 2018). Among this suite of elements, lithium (Li) and 
its stable isotopes are an ideal tracer of the fluid-rock weathering 
reactions that generate rock-derived solutes, due to characteris-
tic mass-dependent fractionation during secondary clay formation 
(e.g., Huh et al., 2001; Pistiner and Henderson, 2003; Rudnick et al., 
2004). Furthermore, Critical Zone Li isotope signatures are simpli-
fied relative to many other weathering-derived solutes because of 
minimal, nominally non-fractionating Li uptake by plants (Lemarc-
2

hand et al., 2010; Pogge von Strandmann et al., 2014). Further-
more, recent efforts to couple fluid flow paths and fractionating 
reactions in a forward modeling framework seem to suggest that 
stable isotope ratios may afford heightened sensitivity to variations 
in fluid drainage rates and patterns compared to solute concentra-
tions (Druhan and Maher, 2017; Fernandez et al., 2022).

Here, we present a high-frequency record of stable Li isotopes 
and rock-derived solutes during an intense storm fed by an “at-
mospheric river” (as defined in Ralph et al., 2018 and DeFlorio 
et al., 2018) using a heavily instrumented upland hillslope (Riven-
dell, Eel River Critical Zone Observatory, California, USA) draining 
into Elder Creek, a steep canyon stream. Prior C-Q analysis of Elder 
Creek based on the USGS Hydrologic Benchmark Network describes 
strongly chemostatic behavior in the major rock-derived solutes 
over three orders of magnitude in discharge (Godsey et al., 2009). 
Kim et al. (2014, 2017) used groundwater and stream chemistry to 
argue that water-rock reactions in the vadose zone constitute the 
principal source of solute flux through this system, although they 
lacked direct observations of rock moisture above the water ta-
ble. Subsequent novel instrumentation has allowed unprecedented 
access to the fluid draining through the interior of the hillslope 
(Rempe and Dietrich, 2018; Tune et al., 2020). We have previ-
ously used the major ion concentrations and Li isotope signatures 
of these fluids to constrain the silicate weathering reactions that 
govern solute production and cycling across the vadose zone and 
through the shallow aquifer in a forward, multi-component nu-
merical reactive transport framework (Golla et al., 2021). From this 
basis, we now leverage a novel data set of hydrologic monitoring, 
water isotopes, and Li isotope signatures to uncover sensitivity in 
the rock-derived solutes of a characteristically chemostatic stream 
across a storm hydrograph.

2. Materials and methods

2.1. Study area and sampling

The 17-km2 Elder Creek watershed is located within the Angelo 
Coast Range Reserve in Mendocino County, California USA as part 
of the U.S. National Science Foundation Critical Zone Observatory 
program (Fig. 1). Elder Creek is a relatively steep canyon river, in an 
actively uplifting landscape, fed by tributaries which are primarily 
cut by periodic debris flows. We utilize the extensively instru-
mented Rivendell hillslope (Kim et al., 2014; Rempe and Dietrich, 
2018; Salve et al., 2012; Tune et al., 2020). Rivendell consists of 
thin soil (0.3 - 0.7 m) and thick, fractured weathered argillite (4 
- 30 m) (Rempe and Dietrich, 2018; Tune et al., 2020) locally 
interbedded with sandstone lenses, typifying the Coastal Belt of 
the Franciscan Complex (McLaughlin et al., 2000). The mineral as-
semblage of fresh bedrock is comprised of a mixture of primary 
minerals (quartz, K-feldspar, plagioclase, chlorite) and clays (chlo-
rite, smectite, kaolinite, illite) (Gu et al., 2020; Kim et al., 2014). 
Active regional uplift and erosion occur at 0.2-0.4 mm/yr (Fuller et 
al., 2009).

The study area is characterized by a Mediterranean climate (i.e., 
warm, dry summers and cool, wet winters), where most precipita-
tion is received as rain with an annual mean total of ∼2042 mm 
and temperatures can range from -8 to 32 oC (Kim et al., 2014; 
Rempe and Dietrich, 2018; Salve et al., 2012). Hydrologic surveying 
shows that the height of the water table at midslope can vary by 
as much as 10 m (Rempe and Dietrich, 2018). The thin soil layer 
and unsaturated weathered bedrock host reactive gases (Tune et 
al., 2020) and the deep roots of a mixed conifer-hardwood ever-
green forest (Oshun et al., 2016; Salve et al., 2012). Runoff to the 
stream channel is dominated by subsurface flow. Overland flow 
on the Rivendell hillslope generally does not occur (Salve et al., 
2012). However, saturated overland flow (i.e., Dunne overland flow; 
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Fig. 1. Map of the Rivendell hillslope showing locations of the groundwater well network (red circles), the Vadose Zone Monitoring System (set of two red solid lines), 
and Elder Creek sampling (black star) with coordinates in NAD83 / UTM Zone 10N (EPSG:26910). The U.S. Geological Survey stream gauge (#11475560) is upstream of the 
Elder Creek water sampling collection site. Elevation data are derived from a National Center for Airborne Laser Mapping survey in 2014 (Rempe and Dietrich, 2018). The 
insets show the relative location of the study area within California, United States and the greater Elder Creek watershed as light red and black squares, respectively. (For 
interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Dunne and Black, 1970a,b) has been observed in topographically 
convergent areas during intense storms. The storm reported in this 
study was the result of an atmospheric river that produced runoff 
as much as ∼34 times greater than the mean annual value. Dur-
ing this period, Elder Creek was sampled for solute chemistry and 
stable isotope analysis at high frequency from January 5-13, 2017. 
Groundwater wells distributed across the Rivendell hillslope were 
sampled within the period of the storm event (January 5-11).

At Rivendell, there is a unique Vadose Zone Monitoring System 
(VMS), which consists of a pair of instrumented sleeves inserted 
through subvertical boreholes across ∼16 m of the hillslope (Golla 
et al., 2021; Tune et al., 2020). Each sleeve is lined with a set of 
10 ports approximately 1.5 m apart and equipped with discrete 
lysimeter samplers to collect waters draining weathered bedrock. 
In addition, each set of VMS sampling ports is separately capable of 
collecting gases through perforated tubing and of measuring water 
content and temperature with time-domain transmission sensors. 
Among the 20 total ports, the first eight ports from 0.8-6.9 m be-
low land surface are perennially unsaturated, whereas the deepest 
two ports at 14.7 m and 16.5 m remain fully saturated throughout 
the year. The ports in between 6.9 m and 14.7 m are seasonally 
saturated due to fluctuation of the groundwater table elevation. 
A complete description of the corresponding depths to the VMS 
sampling apparatus can be found in Tune et al. (2020) and further 
technical details of the general functioning of the VMS have been 
outlined by Dahan et al. (2009) and Rimon et al. (2007).
3

2.2. Hydrological monitoring

Groundwater levels are measured via continuous pressure 
transducers across a network of 12 wells (Fig. 1). A U.S. Geological 
Survey gauging station (#11475560) monitors streamflow every 15 
minutes and is located approximately 30 m upstream of the col-
lection point for water chemistry. Precipitation data are collected 
across a network of tipping bucket rain gauges and distributed by 
the Eel River Critical Zone Observatory (https://dendra.science/). 
Historical precipitation for the Elder Creek watershed comes from 
PRISM (Daly et al., 2008, 2015).

