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Abstract One of the greatest challenges in critical zone
studies is to document the moisture dynamics, water flux,
and solute chemistry of the unsaturated, fractured and
weathered bedrock that lies between the soil and ground-
water table. The central impediment to quantifying this
component of the subsurface is the difficulty associated
with direct observations. Here, we report solute chemistry
as a function of depth collected over a full year across the
shale-derived vadose zone of the Eel River Critical Zone
Observatory using a set of novel sub-horizontal wellbores,
referred to as the vadose zone monitoring system. The
results of this first geochemical glimpse into the deep
vadose zone indicate a dynamic temporal and depth-re-
solved structure. Major cation concentrations reflect sea-
sonal changes in precipitation and water saturation, and
normalized ratios span the full range of values reported for
the world’s largest rivers.
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1 Introduction

In uplands, such as those found across the western conti-
nental United States, hydrologic recharge predominantly
occurs through large sections of unsaturated, weathered
bedrock—the deep vadose zone (DVZ)—that act as a
physical boundary between soils and aquifers. The bio-
logically-mediated pathways by which solutes are gener-
ated, transported and transformed across the unique
hydrologic regime of the DVZ are largely unknown. This
uncertainty is compounded where DVZs are derived from
lithology that naturally contains high organic carbon con-
tent, such as shales, in that the weathering reactions that
drive DVZ formation also contribute to the stability and
transformation of subsurface carbon. This linkage is cur-
rently uncharacterized, and given the substantial reservoir
of subsurface carbon stored above the saturated water
table (Piao et al. 2013), presents a critical knowledge gap
limiting predictive understanding of terrestrial system
response to a changing hydrologic cycle (Luo et al. 2016).

Weathering dynamics in the DVZ are distinct from those
observed in shallow soil horizons and saturated aquifers.
There is a unique combination of disparate biogeochemical
timescales that occur in the DVZ, ranging from rapid rates of
labile organic carbon decomposition to geologic rates of
regolith development (Riebe et al. 2017). This merging is
linked to the distribution of fluid residence times that result
from the dual-domain structure of the DVZ (Rimon et al.
2011), thus producing chemical signatures that represent
mixing over a broad range of timescales (Aardo Reis and
Brantley 2017; Brantley and Lebedeva 2011). A recent study
utilizing samples from the Eel River Critical Zone Obser-
vatory (ERCZO) in Mendocino County, California, United
States, documented seasonal fluctuations in stream and
groundwater major ion concentrations which support the
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hypothesis that groundwater chemistry regulates the
observed concentration—discharge relationship (Kim et al.
2017). The extent to which the chemical signature of this
groundwater reflects geochemical weathering in the DVZ is
unknown. Here, we report the first direct evidence of solute
chemistry evolution in the partially saturated, weathered
shale DVZ of the ERCZO using a novel Vadose Monitoring
System (VMS).

2 Site description

The intensively instrumented “Rivendell” hillslope
(Fig. 1) of the ERCZO is underlain by Eocene Age Coastal
Belt shales (and minor sandstone) of the Franciscan com-
plex and drains to the US Geological Survey Hydrologic
Benchmark river, Elder Creek (16.8 kmz), a tributary of the
9500 km? Eel River. The land emerged from the ocean
about 4 million years ago and is sufficiently south and low
elevation that it has not experience glaciation or periglacial
processes. It lies in a Mediterranean climate with daily
average temperatures ranging from 0 to 20 °C, and average
annual precipitation and runoff of 1800 and 1303 mm,
respectively. There are nearly 6 months of little to no rain.
A mixed evergreen old-growth forest of Douglas fir (some
>60 m tall), oaks and other broadleaf trees mantle the
Rivendell hillslope, which has a mean gradient of 32°.
Soils along this hillslope are thin (<50 cm), gravely and
well-drained silt loam and loam inceptisols. Beneath the
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soil lies a variably weathered and fractured bedrock zone
that ranges in depth to fresh bedrock from about 4 m near
the channel to about 25 m at the hillslope divide. All runoff
occurs via vertical unsaturated flow through the weathered
bedrock to groundwater, which is perched on the fresh
bedrock, and drains laterally to the channel. Neutron probe
surveys have revealed three distinct hydrologic zones in the
weathered bedrock: an upper zone that remains unsaturated
(varying in thickness from a few meters to 18 m upslope), a
zone that seasonally saturates, and a thin deep zone that
remains saturated (Rempe 2016).

