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ABSTRACT. The hydrologic connectivity between hillslopes and streams impacts
the geomorphological evolution of catchments. Here, we propose a conceptual model
for hydrogeomorphological evolution of the Susquehanna Shale Hills Critical Zone
Observatory (SSHCZO), a first-order catchment developed on shale in central Pennsyl-
vania, U.S.A. At SSHCZO, the majority of available water (the difference between
incoming meteoric water and outgoing evapotranspiration) flows laterally to the
catchment outlet as interflow, while the rest is transported by regional groundwater
flow. Interflow, shallow hillslope flow, is limited to the upper 5 to 8 m of highly
fractured bedrock, thought to have formed during periglacial conditions in the late
Pleistocene. In contrast, groundwater flowpaths are influenced by the primary perme-
ability of the varying stratigraphic units. Both flowpaths respond to weathering-related
secondary permeability. O2-rich interflow mixes with deep O2-poor groundwater under
the catchment outlet at depths of 5–8 m. Penetration of this oxygenated interflow
under the valley results in pyrite oxidation, release of sulfuric acid, dissolution of
minerals, and weakening of bedrock. This is hypothesized to enhance channel incision
and, in turn, to promote drainage of deep groundwater from the ridges. Drainage
subsequently lowers the catchment water table, advancing the cascade of reactions that
produce regolith. Weathering in the catchment is characterized by both sharp and
diffuse reaction fronts. Relatively sharp fronts (pyrite, carbonate) mark where vertical,
unsaturated flow changes to horizontal, saturated flow, while diffuse fronts (illite,
chlorite, feldspar) mark where flow is largely vertical and unsaturated. According to
this model, catchment morphology reflects subsurface pyrite reactions due to mixing
of interflow and groundwater flow under the valley floor that ultimately results in clay
weathering and regolith production nearer the land surface.
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introduction
Meteoric water dissolves and precipitates minerals as it interacts with rock along

flowpaths in the subsurface of catchments. Differences among reaction kinetics and
solubilities promote preferential losses and gains of elements, which then affect the
porosity and permeability of the protolith (unweathered bedrock) (Strumm, 1997;
Brantley, 2008; Brantley and White, 2009; Graham and others, 2010; Jin and others,
2011a; Maher, 2011; Brantley and others, 2016). The goal of this paper is to link
observations of regolith chemistry to flowpaths in the subsurface of one small catch-

* Earth and Environmental Systems Institute, and Department of Geosciences, The Pennsylvania State
University, University Park, Pennsylvania 16802

** Department of Geology and Geologic Engineering, Colorado School of Mines, Golden, Colorado
80401

*** College of Earth, Ocean and Atmospheric Sciences, Oregon State University, Corvallis, Oregon
97331

§ Department of Civil and Environmental Engineering, The Pennsylvania State University, University
Park, Pennsylvania 16802

a Current Affiliation Department of Geography and Atmospheric Science, University of Kansas,
Lawrence, Kansas 66045

b Current Affiliation Department of Earth and Atmospheric Sciences, Central Michigan University, Mt.
Pleasant, Michigan 48859

† Corresponding author: plsullivan@ku.edu

[American Journal of Science, Vol. 316, December, 2016, P. 981-1026, DOI 10.2475/10.2016.02]

981



ment where geochemical and geomorphological evolution can be related: the Susque-
hanna Shale Hills Critical Zone Observatory (SSHCZO). In the catchment, the depth
interval over which a mineral concentration changes from that of the parent protolith
to that of regolith is referred to as the mineral reaction front (Lichtner, 1988; White
and Brantley, 1995; Brantley and others, 2007; Lebedeva and others, 2007; Brantley
and Lebedeva, 2011). As has been documented in other catchments (Chigira, 1990;
Chigira and Oyama, 1999; Drake and others, 2009), we observe a sequence of reaction
fronts that are nested in the subsurface of the catchment, with overlap under the valley.
We explore how the downward propagation of nested reaction fronts into the
subsurface can open porosity and enhance permeability, and thus can increase the rate
of water transmittance. To unravel the interplay between water flow and development
of nested reaction fronts in the subsurface, we discuss bulk geochemical analyses from
nine boreholes and groundwater geochemistry and age tracers from 25 wells across the
SSHCZO. We also show how the underlying porosity, permeability and structure
(strike and dip) of the protolith contribute to the catchment hydrology.

The SSHCZO is a well-studied first-order catchment, which is underlain by the
shale-dominated Rose Hill Formation in central Pennsylvania (U.S.A.). Recent measure-
ments of 10Be (West and others, 2013; West and others, 2014) and U-series isotopes
(Ma and others, 2013) at Shale Hills indicate the ridgetop soil production rates are
within error of the soil erosion rates, leading to near steady-state conditions. West and
others (2014) also observed that the hillslope mass fluxes in the augerable soils
increased linearly with downslope position, providing a compelling argument for
relatively steady lowering of both channel and ridgetop.

Geochemical evidence from boreholes drilled at two locations in Shale Hills
revealed depletion of carbonate minerals down to depths roughly coincident with the
regional water table: 20 to 25 mbls (meters below the land surface) at the ridge and �2
mbls at the valley floor (Brantley and others, 2013). In addition, pyrite was observed to
be depleted to the regional water table beneath the ridge and to about 6 m deeper
than the regional water table under the valley. Such reaction fronts have been inferred
at other locations worldwide (for example, Singh and others, 1982; Hercod and others,
1998; Drake and others, 2009; see other instances in a review by Brantley and others,
2013). In areas where a changing climate is driving the water table to greater depths,
these fronts may be deepening with time (Manning and others, 2013).

At the SSHCZO, Jin and others (2011) referred to subsurface material that was
depleted in pyrite and carbonate as “saprock” to indicate that it had most of the
physical attributes of unaltered bedrock but showed some chemical and/or physical
alteration. In the saprock, weathering was inferred to have created additional pore
space and fractures compared to unaltered bedrock based on immersion and neutron
scattering measurements (Jin and others, 2010; Jin and others, 2011). Soil moisture
and hydrologic observations have also documented preferential horizontal water
flowpaths at various depths within meters of the land surface (Lin, 2006; Lin and
others, 2006; Lin and Zhou, 2008). Preferential flowpaths have been inferred to be
roughly coincident with plagioclase (�5 mbls on ridgetops) and illite reaction fronts
(�0.4 mbls on the ridgetops), respectively. The plagioclase reaction begins in a
surficial zone of high density fracturing (5–8 mbls) that has been attributed to
periglacial processes during the late Pleistocene and Last Glacial Maximum (LGM;
Brantley and others, 2013; Sullivan and others, 2016). The illite reaction begins in this
fractured layer but becomes important only in the zone of augerable regolith (0.3–
3 m).

We use the term interflow to describe meteoric waters that flow through intermit-
tently saturated zones down the hillslopes of the catchment above the regional water
table. Such interflow has been inferred from soil moisture (Lin, 2006), water isotope
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patterns (Jin and others, 2011; Thomas and others, 2013), and ground-penetrating
radar measurements that are consistent with strong contrasts in regolith permeability
roughly delineating the boundaries between the fractured zone and the augerable
regolith (Guo and others, 2014; Zhang and others, 2014). Such interflow has also been
observed or inferred in other catchments. For example, Bishop and others (1990,
2004) argued that contrasting zones of permeability explained the concentration-
discharge behavior of solutes in a stream in northern Sweden, as the water that flows
through each zone is inherently fingerprinted by distinct biogeochemical processes
(for example, mineralogy).

Here, we propose a conceptual model for hydrogeochemical and geomorphologi-
cal evolution of the catchment. We constrain the magnitudes of a few of the hydrologic
and solute fluxes at the SSHCZO and consider these fluxes in the context of the
hypothesis of nested reaction fronts. We also try to put the observations within a
geomorphological context by relating to landscape processes such as chemical weath-
ering (Lebedeva and others, 2010), throughflow of meteoric water (Maher, 2010), and
fracturing (Molnar and others, 2007). The model explores the idea that the rate of
channel incision governs the removal of water from the saturated zone in this small
upland catchment and thus controls the rate of ridgetop weathering and erosion
(Rempe and Dietrich, 2014). While Rempe and Dietrich emphasize that catchment
geomorphic evolution is controlled by primary porosity and permeability of the
protolith and the hydraulic gradient established through erosion-driven channel
incision, we propose that the primary permeability structure is only a scaffold upon
which the regolith forms, and we show that secondary permeability is the most
important, direct control on meteoric water flowpaths, producing a hydrogeochemical
feedback that enhances channel incision.

study area

The Susquehanna Shale Hills Critical Zone Observatory (SSHCZO) is a 7.9 ha
V-shaped forested catchment that lies within the Valley and Ridge Physiographic
Province of the Appalachian Mountains in central Pennsylvania. The catchment is
generally oriented east-to-west, bisected by a first-order ephemeral stream and under-
lain by the Rose Hill Formation, a member of the Silurian Clinton Group. The
overlying Keefer Sandstone, a prominent 1 to 10 m thick sandstone in central
Pennsylvania also included in the Clinton Group, exists in the subsurface at the outlet
of the catchment (fig. 1). Stratigraphic sections of the Rose Hill Formation exposed in
the Shavers Creek and nearby Juniata River watersheds reveal that it is comprised
primarily of shale with thin interbeds of limestone and sandstone in the upper half
(Flueckinger, 1969; Cotter and Inners, 1986). Near the contact between the Rose Hill
and the Keefer Sandstone which underlies the outlet of the Shale Hills catchment, the
occurrence of limestone and sandstone interbeds within the Rose Hill Formation
increases (fig. 1). Pristine Rose Hill Shale is dominantly comprised of quartz and the
clay minerals illite and “chlorite”, while plagioclase feldspar, pyrite and carbonate
minerals (ankerite and calcite) are present in much lower concentrations (Jin and
others, 2010). Here, “chlorite” is used to represent not only the mineral chlorite itself,
but also the reaction products vermiculite and hydroxy-interlayered vermiculite.