Time-domain transmission (TDT) sensors along one of the VMS 
sleeves provide records of water content and temperature at 15-
minute intervals. To approximate time-variable rock moisture stor-
age in the root zone, we use relative moisture contents measured 
via TDT sensors at 1.95 m, 3.64 m, and 5.22 m depths in the VMS. 
These three moisture content time series are averaged to create 
a composite time series for the root zone that is scaled from the 
minimum dynamic storage (0 mm) to the maximum dynamic rock 
moisture storage of 280 mm (Rempe and Dietrich, 2018).

To calculate a rate of drainage from the root zone (i.e. vadose 
zone flux), we establish a time-dependent root-zone water balance, 
based on our time series of rock moisture storage, precipitation 
(P ), approximate interception (20%; Salve et al., 2012), and evapo-
transpiration (E T , 1.5 mm/day annual average; PRISM, 2022):

D = P − 0.2 ∗ P − E T − �S, (1)

https://dendra.science/
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where �S is the daily change in storage calculated from the com-
posite moisture time series and D is drainage in mm/day.

2.3. Geochemical analyses

All water isotope samples were analyzed at the University 
of California, Berkeley Center for Stable Isotope Biogeochemistry. 
Samples were run via Isotope Ratio Mass Spectrometry on a 
Thermo Delta PLUS XL instrument. Data are reported in standard 
delta per-mille notation relative to Vienna Standard Mean Ocean 
Water (VSMOW)

δD =
⎛
⎝

2 H
1 H sample

2 H
1 H V S M O W

− 1

⎞
⎠ × 1000, (2)

where a similar expression can be written for stable oxygen iso-
topes (i.e., 18O and 16O). Precision of long-term VSMOW measure-
ments are on the order of ±1.0� for δD and ±0.11� for δ18O 
(Oshun et al., 2016). These data are available as supplementary 
material.

The concentrations of cations and anions were measured at the 
PARI analytical platform of the Institut de Physique du Globe de 
Paris (IPGP) with an Agilent 7900 quadrupole ICP-MS and a Dionex 
DX-120 ion chromatograph, respectively. The accuracy of cation 
concentrations is based on the precision of the percent error (≤5%) 
of repeated measurements of the SLRS-5 river water standard.

Radiogenic strontium (Sr) isotopes were measured at IPGP. Sr 
purification was performed by ion chromatography using Eichrom 
Sr-SPEC resin following a method developed by Pin and Bassin 
(1992) and Sr isotope ratio measurements were made with a 
Thermo Scientific Neptune MC-ICP-MS following the method out-
lined in Hajj et al. (2017) (see Supplementary Text S1 for further 
details).

Lithium isotopes were measured using a Thermo Scientific Nep-
tune MC-ICP-MS at the PARI analytical platform of IPGP HELGES 
laboratory of the GeoForschungsZentrum (GFZ) German Research 
Centre for Geosciences. Samples were treated with HF and H2O2

to eliminate Si and organic matter and loaded onto columns filled 
with 4 mL of BioRad AG50-X12 (200-400 mesh) resin for Li pu-
rification following the chemical separation protocol of James and 
Palmer (2000). Prior to introduction into an Elemental Scientific 
APEX-HydroFlouric desolvating nebulizer, the eluted fraction was 
evaporated to near-dryness and taken up in 0.5-M HNO3 to obtain 
a 20 ng/mL Li solution. Analyses were performed with operating 
conditions similar to those reported by Millot et al. (2004). Results 
are expressed in standard delta per-mille notation

δ7Li =
⎛
⎝

7 Li
6 Li sample

AV G(
7 Li
6 Li std−I

,
7 Li
6 Li std−I I

)
− 1

⎞
⎠ × 1000, (3)

where std-I and std-II refer to the L-SVEC Li carbonate stan-
dard (Flesch et al., 1973) evaluated directly before and after each 
sample. The analytical uncertainty for individual samples is re-
ported using a 95% confidence interval

95% C I = tn−1
σ√

n
, (4)

where σ is the standard deviation of n replicate measurements of 
a sample and tn−1 is the critical value of a Student’s t-distribution 
over a 95% confidence level. Long-term accuracy of Li isotope 
analysis is based on repeated measurements (x ± 2σ ) of OSIL At-
lantic seawater (δ7Li = 30.88 ± 0.76�; n = 4). In addition, we 
also report measurements of other reference materials for basalt 
(BHVO-2: 4.77 ±0.09�; JB-2: 4.99 ±0.06�) and soil (TILL-1: 
4

7.21 ±0.27�). The measurements of basalt standards are in agree-
ment with published measurements (Li et al., 2019 and references 
therein), while the TILL-1 measurement is slightly higher than lit-
erature values (Weynell et al., 2017, 2021; Zhang et al., 2021). 
In the following figures, both the 95% confidence interval calcu-
lated from sample replicate measurements (Equation 4) and the 
2σ associated to repeated analyses of the OSIL Atlantic seawater 
reference material are shown as error bars for δ7Li.

All data are presented in Table 1. The results of solute chemistry 
and Li isotope analyses reported in this study were part of the 
same analytical session as in Golla et al. (2021).

3. Results

3.1. Delivery of storm water to Rivendell and Elder Creek

An intense storm as a result of an atmospheric river occurred 
on January 5-13, 2017 delivering 416 mm of precipitation (Fig. 2a). 
Relative to storms between water years 1981 and 2018, 2017 
storm was in the 95th percentile of storm intensity and the 89th

percentile of total storm precipitation (Fig. S1). Across the same 
period, this storm was the 12th most intense storm on record (57 
mm/hr) relative to an average value of 33 mm/hr (Fig. S1). The 
2017 water year was relatively wet, amounting to 3375 mm of to-
tal rainfall (Fig. 2a), which is ∼65% more than the annual average 
(Rempe and Dietrich, 2018).

Every year, vadose zone storage increases with the infiltration 
of the first rains of the wet season and vadose zone water stor-
age decreases progressively over the dry, growing season. In 2017, 
the atmospheric river arrived after vadose zone storage had ap-
proached field capacity (Fig. 2b), defined as the maximum water 
content held in tension by soil and unsaturated weathered bedrock 
once drainage has ceased following infiltration. No overland flow 
was observed in the location of the VMS, meaning that this storm 
triggered transport through the vadose zone as opposed to an in-
crease in water storage. The vadose zone water flux was higher 
for this event relative to other storms in water year 2017 (Fig. 2b) 
and peaked at 142 mm/day, which is 14 times the average wet 
season vadose zone water flux. Such resolution of water storage 
in and flux through a partially saturated bedrock vadose zone is 
rare and typically difficult to quantify, and is only afforded in this 
study by the unique VMS instrumentation (subsection 2.1; Tune et 
al., 2020).