3 Methods

The VMS was installed in October of 2015 and is comprised
of two flexible sleeves lined with water and gas sampling
ports and water content sensors along a 55° incline (Fig. 1).
The ports and sensors were forced to be in direct contact with
the unsaturated, fractured shale regolith by infilling the
sleeves with cement, and the attached tubing and cables are
routed to the surface through the interior of the sleeves. Three
distinct types of sample ports are utilized, one which directly
drains matrix water held in the weathered shale (suction
lysimeter), one which samples freely draining water moving
through the fracture network (passive lysimeter), and one
with gas sample ports. Fluid samples are routinely analyzed
for major and trace ion chemistry, stable water isotopes, and
both fluid and gas phase (in)organic carbon.

Fig. 1 Left panel 1 m elevation contours illustrating the instrumented Eel River CZO hillslope. Blue circles indicate numbered well bores. Two
red dashed lines illustrate the direction in which the VMS system is installed. Right panel a depiction of the VMS (yellow line) drilled sub-
horizontally into the hillslope and instrumented using down-hole flexible sleeves
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Major and trace cation concentrations have been ana-
lyzed by quadrupole inductively coupled plasma mass
spectrometry (ICP-MS) at the University of Illinois Urbana
Champaign, using a Thermo Scientific iCAP Q tuned in
standard mode with a quartz cyclonic spray chamber, PFA-
ST nebulizer, quartz torch and ESI auto-sampler. Con-
centrations were calibrated against a multi-element stan-
dard and accuracy quantified against a freshwater sample
standard provided by the Illinois State Water Survey using
sample bracketing. The 2c external reproducibility was
better than +5% for major elements.

4 Results

Preliminary measurements of major cation concentrations
demonstrate clear seasonal variations across the ERCZO
DVZ (Fig. 2). Data are presented as molar concentrations
normalized to a common solute, here both magnesium and
calcium are normalized to sodium. These normalizations
serve several purposes (Sect. 5) but fundamentally allow
comparison of solute chemical characteristics across a
range of absolute concentrations independent of the effects
of dilution and evaporation (Gaillardet et al. 1999). This is
necessary in the VMS data, as the concentration of solutes
fluctuate substantially between the wet and dry seasons.

5 Discussion
Normalized ratios fluctuate over at least two orders of

magnitude and show clear seasonal differentiation. Fluids
collected during the winter, wet season starting in February

of 2016 have both low Ca/Na and Mg/Na ratios,
approaching the average value of precipitation collected at
the field site. These ratios increase through the year into the
dry season before returning to low values in October and
November. Representative elemental ratios taken from
rivers draining exclusively silicate and carbonate lithology
are shown for reference (Gaillardet et al. 1999). Kim et al.
(2014) previously hypothesized that water entering the
vadose zone quickly reacts with the regolith, resulting in
increased solute concentrations. This reactivity is driven by
the pCO, of infiltrating rainwater, and thus the rate at
which water moves through the vadose zone relative to the
rate at which it reacts with the solid phase dictates the
depth into the subsurface that the fluid reaches before
equilibrating (and thus no longer driving chemical weath-
ering). These data indicate that the solute ion ratios shift
further from the initial rainwater values during the late
spring and early summer dry period. Notably these high
ratios do not appear in the groundwater, which suggests
that the water recharging the perched aquifer generally
moves quickly through the vadose zone, thus maintaining
reactive potential across the partially-saturated depth
profile.

These preliminary observations offer a unique glimpse
into the seasonally transient geochemical composition that
the DVZ imparts to infiltrating water. Notably, normalized
concentration ratios with respect to sodium span the full
range of values previously reported for the world’s largest
rivers (Gaillardet et al. 1999). Thus, the unique window
into the partially saturated subsurface offered by the VMS
illustrates the importance of this oxygenated, reactive
regolith in determining the geochemical signature of fluids
draining terrestrial landscapes.
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