The SSHCZO watershed experiences a humid-temperate climate: the 30-year
averages for precipitation and temperature are 107 cm yr�1 and 10 °C, respectively
(USC00368449 location, NOAA 2007). Approximately 54 m of relief separate the
stream outlet from the highest ridge top point. Catchment hillslopes are characterized
by gradients that range from 8 to 30 percent (West and others, 2013) and are classified
into two main slope types: 1) abundant near-planar interfluve hillsides, and 2)
infrequent but hydrologically important swales (hillslopes experiencing convergent
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water and sediment flow). West and others (2013) also showed that the southern side
of the catchment is steeper than the northern side.

The augerable regolith, referred to here as soil, at the SSHCZO is formed from
shale colluvium or residuum. The soils include rock fragments that generally decrease
in size and abundance and increase in fine-scale porosity upward toward the ground
surface (Lin and others, 2006b; Jin and others, 2010; Jin and others, 2011; Brantley and
others, 2011). Soils thicken from the ridge top toward the valley floor; likewise, soils in
swales are thicker than on the near-planar slopes (Lin and others, 2006; Jin and
Brantley, 2011). The augerable soil overlies �1 to 2 m of coarse colluvium on the lower
elevations of the south slopes (West and others, 2013; West and others, 2014). The
presence of this colluvial material is consistent with observations of periglacial deposits
throughout much of central Pennsylvania (Clark and Ciolkosz, 1988).

methods

Geologic Structure
In the SSHCZO, the bedrock does not naturally outcrop. To determine the

geologic structure, eleven outcrops were investigated in four tributary drainages
proximal to Shavers Creek and along the creek itself, as well as in 40 pits that were
hand-dug to bedrock within SSHCZO. The strike and dip of bedding planes and

Fig. 1. Susquehanna Shale Hills CZO resides completely on the Rose Hill Shale Formation of the
Clinton Group. The frequency of sandstone and limestone interbeds increases from the bottom in the Rose
Hill Shale toward the top of this stratigraphic section, in other words the base of the Keefer Sandstone. The
increase in interbeds is especially pronounced above the yellow line (marked A). A total of 25 groundwater
wells and boreholes at SSHCZO were examined in this study. Location of sandstone fragments observed at
land surface (float) are marked with triangles and strike and dip measurements are noted.
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fractures within the Rose Hill Formation were measured in all pits and at all outcrops
(fig. 1).

To assess depths of groundwater, we investigated data from 25 wells in SSHCZO
ranging from 2 to 50 m in depth (fig. 1; table 1). Of these, 9 of the deepest boreholes
were scanned with an optical televiewer (OTV) to characterize bedding orientation,
fracture patterns, lithology and weathered zones. Three of these deep wells (CZMW5–7,
numbered sequentially clockwise starting from the north along the catchment-
defining ridge) were drilled to �7.5 m deep. The southernmost deep borehole
(CZMW8) was drilled to �30 m. Five additional �15 m deep wells are located in the
valley floor: four (CZMW1–4) clustered at the outlet and one just upstream of the
outlet (the “Lynch” well). A description of all wells can be found in table 1.

The OTV provides a magnetically oriented 360-degree true-color photographic
image of the borehole wall as reflected in a conical mirror. The intersection of a
bedding or fracture plane with the borehole creates an ellipse; unrolling the ellipse in
2D produces an oriented sine wave where the amplitude of the sine wave is the dip
angle of the feature. The orientation of the images is noted so that strike and dip of
fractures and bedding planes can be evaluated (Williams and Johnson, 2004).

Catchment Hydrogeochemical Condition
Groundwater flow.—Water levels were monitored monthly by hand using a

Solinst water level meter in 25 wells (fig. 1; Appendix 2, table A2-1) from December
2012 to November 2013 and again in March 2014. Potentiometric surfaces were
constructed from monthly groundwater level measurements using ordinary kriging in
ArcGIS 9.1. Groundwater levels and temperature were monitored in CZMW1–4 from
September 2013 through April 2014 using vibrating-wire pressure transducers GI-
VWP-W9 (Geo-Instruments; Rhode Island) at a collection rate of every 10 minutes.
Pressure transducers were corrected for barometric pressure to yield water level and
temperature accuracies of � 7 mm and � 0.3 °C, respectively.

Groundwater age tracers.—Atmospheric tracers – tritium (3H), chlorofluorocarbons
(CFC-11, CFC-12, CFC-113) and sulfur hexafluoride (SF6) – were measured to estimate
the apparent groundwater ages of selected samples within the catchment (table 2).
The concentrations of these constituents in the atmosphere changed since their
widespread anthropogenic injection into the atmosphere starting in the 1940s (CFCs),
1950s (3H), and 1970s (SF6) (Plummer, 2005; Busenberg and Plummer, 2008),

Table 1

Well network at SSHCZO

* Completion Error indicates well was screened midway though borehole.
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allowing them to be used as tracers in groundwater. Each tracer is characterized by one
period of time in which it best manifests the age of recharge (Davila and others, 2013),
depending upon its decay rate (3H half-life of 12.4 years), history of anthropogenic
emission, or changes in regulatory emission standards. The tracers measured here are
most useful for waters �75 years old. However, 3H is the best indicator for older waters
recharged between 1950 to 1970 (Plummer, 2005), CFCs for intermediate age water
recharged between 1970 to 1990 (Sebol and others, 2007; Busenberg and Plummer
2008), and SF6 for the youngest waters recharged between 1970 and present (Busen-
berg and Plummer, 2000).

All tracers were collected from wells at the outlet of the watershed (CZMW1–4) in
April 2013. Following this analysis, we also surveyed groundwater more broadly for SF6
analyses in November 2013 and March 2014 to estimate the variability in age for waters
with residence times �10 years. In all cases, unfiltered groundwater samples were
collected from shallow groundwater wells 2, 3, 4, 7, 8, 13, and 16, and deeper wells
CZMW1–4 and CZMW6 (fig. 1). Concentrations of CFCs, SF6, and 3H were measured
using standard protocols for chemical and analytical practices (Appendix 1).

Estimating apparent groundwater age — the average time period all water
molecules in a given sample have resided in the saturated subsurface (Bethke and
Johnson, 2008) — from these tracer concentrations is limited by accurate knowledge
of the recharge conditions (for example temperature, elevation, and excess air for
CFCs and SF6; see Plummer and others, 2006) and groundwater flow patterns (see
Bethke and Johnson, 2002). We assume average recharge conditions of 9.8 °C and an
elevation of 300 m for all samples (Appendix 1). We used the Gas-Tracer-Interpreta-
tion (GTI) toolkit developed by Dávila and others (2013) to estimate the apparent
ages. Of the five models employed (piston flow, exponential, exponential piston-flow,
advection-dispersion, and gamma), the exponential piston-flow model fit the CZMW1-4
April 2013 well sample data the best; however, that model produced apparent
groundwater ages based on SF6 that were outside the possible age ranges based on
assumptions of either 0 or 2 cm3 L�1 of excess air (0–175 years or 2–212 years
respectively). These latter estimates were also inconsistent with the 3H and CFC age
estimates. In contrast, the next best-fit model, the piston flow model with the
assumption of 0 cm3 L�1 of excess air, produced plausible ages for all samples. We
therefore focus on that model.

Piston flow assumes that water moves through the system as a single closed system
packet in the subsurface and thus is not exchanging or mixing with other waters along
its flowpath length (Bethke and Johnson, 2002; Bethke and Johnson, 2008). Such flow
is an oversimplification of groundwater flow in porous media. For example, such flow
is contradictory to the observed early breakthrough and late-time tailing transport
behavior of bromide in field-scale tests at SSHCZO (Kuntz and others, 2011). The
error introduced by using the piston flow model here will result in a young bias to our
interpretation; however, the pattern in apparent ages (young, intermediate and old) is
a robust inference because it does not depend on the modeled flow assumption.

Solute sampling and analysis.—To determine the geochemistry of groundwater,
samples were also collected monthly to bimonthly at Shale Hills from December 2012
through March 2014 for chemical analysis (table 3). Groundwater samples were
collected at 25 wells when water was present, while surface water samples were
collected from the stream near the weir at the outlet of the watershed for each
sampling event. When possible, stream waters were also collected adjacent to Well 8
and Well 11 (fig. 1). All water samples were collected using a peristaltic pump and
filtered inline using EPA-approved 0.45 �m groundwater sampling capsules (Polyether-
sulfone filter; Millipore Inc.). For a given sampling event, three samples were collected
at each sampling location and analyzed for alkalinity, major anions, and cations. The
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latter were measured on 60 mL samples that were acidified with 3 drops of pure nitric
acid in the laboratory after filtration in the field. Field parameters (pH, specific
conductivity (�Scm�1) and temperature) were measured at all locations using either a
YSI Professional PlusTM multiprobe or a VWR SP70 Symphony pH probe and Mettler
Toledo conductivity probe. Because CZMW1–4 are unscreened boreholes (table 1),
field parameters [pH, conductivity, temperature, and dissolved oxygen (DO)] were
also profiled at 1-m depth intervals downhole, using the YSI multiprobe.