During the storm, groundwater levels observed in the wells rose 
(Fig. S2), despite the fact that the water table was already high in 
the midst of the wet season. This small but detectable change led 
to an increase in the hillslope hydraulic gradient ( �H

�x ) (Fig. 2c) 
and thus, groundwater flux (Fig. 2c). During the storm, �H

�x in-
creased between Wells 12 and 6 by 5% (bracketed by dashed lines 
in Fig. 2c). Assuming a constant hydraulic conductivity, we infer 
that the groundwater flux increased by 5% between the start and 
peak of the storm. Hence, we observe a concurrent increase in fluid 
flux across both the bedrock vadose zone and the laterally draining 
groundwater as a result of this intense storm event.

This groundwater flow rate was the highest recorded for the 
season and roughly coincident with annual peak runoff (95th per-
centile) in Elder Creek (Fig. S1). Relative to other water years from 
1968 to 2020, the peak Elder Creek discharge produced by this 
intense storm is in the 79th percentile of annual peak discharge 
values. In the Elder Creek watershed, the majority of runoff oc-
curs during storm events (Salve et al., 2012). For example, in this 
relatively wet 2017 water year, the 8-day storm event constituted 
about 14% of the total annual volume of water discharged by Elder 
Creek. Long-term physical monitoring of groundwater and vadose 
zone storage at the site indicates that Elder Creek runoff is nearly 
entirely derived from groundwater. Overland flow and lateral flow 
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86Sr 2σ × 10−6 Li δ7Li 
(�)

2σ�
770 22 0.120 28.30 0.14

0.122
0.122
0.122

770 26 0.119 28.90 0.15
0.082

770 25 0.114 28.68 0.14
0.111

770 26 0.111 28.61 0.11
0.116

770 25 0.118 28.30 0.21
771 25 0.156

0.092
0.093

771 25 0.099 27.45 0.34
0.106
0.118
0.119

772 27 0.122 27.08 0.29
0.120
0.123
0.124

773 28 0.123 26.74 0.28
0.116

772 26 0.107 26.53 0.32
0.095
0.086
0.082 26.37 0.45
0.088
0.089
0.104
0.112

773 31 0.108 26.56 0.36
0.112
0.115
0.116
0.118

773 25 0.123 26.68 0.46
0.588 22.10 0.29

774 28 0.825
774 27 0.534

0.221 10.55 0.22
774 30 0.576 15.66 0.30
776 45 0.172 13.57 0.15
774 24 0.577 23.74 0.37
775 24 0.371 24.35 0.24
776 23 0.398
776 24 0.392

0.363 16.01 0.21
838 25 7.76 −0.57 0.18
792 26
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Table 1
Elemental concentrations and isotopic compositions of Elder Creek, groundwaters, and digested solid samples. Groundwater sample names include the corresponding wellh
been previously reported in (Golla et al., 2021) for cation and SiO2 concentrations and δ7Li values. Stream discharge values for Elder Creek samples are estimated as the 
from the U.S. Geological Survey gauging station #11475560. The 2σ associated to isotope measurements are based on a set of triplicate measurements. The analytical prec
≤5% based on long-term measurements of the river water reference material SLRS-5 (National Research Council, Canada). The accuracy of Li isotope analyses can be assess
tabulated below and from the 2σ of repeated analyses of the OSIL Atlantic seawater reference material (±0.76�; n = 4).

Sample Date Time Discharge 
(m3/s)

Na K Ca Mg SiO2 Cl SO4 HCO3 Sr 87Sr/

μmol/L (fluid samples) and mmol/kg (solid samples)

Elder Creek* 2017-01-05 17:30 1.7 251 14 247 136 239 59 15 949 1.12 0.709
Elder Creek 2017-01-06 7:50 1.5 248 14 247 136 240 60 15 957 1.14
Elder Creek 2017-01-06 17:30 1.4 253 14 253 140 238 63 17 992 1.17
Elder Creek 2017-01-06 23:12 1.4 251 16 251 138 241 63 17 979 1.19
Elder Creek* 2017-01-07 5:20 1.4 246 14 247 136 234 62 17 959 1.24 0.709
Elder Creek 2017-01-07 10:42 1.7 159 9 157 86 222 59 17 908 0.76
Elder Creek* 2017-01-07 13:46 1.9 226 13 217 120 219 54 15 903 0.99 0.709
Elder Creek 2017-01-07 15:10 2.1 232 14 224 123 214 54 14 893 1.02
Elder Creek* 2017-01-07 16:57 2.0 230 14 222 122 216 53 15 877 0.99 0.709
Elder Creek 2017-01-07 23:26 1.9 235 14 229 126 224 56 16 919 1.03
Elder Creek* 2017-01-08 5:40 2.4 229 14 220 120 214 56 14 871 0.94 0.709
Elder Creek 2017-01-08 10:40 4.4 237 16 222 121 189 44 12 767 0.98 0.709
Elder Creek 2017-01-08 13:40 8.3 162 13 146 80 152 32 8 590 0.61
Elder Creek 2017-01-08 16:07 9.3 167 14 148 82 164 34 8 622 0.63
Elder Creek 2017-01-08 19:10 8.9 160 11 116 64 183 41 10 687 0.45 0.709
Elder Creek 2017-01-08 23:20 8.3 181 14 162 89 197 41 10 717 0.64
Elder Creek 2017-01-09 5:20 7.1 190 14 172 95 213 49 11 752 0.68
Elder Creek 2017-01-09 8:30 6.6 210 14 174 97 222 48 10 758 0.70
Elder Creek 2017-01-09 11:30 6.2 209 15 186 104 222 52 15 785 0.74 0.709
Elder Creek 2017-01-09 14:45 5.9 204 14 178 99 225 52 10 757 0.71
Elder Creek 2017-01-09 17:30 5.6 210 15 188 105 227 53 11 771 0.76
Elder Creek 2017-01-09 20:35 5.7 193 13 165 92 223 52 11 777 0.64
Elder Creek 2017-01-09 23:30 6.2 204 14 182 102 215 49 11 765 0.71 0.709
Elder Creek 2017-01-10 5:30 7.4 197 14 174 97 210 52 11 723 0.71
Elder Creek 2017-01-10 8:15 8.3 188 15 162 90 197 47 9 679 0.63 0.709
Elder Creek 2017-01-10 11:27 14.7 169 15 144 80 178 38 8 610 0.58
Elder Creek 2017-01-10 14:35 25.1 150 18 133 72 168 37 7 534 0.60
Elder Creek 2017-01-10 17:30 29.4 151 19 132 72 175 38 8 557 0.59
Elder Creek 2017-01-10 20:45 23.7 159 18 139 77 186 46 8 572 0.60
Elder Creek 2017-01-10 23:20 23.9 165 18 143 78 189 46 8 598 0.63
Elder Creek 2017-01-11 5:31 13.8 188 17 153 86 213 47 8 709 0.62
Elder Creek 2017-01-11 8:57 10.0 203 16 156 88 224 49 9 701 0.65
Elder Creek 2017-01-11 11:25 8.5 180 16 164 90 218 50 9 691 0.71 0.709
Elder Creek 2017-01-11 14:10 8.1 184 15 159 89 222 52 10 722 0.76
Elder Creek 2017-01-11 17:45 7.7 185 15 165 92 230 54 10 715 0.75
Elder Creek 2017-01-11 19:58 7.2 182 15 160 89 242 51 10 736 0.74
Elder Creek 2017-01-11 23:36 6.8 198 16 181 101 246 51 9 736 0.84
Elder Creek 2017-01-12 8:45 6.0 194 14 177 99 253 52 10 760 0.83 0.709
Well 2 (420 m) 2017-01-11 12:38 234 252 1.67
Well 5* (449 m) 2017-01-06 9:53 353 219 13.73 0.709
Well 5 (449 m) 2017-01-11 11:35 116 247 0.45 0.709
Well 7 (454 m) 2017-01-11 11:16 52 235 0.31
Well 10* 2017-01-06 11:40 78 287 0.18 0.709
Well 10 2017-01-11 10:55 37 240 0.19 0.709
Well 12* (402 m) 2017-01-05 13:40 463 189 9.66 0.709
Well 12 (402 m) 2017-01-11 12:15 0.709
Well 13* (420 m) 2017-01-05 15:25 518 135 4.07 0.709
Well 13 (420 m) 2017-01-11 12:53 552 141 3.89 0.709
Well 15 (468 m) 2017-01-11 10:16 103 316 0.52
Bedrock* 2017-01-08 729 627 739 1.96 0.709
Stream sediment 2017-01-08 910 611 827 0.81 0.709
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Fig. 2. Time series observations of (a) rainfall, (b) water storage and estimated flux (Equation 1) in the vadose zone, and (c) change in groundwater hydraulic head and runoff 
in Elder Creek during the 2017 water year (from October 2016 to October 2017). The duration of the atmospheric river is bounded by the vertical dashed lines across all 
panels.

Fig. 3. A time series of the δD signal in Elder Creek and the shallow vadose zone waters at the location of the VMS. The shaded area marks the period of the atmospheric 
river. The data from high-resolution sampling of Elder Creek during this time (individually shown on the inset plot) are averaged in order to be more comparable to the 
sparse, long-term data set.
through soils do not contribute to runoff (Rempe and Dietrich, 
2018; Salve et al., 2012). During the January 2017 storm event, 
neither was observed along the hillslope. Therefore, flow through 
the vadose zone to the water table kept pace with the intensity of 
rainfall.

3.2. Stable isotopes of water

The atmospheric river that produced this storm delivered a 
substantial volume of isotopically depleted water (δD = −86�; 
Fig. S3). This depleted signature was detected within the hillslope 
using the unique instrumentation of the VMS (Fig. 3). The propaga-
tion of the depleted δD signature in the weathered bedrock vadose 
zone mimics a breakthrough curve. At 1.4 m depth, the signal ar-
rived 8 days after the end of the storm event while the arrival at 
4.5 m took 64 days. Notably, this transmitted storm signal appears 
attenuated at depth, measuring −50� at 4.5 m versus −55� at 
1.4 m.
6

In Elder Creek, high-frequency stream sampling revealed larger 
variability in δD during the timescale of the storm relative to the 
vadose zone (inset in Fig. 3). As discharge peaked in response to 
the storm, stream water showed isotopic depletion to as much 
as −59�, suggesting that water from the storm event directly 
entered the stream as precipitation. However, at the time that 
streamwater was showing depletion, the isotopic signature of the 
storm had only penetrated to ≤1.4 m within the VMS along the 
Rivendell hillslope. This observation implies that the storm water 
only gradually traversed the subsurface, which will be important 
to the interpretation of subsurface reactivity.

3.3. Strontium isotopes

Radiogenic 87Sr/86Sr values of groundwater sampled across the 
hillslope and Elder Creek are consistent within analytical uncer-
tainty and average 0.70977 ± 3 (Fig. S4a). These fluids are all 
slightly lower than the fresh bedrock (87Sr/86Sr = 0.70984 ± 3). 
Therefore, there is negligible variability in groundwater 87Sr/86Sr 
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Fig. 4. Concentration-discharge profiles of Elder Creek rock-derived solutes. The points represent observations from this study (red circles) and the USGS Hydrologic Benchmark 
Network program (gray squares; Clark et al., 2000) with corresponding lines that show a fitted power law in the form of C = aQb (Godsey et al., 2009; Musolff et al., 2015), 
where b is the logC-logQ slope.
across the hillslope and into the stream, as well as between sam-
ples collected prior to and during the storm. Furthermore, the 
differences between fluid and solid-phase samples reported here 
are small compared to variations observed in other sites of similar 
lithology (e.g., Chapman et al., 2012; Meek et al., 2016).

3.4. C-Q behavior

As previously reported (Godsey et al., 2009; Maher, 2011), 
chemostatic conditions are reflected in the long-term C-Q pat-
terns at Elder Creek (Fig. 4). Despite the intensity of this storm, 
the new data appear to largely extrapolate long-term export be-
havior, although some solutes slightly trend towards dilution (b = 
-1). An exception to this consistency is noted for potassium, where 
the b-exponent during the storm shifts to a positive value, imply-
ing mobilization (b = 1). This deviation may be a result of the 
strong biological influences exerted on potassium (e.g., plant up-
take; Knapp et al., 2020; Rose et al., 2018). One study even argues 
for positive storm C-Q relationships including potassium due to ex-
posure of fresh reactive mineral surface associated with physical 
crushing of rock in the stream channel (Morin et al., 2014), al-
though we see no evidence of this for other solutes. While there 
are no historical data to reference, the C-Q behavior of Li appears 
to generally follow that of the major geogenic solutes, particularly 
silica.

Clearly, a wealth of information is contained within these storm 
data and in relation to the long-term records for these solutes. 
Here, we utilize these data specifically to analyze the extent to 
which high-intensity events are extrapolations of long-term behav-
ior, and hence should ultimately reflect an expansion of the same 
underlying water-rock-life weathering reactions to more extreme 
conditions.