Anions were measured on a Dionex Ion Chromatograph (ICS-250; Sunnyvale,
California), while major cations and dissolved silica were analyzed on an inductively
coupled plasma-optical emission spectrometer (ICP-OES PS300UV, Teledyne Leeman
Labs, Hudson, NH). The analytical precision for major ion analysis was �3 percent on
the major elements and �10 percent for minor elements. Total alkalinity was calcu-
lated as HCO3

� (meq L�1) and determined by end-point titration (pH of 3) with 0.1 N
HCl using a digital burette within 48 h of collection.

The saturation index, SI, was calculated using PHREEQC for calcite (Parkhurst
and Appelo, 1999; table 4). Field (temperature, conductivity and pH) and laboratory
measurements (alkalinity and ion concentrations) were used as the inputs. Negative SI

Table 4

The minimum, average and maximum groundwater calcite saturation state

All groundwater was sampled from the bottom of the wells.
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values denote groundwaters undersaturated with respect to a given mineral, indicating
the potential for mineral dissolution. Positive values are indicative of supersaturated
conditions, or the potential for mineral precipitation. SI values of 0.00 � 0.05 were
interpreted to represent chemical equilibrium. To evaluate the spatial variability in the
groundwater chemistry and mineral saturation index (SI), the average annual SI value
and major cation concentrations (�mol L�1) were spatially interpolated and con-
toured using ordinary kriging (ArcGIS 9.1).

Regolith Weathering and Mineralogical Analysis
Regolith geochemistry.—Bulk drill core samples from CZMW 5 to 8 were chemically

analyzed (tables 5, 6, 7 and 8) to investigate weathering. Samples were then compared
to previously reported analyses of drilled material from wells CZMW 1 to 4 on the valley
floor (Kuntz and others, 2011; Brantley and others, 2013) and DC1 at the ridge top
(see table 1 for well details; Jin and others, 2010; Brantley and others, 2013). After
drying, each bulk sample was ground to particles �150 �m (100-mesh sieve). Samples
were then fused with Li metaborate, and dissolved using standard methods (Feldman,
1983), and then analyzed using inductively coupled plasma atomic emission spectros-
copy (ICP-AES; precision of �3%) following previous work (Brantley and others,
2013). Loss on ignition (LOI) was measured from ashing samples to 900 °C for the
metaborate fusion.

Samples from CZWM 5 to 8 were also analyzed for total sulfur (table 9), while
samples from CZMW 7 to 8 were additionally analyzed for ferrous iron (Fe2�; table 9).
Total sulfur was measured using potassium iodate (KIO3) titration on a LECO Sulfur
Coulometer (Jones and Isaac, 1972). Accuracy and precision were determined by
analyzing one calibration standard (0.0288% sulfur; LECO) repeatedly, one low-sulfur
standard (0.0025% sulfur; LGW1 85-quartz diorite sample previously analyzed by
LECO, Inc.) and four unknown samples measured six times each. Ferrous iron
concentrations (FeO wt%) were determined through titration (Goldich, 1984). The
USGS Cody Shale SCO-1 (0.90% FeO) with a low organic content was used as a
reference material. This method only quantifies the ferrous iron associated with
silicate minerals and iron oxides.

Carbon content and isotopic ratios were also examined on samples from the
ridgetop drilled material (table 10) to map the presence of trace carbonate minerals
(ankerite and calcite; Jin and others 2010). Total carbon content and isotopic data
were measured using a Costech Elemental Analyzer and Thermo Gas Bench, respec-
tively, with a low carbon check standard.

Mass transfer coefficients, 	ij, were calculated to investigate the change in soil/
rock elemental concentrations, C, with depth, through comparison of the weight
percent (on the received basis) soluble element, j, to that of an insoluble element, i,
(such as Zr or Ti) in weathered material (subscript w), compared to that of the parent
material (subscript p), as described by the following equation (Brimhall and Dietrich;
1987; Anderson and others, 2002):

	i,j �
Cj,wCi,p

Cj,pCi,w
�1

The material is enriched compared to the insoluble element in the parent material
when 	ij is positive and depleted when 	ij is negative. Zr was chosen as the immobile
element because it is present in the least soluble of the observed minerals, zircon (Jin
and others, 2010). The choice of parent composition is discussed further below.

Calculations of 	Zr,j yield estimates of depletion or addition of elements with
respect to Zr assuming that the Zr in parent composition is uniform. Traditionally,
such mobilization is attributed to solubilization and transport of species as solutes. This
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solubilization preferentially removes some elements relative to others, allowing this
transport mechanism to be distinguished from physical erosion, which generally is
considered to remove all material homogeneously from the system (Jin and others,
2010). However, much of the depletion of Al, Ca, Fe, K, Mg, Na, and Si observed in
soils in Shale Hills has been attributed to mobilization of very fine clay particles that
leave zircons behind (Jin and others, 2010; Yesavage and others, 2012; Noireaux and
others, 2014; Sullivan and others, 2016). This phenomenon is not unique to SSHCZO.
For example, Bern and others (2011, 2015) demonstrated clay and colloid transport
contributes significantly to downslope mass transfer when compared with the dissolved
load along a granitic catena (Kruger National Park, South Africa). Here, we assessed
transport as a solute versus particle�solute by setting either Al or Zr as the insoluble
element in 	 calculations. Specifically, elements depleted compared to Zr were
assumed to have been transported either as solutes or fine particles (leaving zircons
behind) but elements depleted compared to Al were assumed to have been trans-
ported strictly as solutes. The differences between these two estimates yield an
assessment of elements mobilized as fine Al-containing clay particles.

Table 9

Sulfur (S) and ferrous iron (FeO) concentrations (wt%) in CZMW8 (borehole DC9)

Values are presented on received basis. ND indicates that analysis were not determined on the samples.

Table 10

Carbon isotopes (
13C) for CZMW8 (borehole DC9)
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In using the mass transfer coefficient 	 to assess element loss or gain, the most
difficult consideration is choice of parent composition. This is especially true in a
sedimentary rock with stratigraphic variations. Sometimes, an average value is used for
the entire catchment whereas in other studies, the bottom samples from a given profile
are used to estimate the parent. In previous publications about this catchment, we
assessed parent either as a composite average from borehole DC1 of samples from 0.3
to 20 m (that is saprock that was carbonate- and pyrite-depleted) (Jin and others, 2010)
or as average bedrock (that is containing carbonate and pyrite) assessed from 9 to 15 m
in the CZMW1 to 4 boreholes (Brantley and others, 2013). The deepest samples from
boreholes CZMW1 and CZMW2 were not included because they apparently inter-
sected the Keefer Sandstone unit (Brantley and others, 2013). In other words, in some
cases, we have assumed parent is the saprock that already has lost its pyrite and
carbonate, and in other cases the deepest unaltered material.

The relatively recent completion of the CZMW8 borehole provided additional
deep material suitable for estimating parent material (table 8). The mean bulk
geochemical composition of the deepest four samples from DC1 and CZMW8 were
similar for most elements and were therefore averaged here to represent parent
material. Samples from DC1 at 23 m and 24.5 m were excluded because their
concentrations were particularly high in Ca, Mn and Fe and low in Al and K (� one
standard deviation from the mean). We assume those layers are particularly carbonate-
rich. Na and Mn average concentrations were slightly lower in CZMW8 compared to
DC1 (table 8), where the standard deviation around the mean for parent material was
20 percent and 67 percent, respectively. Likewise, the standard deviations around
mean Fe and Ca were calculated between 12 and 20 percent. In contrast, the standard
deviation around the mean concentration was � 10 percent for all other elements.
These uncertainties were used when propagating the calculated error for 	.

Scanning electron microscope (SEM).—Several samples from the CZMW8 core were
imaged by scanning electron microscopy (SEM) using a FEI NanoSEM 630 FESEM
microscope with an accelerating voltage in the range of 3 to 4 kV and a landing energy
in the range of 2 to 3.5 kV under backscattered electron mode. Energy dispersive X-ray
spectroscopy (EDS) was used to determine elemental compositions using an Oxford
EDS detector; these values are reported here based on atomic percentages on the basis
of anhydrous formulas. The effective beam size during each analysis was 2 to 3 �m.

results and discussion:

The Stratigraphic Section
A synthetic stratigraphic section, developed from outcrop observations in the

area, shows that the Rose Hill shale contains more interbedded sandstone and
limestone near the contact with the Keefer Sandstone near the catchment outlet than
down section to the east (fig. 1). Consistent with this, Keefer Sandstone cobbles and
boulders on the land surface (“float”) are observed along the westernmost portion of
the catchment near the outlet (fig. 1; green triangles). LiDAR imagery also shows a
topographic feature near the outlet of the catchment (dashed green line in fig. 1),
coincident with the maximum uphill extent of the sandstone float. This lineament is
attributed to the contact between the easily eroded Rose Hill shale and the more
resistant Keefer Sandstone. Thus, the catchment is underlain entirely by the Rose Hill
Formation except at the outlet where the stream crosses into the Keefer Sandstone.