3.5. Lithium isotopes

Solute concentrations and δ7Li values are corrected for atmo-
spheric inputs (Supplementary Text S2) in order to isolate subsur-
face contributions (further discussed in subsection 4.1 and sub-
7

section 4.3). These corrections indicate that the contribution to 
dissolved Li by atmospheric inputs is <2%. Correspondingly, the 
maximum fraction of Li derived from rainwater would only ad-
just the measured values by +0.52� to +0.58� in the range of 
δ7Li observed in Elder Creek (+26� to +29�) and is within the 
analytical uncertainty of ±0.76�. Thus, we consider this contribu-
tion as negligible and do not apply a correction to the δ7Li values. 
In addition, we normalize rain-corrected Li concentrations (here-
inafter referred to as Li*) to Na* values to eliminate the effects of 
dilution in Li concentrations (Supplementary Text S2).

Li dynamics over the course of the storm event reveal a gen-
eral increase in Li*/Na* and a decrease in δ7Li (Fig. 5). The δ7Li 
signature decreased from a maximum of +28.9 ± 0.1� to as low 
as +26.4 ± 0.4� at the height of the storm. In contrast, the ini-
tial Li*/Na* ratio increased by 0.24 μM/mM to reach a maximum of 
0.82 μM/mM. However, the maximum Li*/Na* value was observed 
on the falling limb of the hydrograph, whereas the minimum δ7Li 
was observed at peak discharge. Critically, both trends (decreasing 
δ7Li and increasing Li*/Na*) reflect an approach to bedrock values 
(δ7Li = −0.57� and Li*/Na* = 10.5 μM/mM; Golla et al., 2021). 
We reiterate that these values are corrected for atmospheric inputs, 
and that the effects of dilution on Li* concentrations are removed 
through normalization to Na*.

4. Discussion

4.1. Impact of the storm on subsurface water storage and flow

Consistent with observations of hydrological dynamics at the 
site (Rempe and Dietrich, 2018; Salve et al., 2012), precipita-
tion delivered during this intense storm was routed through the 
bedrock vadose zone. This infiltration is evidenced by both the 
increases in vadose zone water flux and water table elevation con-
current with the storm (Fig. 2) and the breakthrough of a depleted 
δD signature in the vadose zone (Fig. 3). The subsurface trans-
mission of such an intense storm event highlights the important 
role of rock moisture during the wet season in the routing of pre-
cipitation to drainage networks (Rempe and Dietrich, 2018). Such 
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Fig. 5. Time series of lithium isotope ratios (green circles) and Li*/Na* ratios (Equation S1, orange squares) overlain on a hydrograph of Elder Creek and corresponding 
hyetograph during the atmospheric river. The sample-specific error bars denote the 95% confidence interval calculated from Equation 4. In addition, long-term analytical 
uncertainties of elemental concentrations (estimated as ±10% by propagating ±5% associated to each element during atmospheric corrections and normalization) and δ7Li 
(±0.76�; as explained in subsection 2.3) are also shown in the upper left corner.
behavior is distinct from systems in which high-flow periods pro-
duce a large contribution of “young” water (i.e. shallow soil water 
or water that may not have even reached the subsurface at all) to 
the stream at the peak of the storm (e.g., Benettin et al., 2020; 
McGuire and McDonnell, 2006).

Rock moisture and groundwater contributions to streamflow 
during this intense storm event increased on the timescale of the 
storm itself. This is consistent with recent laboratory (Guérin et al., 
2014) and field observations (Guérin et al., 2019) indicating a char-
acteristic scaling relationship between rapid responses in runoff 
and groundwater flow rates during storms in small catchments 
(Fig. S5). Yet, the water isotope data indicate that groundwater was 
not composed of precipitation from this storm event. Rather, the 
progressive attenuation of the storm δD signal in the vadose zone 
with depth indicates mixing of the event water with vadose zone 
water storage, effectively displacing pre-existing rock moisture into 
the saturated zone (Fig. 3). While preferential flowpaths in some 
fractured bedrock dominated hillslopes may contribute significant 
event water to recharge or streamflow (Nimmo et al., 2002; Sidle 
et al., 2000), here, we observe that the timescale at which fluid is 
transported through the hillslope lags significantly behind the in-
stantaneous response of subsurface flow rates and streamflow to 
the event pulse (i.e., celerity; Fig. 2) as evidenced by the trans-
mission of the storm δD signal over the course of a few months 
in the vadose zone (Fig. 3). This observed difference is consistent 
with the ‘old water paradox’ (Kirchner, 2003) and is an important 
consideration for hillslope runoff generation with respect to the 
resulting distribution of fluid travel times (McDonnell and Beven, 
2014) and thus the extent of fluid-rock interaction reflected by 
streamflow. Given that fluid was displaced from the interior of the 
actively weathering hillslope by infiltration of the storm, the inte-
rior structure and reactivity of the hillslope must be considered in 
interpretation of stream weathering signatures.

While all water travels through the vadose zone to groundwa-
ter, the variable thickness of the vadose zone leads to different 
length scales and thus timescales of fluid transport through the 
system as a function of hillslope position. Vadose zone thickness is 
observed to correspond with the thickness of weathered bedrock, 
which tends to increase upslope (e.g., Rempe and Dietrich, 2018). 
This relationship means that locations higher up the hillslope show 
larger dynamic vadose zone water storage and thus require a larger 
volume of fluid to be refilled seasonally in order to trigger ground-
water recharge (Rempe and Dietrich, 2018; Schmidt and Rempe, 
2020). As a result, groundwater levels where vadose zone water 
storage is smaller (i.e., downslope) respond relatively faster to rain-
fall (Salve et al., 2012).
8

Altogether, our results imply a continuity in the hydrogeochem-
ical system rather than a bypassing of the near-surface, where fluid 
stored downslope should represent a significant contribution to the 
stream during the storm. Given our interpretation of hydrologi-
cal dynamics during the event, the fluid-rock reactivity from soil 
through vadose zone to groundwater remains relevant to the gen-
eration of geochemical signatures observed in the stream during 
this high intensity storm.

4.2. Geochemical evidence of continuity in reaction pathways

In subsection 4.1, we argue that hydrologic flowpaths from in-
filtration to vadose zone to groundwater to stream are maintained 
throughout an intense storm event. Now, we verify continuation 
in the geochemical reaction network during this storm event rel-
ative to ambient periods. First, the spatially and temporally ho-
mogeneous distribution of groundwater and Elder Creek 87Sr/86Sr 
(Fig. S4a) indicates there is no detectable shift in the distribution of 
minerals undergoing dissolution and thus the flow path accessed 
by groundwater. This is based on the expectation that the dissolved 
87Sr/86Sr signature is inherited from the solid material(s) releas-
ing solutes to water (e.g., Bullen et al., 1997; Négrel et al., 2018). 
Although sparser, the groundwater δ7Li data appear to similarly 
suggest a preservation of subsurface flow paths and associated sec-
ondary phase formation, maintaining the relative magnitude and 
pattern of increase in values downslope before and during the 
event (Fig. S4b). While there is some variation in δ7Li within indi-
vidual wells between the two sampling dates, we emphasize that 
there is no systematic trend, and we lack a sufficient record of 
temporal variation in the groundwater δ7Li to draw further infer-
ence from individual well variability. Furthermore, the wells are 
fully screened and therefore represent a mixture of depths below 
the water table, leading to some homogenization in these isotope 
ratios. Hence, we only use these observations to note that there is 
no systematic difference in the spatial pattern of this record across 
the duration of the storm. These inferences of invariant mineral 
dissolution and precipitation support the continuity of subsurface 
(bio)geochemical reactions that contribute to Elder Creek even dur-
ing an intense storm event.

Next, we consider whether a variable contribution from a dis-
tinct shallow-soil end member could offer a viable explanation of 
the stream δ7Li observations. This would follow the reasoning that 
the storm event promoted greater hydrological connectivity, and 
as a consequence, shallow water stores may have become prefer-
entially mobilized, essentially bypassing the deeper subsurface. If 
true, we would anticipate δ7Li signatures that are isotopically light, 
as is typical of shallow soil waters (Lemarchand et al., 2010), and 
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Table 2
Parameters for simple mixing (Fig. S6) and the reaction (Fig. 6) models. The variables denoting the 
Li composition of fluids equilibrated with soil ( Li

Na soil , δ7 Lisoil ) and bedrock ( Li
Na bedrock , δ7 Libedrock) are 

used in the mixing model equations in Supplementary Text S3. In the reaction models, Li
Na o and δ7 Lio

refer to the initial Li composition from which the fluid evolves, δ7 Lidiss is the dissolution flux (Equation 
(6); Lemarchand et al., 2010), and αsec−diss is the Li isotope fractionation factor associated to precipi-
tation of secondary minerals. The tabulated Li

Na soil and δ7 Lisoil values are the mean and associated 2σ
of shallow (0-30 cm) soil waters in Lemarchand et al. (2010, their Table 2).

Fixed parameter(s) Value(s) Source
Li
Na soil 6.9 ±5.6 μM/mM Lemarchand et al. (2010)
δ7 Lisoil −10.9 ±8.2� Lemarchand et al. (2010)

Li
Na bedrock , Li

Na o 10.6 μM/mM Golla et al. (2021)
δ7 Libedrock , δ7 Lio , δ7 Lidiss −0.57� Golla et al. (2021)
αsec−diss 0.9898 (Rayleigh), 0.975 (Lemarchand) Fitted
could potentially explain the decrease in δ7Li signatures during the
storm.

A theoretical binary mixture between water equilibrated with 
shallow soil and water equilibrated with bedrock is produced by 
weighing each end member fraction by its respective Li/Na ra-
tio (Supplementary Text S3; Fig. S6). All parameter values are 
given in Table 2. While this mixing approach is capable of achiev-
ing the range of low Li*/Na* values seen in Elder Creek during 
the storm (0.6-0.8 μM/mM) using the soil water end member, 
it is unable to capture the high δ7Li values (+26� to +29�). 
Furthermore, although the δ7Li of the bedrock-equilibrated water 
can be adjusted to represent the isotopically heavier groundwa-
ter previously observed at the site (+23� to +25�), the lowest 
Li*/Na* ratios that correspond to these samples are still greater 
than 2 μM/mM (Golla et al., 2021). Overall, these results indi-
cate that mixing between soil- and bedrock-equilibrated fluid end 
members, and thus transport processes alone, cannot explain the Li 
trends during the storm. Therefore, isotopically fractionating reac-
tions that occur along subsurface fluid flowpaths must contribute 
to the δ7Li signature of Elder Creek during the storm.

4.3. Toward coupled transport and reactivity

Despite the magnitude of the storm event, very little change 
is observed in the major solute C-Q behavior (Fig. 4), further sug-
gesting that the (bio)geochemical reactions that produce observed 
solute signatures in Elder Creek during hydrological quiescence are 
still in effect. This inference is supported by our combination of 
physical hydrologic observations, water isotope tracing, groundwa-
ter 87Sr/86Sr ratios, and mixing model analysis, all of which suggest 
that the same basic routing of water through the subsurface and 
(bio)geochemical reactivity therein continue to apply during this 
storm.

If fractionating geochemical reactions are producing our ob-
served δ7Li in Elder Creek, the relationship should be describ-
able with basic models relating isotopic enrichment to reaction 
progress. Rayleigh models are widely applied for this purpose, and 
have been previously utilized in application to δ7Li and other iso-
tope systems in weathering environments (e.g., Dellinger et al., 
2015; Fernandez et al., 2022; Georg et al., 2007). In the follow-
ing functional form

δ7Li = δ7Lio + 1000(αsec−diss − 1)ln( f Li
diss), (5)

δ7Lio is the initial isotope composition of the fluid, αsec−diss is 
the isotopic fractionation factor between the actively forming sec-
ondary minerals and the fluid, and f Li

diss is the fraction of Li left in 
solution. The value of f Li

diss is calculated by normalizing the Li*/Na* 
ratio of the fluid to the Li/Na ratio of fresh bedrock (e.g., Dellinger 
et al., 2015).

From a starting point of f Li
diss = 1.0 (i.e., congruent dissolu-

tion), the Rayleigh calculation can be used for any given value 
9

of f Li
diss < 1.0 and an associated fractionation factor αsec−diss . For 

our parameterization (Table 2), we recover the observed trend in 
Li*/Na* and δ7Li in the stream (Fig. 6a) with an αsec−diss = 0.9898. 
The sensitivity of this result to the choice of Li

Na bedrock is explored 
in Supplementary Text S4. This αsec−diss value is lower, or more 
“muted”, relative to the typical range of values isolated in labo-
ratory studies of δ7Li fractionation during formation of common 
clays such as illite and smectite (e.g., Hindshaw et al., 2019; Vigier 
et al., 2008; Williams and Hervig, 2005). This apparent dampen-
ing of the isotopic fractionation factor could result from the com-
pounding effects of multiple contemporaneous solubilization and 
precipitation reactions and/or as a result of averaging over a distri-
bution of flow paths (Druhan and Maher, 2017).

For our purpose, the key observation taken from the Rayleigh 
model (Fig. 6a) is that δ7Li values measured during the event show 
less reaction progress along the Rayleigh trend, indicating less geo-
chemical evolution from a starting bedrock-equilibrated fluid value. 
In contrast, lower discharge values before the rising limb of the 
event show more enriched δ7Li and lower f Li

diss , suggesting more 
reaction progress. In total, this relationship suggests that during 
the storm subsurface fluid contributing to Elder Creek was less re-
acted, as would be associated with a faster mean subsurface fluid 
travel times.