Based on our observations outside the catchment and the strike of these strata (as
indicated by the Keefer contour and the observations discussed below), we hypothesize
that the increase in limestone bed thickness and frequency initiates � 65 m east of the
Keefer Sandstone contact (plotted as a yellow line; fig. 1). Placement of the yellow line
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is constrained by the measured section from the local area around Shale Hills and by
the line on LiDAR attributed to the Keefer Sandstone (outlined in green; fig. 1).

Strike and Dip
The SSHCZO, located on the northwest-dipping limb of a 5 km wide northeast-

plunging syncline in Silurian strata, is underlain primarily by steeply dipping shale of
the Rose Hill Formation (Clinton Group). For example, dip measurements from the
OTV data from the ridgetop boreholes at CZMW5, 6, 7 and 8 yielded a mean � 1
standard deviation of 52° � 10° (see later discussion for fig. 2; OTV data available at
criticalzone.org). Consistent with these measurements in ridgeline boreholes, the 58
measurements of dip (fig. 1) made in outcrops and pits in and around SSHCZO
ranged from 40° to 88° (64° � 19°) to the northwest. The Rose Hill Formation shale is
characterized regionally as containing zones of meter-scale chevron folds, and some of
the small-scale variations in dip are attributed to the likely presence of such features. In
contrast, the overlying Keefer Sandstone (Clinton Group) is characterized regionally
by monoclinal folds. The shallow dip angles (25–30°) in the sandstone beds observed
in the OTV logs in boreholes at the catchment outlet (Kuntz and others, 2011) are
therefore inferred to reveal the presence of a monocline at the mouth of the Shale
Hills catchment (fig. 2).

Fracture orientations observed in and around the SSHCZO in outcrops or pits can
be described as falling within three sets of orientations: i) parallel to bedding (striking
WSW), ii) slightly oblique to bedding (striking �WSW), and iii) perpendicular to both
bedding and strike (striking ESE). Fractures trending perpendicular to bedding are
more commonly observed in the more coherent sandstone and limestone interbeds,
whereas the fractures subparallel to bedding are most common in shale beds.

Puck-shaped blocks, inferred to be sandstone, and white veins, inferred to be
calcite, were observed in the CZMW1 to 4 OTV images underlying the valley near the
weir (fig. 2, Kuntz and others, 2011) at 3 to 8 m depth. Elevated concentrations of
calcium were observed in the drill core material from the same depths (Kuntz and
others, 2011; Brantley and others, 2013). At 7 to 8 m depth under the valley, OTV
images show a distinct change in color of strata from light brown to gray. This color
change was observed with OTV at �16 m on the south ridgetop borehole CZMW8.

Catchment Hydrodynamics
Groundwater table.—Groundwater levels from the 25 wells ranged from 0.8 m above

the land surface to 26 mbls. Wells 6 to 11, located in the center of the catchment, often
showed water levels above the land surface. During these periods, the groundwater
levels from the unconfined water table in this portion of the catchment were greater
than that of the stream and the stream is therefore a gaining stream. The deepest water
table was observed in all wells between August and October (Appendix 2, table A2-1).
In the valley floor wells 2 to 8, 10 to 11, 17 and CZMW1 to 4, the depth to the water
table varied seasonally from 2.1 mbls to 0.8 m above the land surface (14 wells over
different 11 months). Seasonal water table fluctuations were less evident in wells 3, 4, 7
and CZMW4 in the southwestern portion of the watershed (figs. 1, 3 and 4) where the
apparent age of the groundwater was older (see groundwater age tracers below). The fairly
constant groundwater temperature measurements at CZMW4 as compared to CZMW1
also support the presence of older groundwater at CZMW4 (Appendix 2, fig. A2-1).

Under the ridgetops, the depth to the groundwater table was observed from � 6 to
26 mbls, with the greatest depths observed in DC0 and CZMW8 drilled approximately
mid-catchment (Appendix 2, table A2-1, figs. A2-1, A2-2, and A2-3). In contrast,
groundwater levels were highest at the top of the catchment (boreholes CZMW5–7).
The sharp contrast in the water table roughly between boreholes CZMW5 and DC0
(fig. 3) is therefore interpreted as evidence for a shallow permanent zone of interflow
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that is perched because of the contrast in permeability between the highly fractured
zone in the upper meters and the more impermeable and less fractured zone beneath.
This shallow permanent zone of interflow is measured in the eastern-most wells
because the permeability barrier was not breached during drilling of those wells but
was breached in CZMW8 and DC0 wells that were finished more than 12 m below the
bottom of the fractured zone.
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Fig. 2. Stereo plots show fracture orientation and dip angle from OTV data; shallower dip measure-
ments were observed in the valley floor (CZMW1-4 and lynch; stereo plot bottom left) compared to the
ridgetop (CZMW5-8; stereo plot bottom right). Puck-shaped blocks and white veins were observed in
boreholes CZMW1-4, while a distinct color change was observed in CZMW 1-4, lynch and CZMW8 boreholes
at � 7, 9 and 16 m, respectively but not in CZMW5-7.
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The depth to water table roughly defines two directions of groundwater flow
under the catchment. In the shale-rich zone east of interface A that constitutes the

Fig. 3. (Top) The potentiometric surface at Shale Hills in April 2014 and the corresponding
interpreted age at 10 wells based on the atmospheric tracer SF6. (Middle) Using groundwater levels,
groundwater apparent ages, borehole optical televiewer data and bulk geochemistry, we constructed a
conceptual diagram of subsurface water flow and pyrite oxidation. Under the uplands, most of the meteoric
water infiltrates into augerable regolith and the highly fractured zone (5–8 mbls). This forms a perched
saturated zone that allows water to flow laterally toward the channel as interflow. Some of this O2-rich water
also percolates down to the regional water table where pyrite oxidation is occurring. Under the valley floor,
O2-rich interflow penetrates below the channel pushing the pyrite oxidation front to �8 m below the water
table (Bottom). The depth to which interflow penetrates below the channel shifts seasonally. Here, interflow
penetrates to a greater depth north of the channel when the catchment is saturated with water (winter and
spring) as shown in the panel at the bottom left while the interflow penetrates to greater depth south of the
channel when the catchment is dry (Summer-Fall) as shown in the panel at the bottom right.
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lower part of the stratigraphic section (fig. 3), fractures are steeply dipping to the WSW
and the hydraulic head gradients between the ridge and the central valley floor are
consistent with groundwater flow toward the channel. This is consistent with the
interpretation of a gaining stream between wells 6 to 11. In contrast, to the west of
interface A in the zone with calcareous and sandstone interbeds, the dip angle changes
to become shallower and the fracture orientation is both WSW and ESE. In this zone,
groundwater flows predominantly westward out of the catchment into Shavers Creek
(figs. 1 and 3).

Some seasonal variations were superimposed on these two overall groundwater
flow patterns. Continuous groundwater level measurements from CZMW1 to 4 indi-
cated that groundwater flowed westward at the outlet during relatively dry periods (for
example summer through November; black in fig. 4) but more southwestward during
the wet season (between December and April; blue in fig. 4). In other words,
groundwater flow in the lower part of the watershed was directed toward the stream
during wet periods when the water table under the ridges was higher, and was directed
to the west in line with regional topographic gradients during dry periods when the
water table under the ridges was lower. Such behavior in an upland watershed is
common: local flowpaths dominate under high-water conditions while regional flow-
paths dominate under low-water conditions (Gleeson and Manning, 2008).

Groundwater age tracers.—When analyzed with the piston flow model, groundwater
ages estimated based on SF6, CFCs and tritium collected from CZWM1–4 in April 2013
were in good agreement and consistently �40 years old (table 2; Appendix 1). We
focus the discussion on the piston flow apparent ages from SF6 because these data
provide a better resolution of the watershed. From November 2013 and March 2014,
SF6 concentrations were consistent with residence times from �1 to 30 years (fig. 3,

Fig. 4. Continuous groundwater levels (color) monitored at four wells near the outlet of the catchment
support the direction of the groundwater flow indicated by potentiometric map (fig. 3). Arrows indicate
predominant direction of groundwater flow between CZMW1–4 between September-November 2013
(black) and December-April of 2013/2014 (blue).
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table 2). The SF6 concentrations near the channel outlet vary substantially within a
short spatial distance with much younger water in CZMW1–3 (on the north side of
channel; 9–15 mbls) as compared to CZWM4 (south side, �15 mbls). Apparent ages
range from � 4.5 to 9 years versus �35 years in those wells, respectively. This strong
spatial gradient in groundwater flow ages near the channel outlet is consistent with the
interpretation that the stream is gaining from convergence of multiple groundwater
flowpaths each with different ages. In such a channel, the oldest waters are expected
closest to the center of the stream (Modica and others, 1998). This behavior has been
documented using CFCs and 3H in large watersheds underlain by unconsolidated
material (Böhlke and Denver, 1995; Böhlke and others, 2002; Kennedy and others,
2009; Gilmore and others, 2016;) and in an alpine crystalline fractured rock system
(Manning and Cain, 2007).

In addition to these spatial variations, the tracers from CZMW1 and CZMW4
revealed that groundwater age substantially varied with season. Specifically, during the
dry season when westward regional groundwater flow was dominant at the outlet, older
water was observed on the northern side of the stream (CZMW1, �19 y old) as
compared to the southern side (CZMW4, �3 y old). In contrast, during spring 2013
and 2014, when the hydraulic gradient between ridge tops and valley were greatest,
local groundwater flow patterns were dominant and younger water was observed on
the north as compared to the south side. Large variations in age (5–10 y) have similarly
been observed between annual sampling events at multiple wells in the Sagehen Basin,
located in the Sierra Nevada Mountains of California (Manning and others, 2012). In
that instance, snowmelt correlated with younger water.