Certainly there are limitations to the applicability of a sim-
ple Rayleigh model, including the assumption that Li is only lost 
from solution from a starting point that is bedrock-equilibrated, 
rather than contemporaneous solubilization of primary minerals 
(δ7Li ≈ 0�) and formation of new secondary phases. To build 
upon this basis, we next utilize a batch-reactor model that con-
siders the simultaneous effects of mineral dissolution and precipi-
tation (Fig. 6b; Lemarchand et al., 2010)

δ7Li = δ7Lio − λ1000(αsec-diss − 1)

+ (δ7Lio + 1000(αsec-diss − 1)

− δ7Lidiss) ×
(

(Li/Na)o

(Li/Na)

) 1
1−λ

,

(6)

where (Li/Na)o and δ7 Lio are the initial compositions of the fluid, 
δ7Lidiss is the dissolution flux, and λ is the ratio between the min-
eral precipitation and dissolution fluxes. Once again, the model 
simulates the reaction pathway from a bedrock-equilibrated fluid. 
In this framework, the Lemarchand et al. (2010) model is able 
to match the range of values observed in Elder Creek during the 
storm for a αsec−diss = 0.975 (Table 2). This fractionation factor is 
more comparable to the range of intrinsic or laboratory-derived 
αsec−diss of clays (αsmectite−diss = 0.9834 and αillite−diss = 0.976; 
Hindshaw et al., 2019; Williams and Hervig, 2005) that are pre-
dominantly forming at depth at this site (Golla et al., 2021; Gu et 
al., 2020).
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Fig. 6. Observations (circles) and results of models for Rayleigh isotope fractionation (a), and mineral precipitation and dissolution in a well-mixed system (Lemarchand et 
al., 2010) (b). The light-red shaded envelope in panel (a) is the 95% confidence interval of the fitted Rayleigh model curve. The sample-specific error bars denote the 95% 
confidence interval calculated from Equation 4 while the long-term analytical uncertainties are provided in the upper corner as in Fig. 5.
In this framework, the decrease in δ7Li observed during the 
storm is attributed to a decrease in the extent of secondary min-
eral precipitation (or a decreasing λ coefficient). As in the Rayleigh 
framework, this result also suggests that the Li composition of El-
der Creek during the storm was less geochemically evolved (from 
a starting point of bedrock-equilibrated fluid) than that before the 
rising limb of the hydrograph. In total, these simple modeling 
exercises demonstrate that isotopically fractionating geochemical 
reactions remain relevant to the interpretation of stream Li even 
during an intense storm. Furthermore, they suggest contempora-
neous solubilization and precipitation of multiple mineral phases, 
which requires a multi-component numerical reactive transport 
simulation to be fully encapsulated. From this basis, we proceed 
with application of our previously validated 1-D reactive transport 
model framework for δ7Li signatures of fluids draining through the 
near-surface of this system (Golla et al., 2021).

4.4. Application of a coupled reactive transport modeling framework to 
the stream δ7Li signatures of a large storm

Our previously established 1-D reactive transport model frame-
work is designed to trace the evolution of Li and its stable isotopes 
through the Rivendell hillslope via an ensemble of silicate weath-
ering reactions (primary mineral dissolution, clay solubilization, 
and clay formation; Supplementary Text S5; Golla et al., 2021). This 
framework is based on a vadose zone reactive transport model that 
simulates the interaction between infiltrating meteoric fluids and 
the modern-day regolith underlying the Rivendell hillslope. The 
model domain is partitioned into multiple distinct sub-domains 
in order to reflect the compositional gradient of the weathering 
profile (Wang, 2020) as observed in the solid-phase geochemistry 
and mineralogy (Gu et al., 2020). As a result, the model solid-
phase profile varies chemically (Li/Na = 4.5-10 mM/M) and iso-
topically (δ7Li = -12 to −0.57�) with depth. Simulation of lateral 
drainage below the water table is initiated using the conditions 
taken from the base of the 1-D vadose zone model. The fluid in 
the saturated zone is allowed to continue geochemically evolving 
through time from this initial condition. Given the sensitivity of 
Li isotopes to the formation of secondary minerals (e.g., Huh et 
al., 2001; Pistiner and Henderson, 2003; Rudnick et al., 2004), we 
used δ7Li signatures of fluids from the VMS to further constrain 
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the multiple-mineral weathering reaction network of the model, 
which was only previously calibrated by major solute observations 
(Wang, 2020). Further details about the parameterization and de-
velopment of the model can be found in Supplementary Text S5 
and Golla et al. (2021).

An important outcome of this previous modeling framework is 
the distinction between the vadose zone, which acts as net source 
of Li to the dissolved load, and the saturated aquifer, which acts as 
a sink of Li from the fluid. The Golla et al. (2021) model indicates 
that Li concentrations increase across the vadose zone by 0.87 μM 
and attendant Li/Na increase by 9 μM/mM. In contrast, 0.45 μM 
of Li is lost from groundwater as it transits from the upper hills-
lope to the toe, associated with a decrease in Li/Na of 7 μM/mM. 
Throughout the system, δ7Li enriches as a result of the formation 
of multiple secondary mineral phases. This compartmentalization 
of Li source (vadose zone) and sink (saturated zone) across the hill-
slope is highly relevant to our analysis of stream chemistry, which 
serves as the terminus of these reactive flow paths.