In general, the apparent age of the groundwater increased downstream, consis-
tent with the conceptual model of groundwater flow in upland catchments (Modica
and others, 1998). Specifically, the apparent age for groundwater at 4 mbls from
upstream (wells 8, 13 and 16), �5 y, was younger than samples from downstream in the
southwest portion of the catchment (wells 4 and 7) where the apparent age was
estimated at � 20 y for the same depth (fig. 3). These data are used to infer the
following generalizations: 1) water flows largely as interflow toward the channel in the
uplands with a residence time in the subsurface that is �5 y; 2) some water infiltrates
from the bottom of this interflow to the regional water table throughout the catchment
and then flows slowly as saturated-zone flow to the valley-floor; and 3) near the outlet,
the shallower angle of dip and bedding-parallel fractures as well as the bedding-
orthogonal fractures allow the regional older groundwater to emerge at depths
shallower than 4 mbls west of line A (fig. 1).

The seasonal variability in water table fluctuations support these generalizations.
Specifically, water levels are more variable (from 0.8 to 2.7 m) in upstream wells 8, 13
and 16, as expected if they access water with short residence times and were more
controlled by meteorological conditions. In contrast, little seasonal variation was
observed in the downstream wells 4, 7 and CZMW4.

We could only sample one ridgetop well (CZMW6) for tracers due to the inability
to continuously pump groundwater from the other ridgetop wells. At CZMW6, the
groundwater level (average �5.5 mbls) varied seasonally (�3 m) and showed an
apparent age of �10 y. Given that CZMW6 is a ridgetop well completed to 7.5 m depth
at the head of the catchment, we assume water in this well experiences a downward
vertical flow gradient. Therefore, the age likely does not represent a mean groundwa-
ter time under the ridges but rather the age near the water table.

Overall, this distribution of ages indicates that interflow water (�5 yrs) predomi-
nantly recharges the stream in the eastern portion of the catchment, while interflow
and regional groundwater mix under the valley to explain longer residence time
measurements (� 20 yrs) where the sandstone and limestone interbeds are more
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prominent. This locus of interflow and regional groundwater flow convergence may be
pushed seasonally from north to south by seasonal changes in the hydraulic head
between the ridgetops and valley.

Spatial Groundwater Geochemical Patterns
The groundwater patterns described in the previous section are consistent with

spatial and temporal variability in geochemistry. Specifically, DO concentrations in the
groundwater at the bottom of the wells (fig. 5A) ranged from 0.1 to 10.7 mg L�1, but
showed a distinct change between wells 7 and 8 near line A in figure 1. In comparison,
water in equilibrium with the atmosphere at 10 °C is 11.3 mg L-1. Consistent with the
inferred influxes from deep groundwater in the zone west of line A, DO concentra-
tions there were lower than 6 mg L�1. Consistent with interflow as the source of most
water in the upland areas (wells 8–13), DO concentrations tended to be higher east of
this line. Interestingly, this pattern in DO is consistent with patterns in groundwater
sulfur isotopes (Jin and others, 2014): isotopic values indicating pyrite-derived S were
observed in half of the groundwater wells to the west of well 8 but not in other wells. In
other words, lower DO values may be caused by pyrite oxidation in the slow-flowing
groundwater into the more western wells.

Measured DO also correlates negatively with dissolved Mg2� in the groundwater
under the valley floor (fig. 5B) and positively with SF6 (fig. 5C). This is consistent with
influxes of older, O2-poor and Mg2�–rich waters at depth in the western portion of the
catchment (see discussion of chlorite, below).

Dissolved oxygen, pH, conductivity and temperature varied seasonally in the
groundwater as a function of depth at the outlet of the catchment (Appendix 2),
revealing patterns generally consistent with the previously discussed shifts in local
versus regional groundwater flow patterns and apparent ages. For example, trends in
DO concentration were distinct between CZMW1 (north of channel) and CZMW4
(south of channel, fig. 6). South of the channel (CZMW4), DO consistently decreased
with depth with generally lower DO during wet as opposed to dry periods. In contrast,
north of the channel, CZMW1 showed either increases or decreases with depth
depending upon season. In addition, elevated DO levels were observed during dry
periods. These findings together with water table measurements and groundwater age
are consistent with the interpretation that during the wet portion of the year, the high
water table on the north hillslope drives older, O2-poor groundwater to upwell south of
the channel while younger interflow water recharges the groundwater north of the
channel. In contrast, when the hydraulic head is reduced during the dry season, the
locus of older groundwater upwelling migrates north and lowers the observed appar-
ent age and DO concentrations of the groundwater north of the channel, while
interflow becomes the dominant input south of the channel (fig. 3).

Spatial trends in major ion concentrations (fig. 7) are consistent with apparent
groundwater ages and DO concentrations from samples collected at well bottoms.
However, these ion concentrations also change as a function of depth. For example,
the dissolved concentrations of the carbonate mineral-derived elements, Ca and Sr,
were most elevated in the groundwater at the catchment outlet as compared to the
ridgetop (fig. 7C). In contrast, groundwater concentrations of clay-derived elements
(K, Mg, Si; fig. 7) measured in samples from the bottom of the wells were more
elevated at the ridgetops as compared to the rest of the basin. Consistently, the lowest
concentrations of all elements considered together were observed in the central valley,
where the groundwater hydraulic head measurements were consistent with a gaining
stream, DO concentrations were high, and the apparent age of the groundwater was
young (fig. 7). The general picture which emerges is that clay dissolution dominantly
controls the geochemical signature of the interflow water found in the oxic unsatu-
rated zone high in the watershed, while carbonate dissolution dominates water
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chemistry in the low-DO saturated zone at depth and lower in the watershed. The lower
DO of this latter water is also consistent with pyrite oxidation.

Groundwater was consistently undersaturated (SI values � �0.05; table 4) with
respect to calcite. The only exception was one instance in well 2 and three instances in
CZMW1 near the outlet: both sites in February 2013 and CZMW1 in October and
November 2013 were supersaturated with respect to calcite. Thus, the subsurface
under the valley is mostly a source of dissolved carbonate and only occasionally is
carbonate precipitating under the valley today.

Stream Water Chemistry
When present, stream water was sampled along with groundwater. Stream water

pH varied from 5.7 to 7.1 over the study period, with near-neutral values dominantly
during the growing season (April-October). The conductivity of the stream water
averaged 62 �S cm-1 but increased during extremely low water levels (for example,
October 2013, 203 �S cm�1). The average stream concentration of most anions
(HCO3

�, Cl� and SO4
2�) and cations (Ca2�, Mg2�, Na�, K�) at the outlet were similar

to shallow groundwaters in the central portion of the valley (that is, wells 10 and 11;
table 3). The most elevated stream water concentrations were observed during the
drier season generally from May to October, overlapping with the growing season. Si
concentrations tended to show the same pattern as other dissolved ions. A more
detailed examination of surface water solute behavior for SSHCZO can be found in
Herndon and others (2015) and Bao and others (2016).

Fig. 6. Groundwater dissolved oxygen concentrations observed over time in two boreholes lining the
stream at near the watershed’s outlet.
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Regolith Weathering and Mineralogical Analysis
Pyrite distribution.—Bulk sulfur concentrations were extremely low in recovered

material (�0.01 wt%) at all depths in wells CZMW 5 to 7 (total depth 7.5 mbls) near
the head of the catchment. Similarly low concentrations were observed in CZMW8 at
depths shallower than 15 mbls (table 8; fig. 8B). As pyrite (FeS2) is the only primary
mineral that contains sulfur within the catchment (Jin and others, 2010, 2011), these
data are consistent with a pyrite-depleted zone in the upper part of the catchment that
was previously inferred in CZMW1-4 and DC1 (Brantley and others, 2013). For
example, pyrite concentrations increased 100-fold from 15 to 30 mbls in CZMW8 (fig.
8B). The change at �15 m was concurrent with a transition from dominantly ferric
iron toward the surface (Fe3�; less than 15 mbls) to dominantly ferrous iron (Fe2�) at
depth (table 8). The pyrite depletion zone is attributed to oxidative dissolution of
pyrite that allows loss of S but retention of oxidized Fe in the upper meters of the
catchment. Consistent with this, low concentrations of FeO (�1.8 wt%) were also
measured in the entire depth interval of the relatively shallow CZMW5–7 wells.

The pyrite dissolution front was also documented in CZMW8 using SEM-EDS. At
depth, pyrite occurred as fine-grained clusters of small octahedral pyrite grains (pyrite
framboids) (fig. 9A). In samples devoid of all or partial pyrite, we observed Fe
oxide/hydroxides in hexagonal rosette-like structures. These were observed in pores
in every sample above the pyrite oxidation front in CZMW8 (fig. 9C). A similar but
more poorly structured Fe oxide/hydroxide material was observed to coat chlorite
surfaces (fig. 9D). Fe oxide/hydroxides were also observed in fractures and veins at 5.5
mbls. The depth interval over which pyrite is depleted was constrained to 1.1 m in

Fig. 7. Annual average groundwater concentrations (�mol L�1; warm colors indicate high concentra-
tions, cool colors indicate low concentrations) collected at the bottom of the wells for (A) magnesium, (B)
potassium and (C) calcium. Wells ranged from 4 m to 50 m deep (see fig. 1).