As a new expansion of this previous approach, we run addi-
tional simulations to produce a solution space that encapsulates 
two factors. First, we simulate a range of vadose zone depths for 
further geochemical evolution in the saturated zone (Fig. 7). This 
may be translated into distinct locations along the hillslope, as the 
vadose zone becomes progressively thicker from toe to ridge. Each 
of these flow paths offers a representation of the typical extent of 
subsurface contribution to the dissolved Li load of Elder Creek as a 
function of distance upslope. Analyzing multiple flow paths in this 
way allows us to simulate the effects of the storm on subsurface 
drainage that emerge as a function of internal weathered bedrock 
thickness and vadose zone water storage capacity (subsection 4.1). 
In general, the saturated zone geochemical evolution initiates from 
higher Li/Na ratios when sourced from a thicker vadose zone (i.e., 
further upslope). Secondly, from any given initial condition in the 
saturated zone model, the simulated trajectory of increasing δ7Li 
and decreasing Li/Na evolves with time due to fluid-rock reactiv-
ity, such that the value achieved at the terminus of the hillslope 
(i.e., the stream) is a function of the fluid flow rate. Analyzing flow 
rates in this way allows us to study the effects of changing subsur-
face fluid velocities in response to the storm event (subsection 3.1; 
Fig. 2).
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Fig. 7. Observations (circles) are connected by arrows that indicate the progression of the storm event. The dashed lines represent the various flow paths simulated by allowing 
the saturated zone model in Golla et al. (2021) to geochemically evolve from a range of depths between the soil surface and the water table (denoted as Li/Na sourced from 
vadose zone). Inset depicts the original 1-D vadose zone reactive transport model (Golla et al., 2021) and the trajectories of these saturated-zone simulations from various 
starting points (depths) along the vadose zone solution space. The sample-specific error bars denote the 95% confidence interval calculated from Equation 4 while the 
long-term analytical uncertainties are provided in the upper corner as in Fig. 5.
The range of δ7Li and Li/Na taken from the base of our va-
dose zone model and used as initial conditions in our saturated 
zone model fall between δ7Li = −8.7 to −6.1� and Li/Na =
2.9-4.8 μM/mM (Fig. 7). These compositions correspond to a va-
dose zone thickness ranging between 2 m (lower Li/Na) and 4 m 
(higher Li/Na), which is generally consistent with the thickness of 
weathered bedrock at the base of the hillslope (4 m; Rempe and 
Dietrich, 2018). This result suggests that a significant proportion of 
the Li that appears in the stream must be sourced from downslope, 
which is consistent with a greater response in the groundwater ta-
ble downslope over the timescale of storm events (subsection 4.1; 
Rempe and Dietrich, 2018; Salve et al., 2012). A key point in this 
analysis is that all flow paths within the hillslope are routed to 
the stream and, hence, contribute to stream chemistry, meaning 
fluids that infiltrated further upslope are still present in stream-
flow during the storm. Some of the solubilized Li in these longer 
flow paths is lost to secondary mineral precipitation, as evidenced 
by continued enrichment in δ7Li (Golla et al., 2021). What remains 
in solution mixes with Li sourced from further downslope and ap-
pears in the stream as a spatially integrated signal reflecting both 
flux weighting of fluid flow paths and the distribution of fluid-rock 
reactivity across the interior of the hillslope (Fig. 8).

To draw further inference from this model-data comparison, we 
partition observations taken during the storm from those at lower 
discharge rates prior to the rising limb of the storm (Fig. 7). During 
the storm, both δ7Li and Li*/Na* measurements are consistent with 
a combination of (1) deeper vadose zone depths and (2) shorter 
fluid residence times. This inference is supported by our model 
results. First, shorter fluid residence times in the groundwater pro-
duce lower δ7Li (inset in Fig. 7) due to less secondary mineral for-
mation. However, the data observed during the storm show higher 
Li*/Na* values (relative to those prior to the storm) than what can 
be produced in a single simulation simply by decreasing fluid res-
idence time. Hence, an overall increase in subsurface flow rates is 
necessary, but cannot exclusively explain the shift in Li composi-
tion from low- to high-discharge conditions. In addition, the model 
requires a higher initial δ7Li and Li/Na starting point, correspond-
ing to a deeper vadose zone, in order to produce the shift in the 
stream data at higher flow rates during the storm.
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As a consequence, the juxtaposition of our model with the ob-
served δ7Li and Li*/Na* signatures of the storm event suggests a 
discernable shift toward a greater contribution of Li to the stream 
sourced from further upslope, where the vadose zone is thicker. As 
demonstrated by our process-based model, this change in prove-
nance is coupled to an increase in subsurface flow rates. As the 
hillslope fills during the storm, groundwater flows faster towards 
the stream, and the rising water table accesses and mobilizes Li 
from the base of the vadose zone, leading to the delivery of over-
all less-reacted Li (lower δ7Li, higher Li/Na) from a larger source 
area (Fig. 8). Importantly, the chemical signatures recorded in the 
stream are a result of water-rock interactions that precede and are 
generated over timescales longer than that of the rain event (Golla 
et al., 2021). The perturbation imposed by the storm is merely 
shifting the relative contributions from the source (vadose zone) 
and sink (saturated zone) areas of Li within the hillslope. When 
treated in a reactive transport framework capable of describing 
multiple contemporaneous mineral dissolution and precipitation 
reactions, lithium isotopes recorded across the storm hydrograph 
offer the sensitivity necessary to disentangle the origin of rock-
derived solute exports that ultimately produce C-Q relationships.

5. Conclusion

This study merges a wide variety of data and models to ar-
rive at a coherent analysis of the export of rock-derived solutes 
by fluids draining through an actively weathering, upland hillslope 
during an intense storm and of the emergence of stream geo-
chemical signatures across the storm hydrograph. An atmospheric 
river delivered an intense period of infiltration that combined with 
the shallow layers of a large volume of pre-existing rock mois-
ture stored in the bedrock vadose zone above the water table. 
The displacement of this fluid caused the water table to rise and 
groundwater flow rates to increase, yet the underlying water-rock 
reactions producing rock-derived solutes within the interior of the 
hillslope remained consistent. Through a series of model exercises, 
we show that combined mineral dissolution and precipitation reac-
tions are necessary to explain the δ7Li data, ultimately supporting 
application of an isotope-enabled reactive transport model previ-
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Fig. 8. A schematic of fluid δ7Li evolution within the hillslope (a) shown in cross-section. The hillslope profile is modified after Rempe and Dietrich (2018) with the vertical 
axis exaggerated by 2x to highlight the change in groundwater table elevation during the storm. The location of samples taken from the Vadose Zone Monitoring System 
(VMS) and wells are illustrated with corresponding δ7Li (color-graded circles) as reported in (Golla et al., 2021). The inset within (a) corresponds to the relative location of 
the VMS. Light blue arrows indicate direction of fluid flow within the hillslope. A smaller schematic (b; not to scale with respect to the cross section in a) illustrates the 
increased contribution of Li to the stream from further upslope where the vadose zone is thicker during the storm following Fig. 7. This is mimicked by the two dashed 
vertical lines in the storm hydrograph (c) and corresponding δ7Li values in the stream as in Fig. 5.
ously developed for this site based on long-term solute sampling 
and δ7Li collected under low-discharge conditions.

The combination of our model results and physical observations 
demonstrates a clear sensitivity of Li signatures to changes in sub-
surface flow as the hillslope fills during a large storm event. These 
isotope ratios are sensitive to the thickness of the bedrock vadose 
zone through which fluid drains, which acts as source of Li to the 
fluid phase. This solubilized Li continues to geochemically evolve 
within the saturated groundwater, which acts as a net sink of Li 
from the fluid, as it transits the hillslope (Fig. 8). Ultimately, the 
Li isotope composition of Elder Creek recorded during this large 
storm provides a new lens within the characteristically chemo-
static solute signatures of Elder Creek, revealing connectivity be-
tween subsurface structure and function and the geochemistry of 
streamwater under transient hydrological conditions. This concep-
tual model (Fig. 8) does not support shallow soil water or overland 
flow as predominant contributors to stream δ7Li signatures during 
storm events. Rather, these findings open the opportunity to lever-
age models for the reactive transport behavior occurring within 
hillslopes (Golla et al., 2021). This study motivates consideration of 
how such balances should differ among solutes based on the dis-
tribution of element-specific source and sink areas within a given 
system.
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