1005geomorphological evolution at the Shale Hills catchment



thickness based on the change in bulk sulfur concentrations between 15.3 and 16.4
mbls in CZMW8. This front thickness was very similar to the depth interval, 1.4 m,
where we observed the fluctuations of the water table (fig. 4).

Pyrite oxidation occurs when the mineral surface is exposed to water and a
chemical oxidant such as O2, Fe3� or NO3

� (Moses and Herman, 1991; Bonnissel-
Gissinger and others, 1998; Ayraud and others, 2006). Given the very low NO3

�

concentrations observed at SSHCZO (� 30 �mol L�1; table 3), this oxidant is unlikely
to be important. Furthermore, groundwaters at SSHCZO are circumneutral in pH
(averaging 6.4 and rarely dropping below 5.4); thus we do not expect Fe3� to be the
dominant oxidant due to the extremely low solubility of ferric minerals. Under these
conditions, the following reaction is likely to govern pyrite oxidation:

15O2 � 4FeS2 � 8H2O N 2Fe2
� 3O3 � 8SO4

2� � 16H� (1)

In other catchments, the pyrite oxidation front has also been observed to be
roughly coincident with the depth interval of water table fluctuation (Ayraud and
others, 2008). In that zone of fluctuation, air and water enters pore spaces intermit-
tently, allowing oxidation. This mechanism is consistent with the general coincidence
of the pyrite oxidation front with the water table at depths of 23 m under the northern
ridge at and at �15 mbls under the southern ridge at CZMW8. Likewise, although the
pyrite reaction front was not reached in the 7.5-m deep CZMW5 to 7 wells in the
uppermost part of the catchment, lack of pyrite in those boreholes is consistent with
high O2 concentrations above the water table.

In contrast, in the valley floor, the water table was never deeper than �1 mbls
(Appendix 2, table A2-1) whereas the depth of pyrite depletion was observed at �8
mbls (fig. 8C; Brantley and others, 2013) and sulfur isotopic evidence was consistent
with pyrite oxidation west of well 8 (Jin and others, 2014). In both valley floor wells
CZMW1 and CZMW4 (fig. 8C) the lowest DO concentrations were observed deeper

Fig. 8. Sulfur (S) and ferrous iron (Fe2�) from three boreholes across the catchment: (A) DC1, (B)
CZMW8, and (C) CZMW2. The average and standard error of the DO (mg L-1) from CZMW1 and CZMW4
(fig. 6), located � 5 m north and south of CZMW2, are superimposed on the CZMW2 profile.
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than 6 mbls, which is roughly consistent with the depth of pyrite depletion. We
interpret these O2-depleted waters to contain groundwater from beneath the ridge.
From March through July we infer that O2-charged interflow water flowed to depths
greater than the pyrite reaction front north of the channel, while from September

Fig. 9. Backscattered electron (BSE) image for samples from drilled core CZMW8: (A and B)
unweathered bedrock from 20 m BLS showing presence of pyrite framboids (A) and chlorite and illlite (B)
minerals, and (C, D and E) weathered bedrock from 5.5 m BLS showing development of secondary porosity
(C and E) and formation of iron oxides in the pores and coating of chlorite minerals (C and D).
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though November, O2-charged interflow water penetrated to depths greater than the
pyrite reaction front south of the channel.

Carbonate distribution and isotopic composition.—Ca, relatively low and variable in
concentration throughout the catchment, has been observed in SEM-EDS to mostly be
present as calcite (CaCO3) or as Mg, Fe-containing carbonate (either ankerite or
dolomite). For example, samples from CZMW1–4 contain calcite whereas samples
from 23 to 24 mbls in DC1 contain Ca(Mg, Mn, Fe)(CO3)2 (Jin and others, 2010;
Brantley and others, 2013). Sr isotope ratios are also consistent with the presence of
ankerite in DC1 at depth and ankerite and calcite in CZMW2 (Meek and others, 2016).
Conversely, carbonate minerals were not detected using x-ray diffraction (PANalytical
Empryean X-Ray Diffractometer) in CZMW8 at depths of �9 and �29 mbls and thus
are present at less than a few weight percent. Such variations are consistent with
stratigraphic variations in total carbonate in the Rose Hill Shale throughout central
Pennsylvania.

The lowest Ca concentrations were generally observed near the land surface
where calcite and ankerite were absent (shallower than 2 mbls in the valley or 15 mbls
on the ridgetops) (tables 5–8). For example, Ca concentrations in the shallow
boreholes CZMW5 to 8 were low, generally ranging from 0.02 to 0.14 weight percent.
Given that the cation exchange sites were dominated by calcium (Jin and others,
2010), the trace Ca in shallow samples was likely present in illite or on exchange sites
on other minerals.

We estimated the average Ca concentration of the parent to be 0.12 � 0.02 weight
percent (table 8). In comparison to this parent, the calcium concentration in drilled
material sampled from shallower than 15 mbls at CZMW5–8 showed depletion
(�0.90 � 	 � �0.14; tables 5–8). Likewise, samples measured deeper than 15 m in
CZMW8 were slightly more enriched in calcium (�0.50 � 	 � 0.57) than those
measured coincident with or above the water table at 15 m (�0.53 � 	 � �0.14). We
argue that in this eastern portion of the catchment where carbonate interbeds a rare,
carbonate concentrations are extremely low but nonetheless consistent with inferred
depletion of carbonate to the depth of the regional water table.

Depletion of carbonate has also been documented in the valley floor boreholes to
2 mbls and to �20 mbls in the northern borehole DC1 (Brantley and others, 2013).
Thus, although not as clear as the depletion observed in DC1 and CZMW1–4, lower Ca
in surface material in the eastern part of the catchment is thus consistent with
near-surface carbonate depletion (Jin and others, 2010, 2011; Brantley and others,
2013).

Brantley and others (2013) hypothesized that some of the calcite under the valley
floor also formed as precipitation from upwelling groundwater. This hypothesis is
consistent with the oversaturation of the waters for a few samples reported here
although we observed no evidence for extensive carbonate precipitation (table 4).
Consistent with the hypothesis that carbonate precipitates under the valley, isotopic
measurements of 13C reported previously (Brantley and others, 2013; Meek and
others, 2016) documented more than one episode of carbonate formation. First, the
interbeds of ankerite that increase in density toward the outlet (westward from line A
in fig. 1) are likely primary carbonate precipitated during the Silurian based on the 13C
isotopes (�2.9 to �14.4 ‰; Brantley and others, 2013). This ankerite was reported in
deep samples from boreholes DC1 and CZMW2. In contrast, Brantley and others
(2013) measured C isotopes in carbonate near the surface in the CZMW2 borehole
that are typical for carbon originating from organic material (OM). Therefore, the
isotopic evidence is consistent with a second episode of carbonate precipitation where
C was incorporated from OM in the original shale or more recent sources. Consistent
with a second episode of carbonate precipitation that incorporates carbon from OM,
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the isotopic composition of bulk total carbon in some samples from the CZMW7 and
CZMW8 boreholes [approximately �23.9 ‰ (table 10)] was relatively constant and
much more depleted.

Mineral reactions from the saprock to soil zones.—Na. Above 5 m, plagioclase grains
were only rarely observed in samples under SEM. Between 5 and 20 mbls, albitic
plagioclase grains in CZMW8 core began to exhibit etch pits, consistent with mineral
dissolution across this depth interval (fig. 9E). Consistent with these SEM observations,
concentrations of Na, found predominantly in albite (Jin and others, 2010), were
depleted compared to Zr in the protolith (�0.64 � 	) over the full extent of the north
and eastern ridgetop boreholes (CZMW5-7; 7.5 m deep), and in the southern ridgetop
(CZMW8) shallower than 12 m. These observations were interpreted to indicate the
presence of a plagioclase reaction front extending from 5 to 12 m.

K. SEM was used to identify clay minerals in the CZMW8 core using morphology
and composition from EDS. Illite was always observed as platey particles, often
surrounding rigid particles like quartz or pyrite (fig. 9B). Platey particles were
identified as illite under EDS by the characteristic Si/Al, K/Al and Mg/Al molar ratios
of 1.32 � 0.08, 0.28 � 0.02, and 0.08 � 0.02, respectively (Appendix 3). Utilizing a
normative model (see Appendix 3 for details), the calculated composition of illite in
the parent rock is K0.69(Si3.24Al0.76)(Al1.69Fe3�

0.10Fe2�
0.16Mg0.19)O10(OH)2. The ele-

ment ratios for the platey illite particles under EDS were the same in all samples of rock
chips (�2 mm) recovered from drill cores or soils when observed under SEM EDS
(Appendix 3, table A3-2).

Although the K/Al ratios are constant in the rock fragments, we observed lower
K/Zr ratios in the digested bulk material in samples down to a depth of 8 m in CZMW8
and especially in the augerable soil (Appendix 3). Such loss of K compared to Zr can be
attributed to both loss as particles and loss as solute. In fact, K- and Al-containing
particles are known to have preferentially mobilized compared to heavier zircons in
this catchment (Jin and others (2010). Specifically, illite particles in the � 2 mm size
fraction (Appendix 3, table A3-2, fig. A3-1) may be preferentially lost from the soils and
saprock, lowering the K/Zr ratio. In contrast, loss of more K than Al documents partial
solubilization of K as compared to Al in the fines. Given these observations, K (illite) is
lost mostly as particles, and K is only solubilized to any extent in the augerable soil.

Mg. In contrast to the consistently platy illite particles, “chlorite” from the drill
core was identifiable under SEM as irregularly shaped particles. SEM-EDS quantifica-
tion of “chlorite” indicated a constant Si/Al ratio over the whole depth range analyzed
in CZMW8 (that is, 0.1 to 15 m, Appendix 3, table A3-1), but the Mg/Al ratio decreased
upward from � 0.32 � 0.05 to � 0.21 � 0.05. Thus we infer that Mg was lost relative to
Al in the “chlorite” between depths of 0.1 and 15 mbls.

Consistent with this, bulk Mg concentrations in the ridgetop boreholes (CZMW5-8)
at depths less than 10 m were depleted compared to Zr in the protolith (�0.72 � 	).
Only borehole CZMW8 reached a depth where values were consistent with parent
composition (tables 5–8; fig. 10). When Mg:Zr ratios were examined for CZMW8
samples with depth, the trend suggests Mg depletion persisted to a depth of �15 m,
roughly coincident with the water table position and pyrite oxidation. Thus, the Mg
depletion in the upper parts of these boreholes is attributed to the solubilization of Mg
from “chlorite” starting at depths of �15 mbls, illite particle loss beginning at �8 mbls
(tables 5–8; fig. 10) and finally illite solubilization beginning in the augerable soils.

To determine the nature of this reaction we compared Fe(II):Al and Mg:Al ratios
observed in the drill core material (fig. 11). The positive relationship between these
ratios is consistent with oxidative weathering of Mg-rich clay minerals to transform
Fe(II) to Fe(III) with accompanying loss of Mg to maintain charge balance. At
SSHCZO, these clay minerals are illite and “chlorite”. Utilizing the ratio of Mg/Al
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obtained from SEM, we observed a quantifiable decrease in the Mg:Al ratio in the
“chlorite” toward the land surface, while the chemical composition of illite remained
almost constant. Consistent with this, the irregular shape of the chlorite minerals
observed via SEM suggests weathering is occurring in a sheet-by-sheet mechanism as
the mineral moves toward the land surface, whereas the platey geometry of the illite
documents little to no such deep reaction. We therefore argue that the loss of Fe(II) is
due to chlorite oxidation, which is accompanied by the loss of Mg2� to the aqueous
solution for charge balance.

The weathering products of chlorite are likely vermiculite or hydroxy-interlayered
vermiculite, Fe-oxide and aqueous Mg�2 (Lee and others, 2003). The deep reaction of
chlorite to these products represents a newly discovered oxidation front at SSHCZO,
though one that has been observed in other weathering sequences (Johnson, 1964;
Bain, 1977; Ross and other, 1982). For example, Proust and others (1986) documented
chlorite oxidation (also termed supergene vermiculitization of chlorite) in amphibole
schist from an outcrop in Longes, France. In their detailed analysis, they also found a
progressive loss of Fe2� and Mg2� from the octahedral sites of the chlorite, which led
to a slight Si/Al enrichment.

Utilizing a normative model (Appendix 3), the calculated composition of average
“chlorite” in the parent rock is (Fe2�

0.40Mg0.15Al0.35)6(Si0.76Al0.24)4O10(OH)8. This
composition (and the composition quoted above for illite) varies from those reported
earlier by Jin and others (2010). Here, we only used the composition of the parent rock
to derive the mineral composition, whereas in the earlier treatment, Jin and others
included near-surface samples in which vermiculite and hydroxyl-interlayered vermicu-
lite were present at higher concentrations. Utilizing the new stoichiometries, we write
the average expression for the oxidation of chlorite as:
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Fig. 10. Values of 	j for j � Mg (A–C) and calcium (D–E) from ridgetop drill core material in
CZMW5–7 (A and D), DC1 (B and C), and CZMW8 (C and F). Values � 0 indicate depletion compared to
parent material, while values � 0 indicate enrichment compared to the parent material.
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�Fe2 �
0.40Mg0.15Al0.35
6�Si0.76Al0.24
4O10�OH
8 � 0.6O2 � 1.2H � 3 �Mg0.3Al2.1


� �Si0.76Al0.24
4O10�OH
2 � 1.2Fe2O3 � 3.6H2O � 0.6Mg2 � (2)

This stoichiometry and amount of Mg release mirrors the trends observed in
the drill core material (fig. 11) and can be used to quantify infiltration of water from
the land surface to the water table, tens of meters below the ridgeline. Specifically, the
reaction front for Fe2� is wider under the valley floor than the corresponding sulfur
front (fig. 8C). Thus, Fe oxidizes over a depth interval of tens of meters but pyrite
oxidizes within a few meters. Consistent with this, the highest Mg and lowest DO is
observed in waters with residence times of �30 years at depths of �15 m under the
outlet. The chemical composition of these waters can be interpreted in the context of
chlorite oxidation as in eq. 2. With this calculation, we infer a chlorite oxidation rate
of � 9 �mol m�3 y�1. In comparison, the estimated loss of chlorite per year based on
the weathering advance rate observed in soils is �1 mmol m�3 y�1 (Appendix 3).

interpretations and implications
Subsurface hydrologic flow is governed at Shale Hills by both the low primary

permeability and porosity of the protolith and by the secondary porosity and permeabil-
ity that develops as the protolith converts to regolith. As water moves through the
catchment, the flowpath imposes a chemical fingerprint as the cumulative effect of

Fig. 11. Correlation (solid line) of Fe2� in silicates versus Mg concentrations from the drill core
material normalized to Al concentrations, compared to the Mg lost from chlorite oxidation based on
equation 2.
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hydrobiogeochemical reactions. Under the SSHCZO, secondary porosity and perme-
ability are developed due to physical fracturing and mineralogical reactions. The
chemical reactions are generally localized in specific depth intervals which we call
reaction fronts. In 3 dimensions the fronts are nested and subparallel to the land
surface, although they cross under the valley. The identification of such nested
reaction fronts can elucidate subsurface flowpaths and be used to improve catchment
hydrogeochemical models (Brantley and others, 2016). Here, we refine this idea by
combining contemporary groundwater hydrogeochemical data with drill core bulk
geochemistry to interpret relationships among water flows, regolith production and
landscape evolution. Below we describe a conceptual model of catchment evolution.
Specifically we argue that the propagation of the deepest mineral reaction front
(pyrite) under the valley enhances channel incision and thus the geomorphic evolu-
tion of the catchment.

Lithologic Controls on Groundwater Flow
Along with the other Paleozoic strata, the Clinton Group is strongly folded and
faulted in the CZO. The density of fractures throughout the catchment is highest in
the uppermost 5 to 8 m deep layer and the fractured layer is attributed to frost
cracking and other periglacial processes associated with the LGM (Jin and others,
2010; Kuntz and others, 2011; Brantley and others, 2013). The eastern part of the
catchment is underlain entirely by Rose Hill shale and is generally impermeable
except for fractures. The fractures tend to be bedding plane openings that
presumably have dilated during exhumation and that are steeply dipping. In the
western part of the catchment, especially west of line A (fig. 1), sandstone and
limestone and calcareous interbeds increase in frequency, and fractures are
observed commonly to be both perpendicular to and parallel to bedding. In
addition, because of the inferred presence of a fold near the outlet, bedding is
observed to be almost horizontal under the catchment outlet. We infer that the
hydraulic conductivity of the protolith is larger in the west near the valley,
compared to the east near the upper ridges, with a marked change near line A (fig.
1).

The surficial fractured zone overlies less fractured rock and is inferred to saturate
and act like a perched aquifer that allows water to flow downslope throughout the
catchment as interflow. Much of the stream response is due to interflow. The perched
layer also reduces infiltration of water into the underlying unsaturated zone and into
regional or valley groundwater. East of line A, the dominant flowpath for interflow and
regional groundwater is toward the stream, but in the less steeply dipping fracture
network west of line A, both flowpaths are directed along a more westward regional
groundwater orientation. During wet periods, groundwater flows dominantly toward
the channel and during dry periods, it flows dominantly westward. Pathways of
interflow throughout the catchment are thus largely dictated by the hydrostatic head
and by physical factors, including characteristics of the stratigraphic section and
periglacial fracturing.

Flow Paths and Nested Reaction Fronts
In addition to interflow, water also moves out of SSHCZO as deep groundwater.

Shallow interflow and deep, regional groundwater flow are each marked by geochemi-
cal signatures based on the source of protons driving weathering (Jin and others,
2014): 1) interflow is delineated by silicate dissolution driven by protons from
atmospheric-related and organic acids; 2) deep groundwater flow is delineated by Mg
and Ca from carbonate dissolution driven by protons released by oxidizing pyrite and
dissolved S from the latter reaction. Beneath the valley where the regional water table is
very shallow, these flows mix and is imprinted by carbonate dissolution driven by
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protons from atmospheric-related and organic acids. Below we discuss how these
flowpaths may impact geomorphic evolution of the SSHCZO.

Interflow generally occurs within the highly fractured zone 5 to 8 mbls and thus
has short residence times (�5 y). These dilute, oxygenated waters contain Mg derived
from dissolution of “chlorite” and illite and Ca from rain. The characteristic Ca/Mg
ratio of precipitation is 3.6:1. In the eastern portion of the catchment, interflow has
Ca/Mg ratios of 1:1 due to preferential release of Mg from the clays imprinted on this
rain signature. Under the central channel, interflow becomes indistinguishable from
groundwater flow.

Compared to interflow in the eastern part, the waters within 4 mbls near the outlet
at the western end of the catchment are (i) younger (�1 y), (ii) more elevated in solute
concentrations, (iii) less rich in DO and (iv) higher in Ca/Mg ratio (approaching
10:1). In this part, the O2-charged acid meteoric waters (average pH � 4.5; Herndon
and others, 2015) dissolves Ca carbonate in the limestone interbeds at depths below 2
mbls.

Finally, the deep-flowing waters near the outlet of the catchment maintain stable
water levels, are characterized by longer residence times, lower DO, and higher
magnesium concentrations. These waters likely originated as recharge from the
bottom of the interflow zone at depths of 5 to 8 mbls that has infiltrated deeper
saprock to the regional groundwater table. A slight hydraulic head gradient from
under the ridge to the valley drives this groundwater flow to the wells near the outlet.
The flow direction changes from westward to southwestward seasonally between dry
and wet periods.

Infiltration of some O2-rich water to the regional water table is documented
everywhere in the watershed that we have drilled by (i) secondary porosity, (ii) release
of Mg from oxidizing chlorite, (iii) dissolution of carbonate, and (iv) oxidation of
pyrite. Regional groundwater is thus O2-depleted (fig. 5). Groundwater that has
oxidized chlorite and pyrite along its flowpath emerges in the subsurface at the outlet
of the catchment with low DO at the depth of the pyrite front in the north in CZMW1
during the dry summer and in the south in CZMW4 during the wet season. The low DO
in this water does not promote fast pyrite oxidation under the outlet. Therefore,
during the wet season when water flows predominantly toward the channel, oxidation
of pyrite is faster under the north side of the stream (CZMW1) as compared to the
south side (CZMW4). In contrast, during the dry season when the overall flow is
westward, this O2-depleted water is no longer observed in the well at depth south of the
stream (CZMW4). Apparently, as the catchment dewaters due to high rates of
evapotranspiration in the summer, groundwater flows predominantly to the west and
oxidation of pyrite is faster under the south side of the stream (CZMW1) as compared
to the north side (CZMW4). Seasonal pumping thus results in the depth of deepest
incision varying from north to south under the channel.

Chemical Incision and Geomorphological Evolution
According to these arguments, seasonal pumping controls mixing of O2-rich

groundwater and oxidative weathering in the bedrock under the channel. Over time,
the O2-rich shallow groundwater oxidizes pyrite to produce sulfuric acid (H2SO4),
which then dissolves carbonate minerals and opens secondary porosity. This small
enhancement of porosity under the channel may in turn weaken the rock and slowly
enhance channel incision.

The rate of groundwater flow is a function of the storage, recharge rate, permeabil-
ity, and hydraulic gradient, where storage is a function of porosity (Fetter, 2000). Thus,
the enhancement of storage at depth under the channel by oxidative dissolution of
pyrite will also cause the water table near the channel to drop. In turn, the lower water
table near the channel will enhance the hydraulic gradient between the ridge tops and
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channel, driving drainage from the watershed. When considered over geological
timescales, such drainage could control the rate of weathering advance under the
entire catchment (Rempe and Dietrich, 2014). As a conceptual model, we therefore
propose that channel incision is enhanced by pyrite oxidation. As oxidation proceeds,
the water table under the channel lowers, which then promotes drainage and lowers
the water table higher in the watershed. Lowering of the water table away from the
channel in turn allows for enhanced infiltration of oxygen- and acid-rich water deeper
into the bedrock, propagating the depth of the deepest reaction front under the
catchment uplands.

conclusion
To explore the structure and dynamics of critical zone evolution, we defend a
conceptual model for the interplay between regolith evolution and hydrodynamics
in a small, upland watershed in the northeastern U.S.A. The position of the water
table is governed by the distribution of secondary permeability in the watershed
that developed from biogeochemical reactions and periglacial fracturing com-
bined with the distribution and structure (strike and dip) of primary permeability
related to the stratigraphic section of the underlying clastic rocks. In the upland
eastern portion of the catchment, lower-permeability, steeply dipping shale hosts a
high, perched water table that is characterized by interflow to the channel, whereas
in the western portion the higher hydraulic conductivity strata allows more
regional flow. Throughout the watershed, two main flowpaths are easily identified
based on chemical signatures: 1) O2-rich and shallow interflow comprises most of
the stream water and carries most of the weathering elements out of the catchment;
and 2) O2-poor deep groundwater contributes to the stream near the catchment
outlet and originates from meteoric water that infiltrated to the regional water
table because it was not captured into interflow. This latter water travels from land
surface to deep groundwater removing Mg, Ca, and S from the catchment due to
reactions in the unsaturated zone. In the catchment subsurface, sharp reaction
fronts (pyrite, carbonate) mark where vertical, unsaturated flow changes to horizon-
tal, saturated flow, while diffuse fronts (illite, chlorite, feldspar) mark where flow is
largely vertical and unsaturated.

O2-rich interflow mixes with O2-poor deep groundwater under the valley floor,
where O2-rich water penetrates to depths of 4 to 8 m below the water table. Oxygen
oxidizes the pyrite, releasing H2SO4 that dissolves carbonate to create secondary
porosity. This secondary porosity is hypothesized to: 1) incrementally enhance ground-
water drainage from the ridgetops by increasing storage in the valley and lowering the
valley water table position; 2) weaken the rock under the valley, enhancing incision. As
proposed recently by Rempe and Dietrich (2014), channel incision could be the
rate-limiting step that controls weathering advance beneath the watershed. However,
in this shale-dominated catchment, we hypothesize that channel incision – and thus
catchment geomorphological evolution – is itself enhanced by or dictated by oxidative
chemical weathering under the channel.
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APPENDIX 1: ATMOSPHERIC TRACERS
METHODS

Tritium concentrations were measured by helium ingrowth (Bayer and other, 1989). Water samples
were degassed until �0.01% of dissolved gas remained, and were sealed in stainless steel flasks to ingrowth
helium. A period of 6–12 weeks is generally sufficient to ingrow enough 3He from the decay of 3H (T1/2 �
12.4 yr) for analysis. Helium-3 concentrations are then measured on a MAP215-50 magnetic sector mass
spectrometer using an electron multiplier to measure low abundance 3He, which was directly correlated with
the amount of tritium decayed. Tritium data were reported in tritium units (TU), where one TU was
equivalent to one tritium atom per 1018 hydrogen atoms. Water age (	) was then calculated from 3He activity
(3He), tritiogenic 3He concentrations (3Hetrit) and the 3He decay constant (T1/2) using the following decay
function (Solomon and Sudicky, 1991):

	
T1

2

ln2
� ln��3Hetrit]

3He �
The CFCs and SF6 concentrations were determined on two different analytical systems using a

purge-and-trap gas chromatography procedure with an electron capture detector (Busenberg and Plummer,
1992; Busenberg and Plummer, 2000). The analytical precision of these analytes were �3% for most samples
but increased near the detection limit. Detection limits were 0.0055, 0.0062, and 0.0040 picomoles/kg for
CFC-11, CFC-12, and CFC-113 respectively, and was �0.01 femtomoles/kg for SF6. Atmospheric mixing
ratios, reported as parts per trillion by volume (pptv) for CFCs and SF6 are calculated using Henry’s law
solubility constants as a function of recharge elevation, temperature, and salinity (compare Plummer and
others, 2006). We use the average annual groundwater temperature of 9.8 °C to represent the recharge
temperature and the ridgetop elevation of 300 m to represent the recharge elevation. The recharge
temperature, the temperature at which water moving through the unsaturated zone entered and equili-
brated with the saturated zone, was based on the average groundwater temperature variability observed in
shallow the water table in the valley floor (Appendix 3), this was also the zone observed to have the greatest
to response to seasonal surface temperature changes. While temperatures in the summer reach up to 14 °C,
groundwater recharge predominantly occurs from November through April. The elevation of recharge was
the average of the highest and lowest possible recharge areas within the region which spanned only �100 m,
as such the calculations of apparent age were insensitive to such small changes in barometric pressure
associated with elevation. To estimate the recharge year for each groundwater sample, and thus residence
time, the derived CFC and SF6 values were compared to northern hemisphere atmospheric values from ca.
1940–present to (compare IAEA, 2006 and compiled atmospheric data therein). Given the samples were
collected in 2013 and 2014, the apparent age can simply be determined as the difference the between the
recharge date (indicated by the sample concentration) and the year of collection.

Estimates of groundwater age are complicated the amount of “excess air” or entrainment of air during
recharge, which differs with climate (for example, annual precipitation and recharge temperature) and
lithology (Busenberg and Plummer, 2000). In temperate regions receiving �100 cm of annual precipitation
excess air is typically � 1 cc L�1 but can reach 3 cc L�1 (Wilson and McNiell, 1997). More recently,
Busenberg and Plummer (2014) found excess air increased with storm intensity, with values from a 17-year
study in the Shenandoah National Park, Va, just �150 miles south for SSHCZO, ranging from 0.3 to 1 cc L�1.
As we did not measure excess air in our samples, we provide a first cut age estimate without incorporating
excess air and thus, represent the minimum ages for all samples and atmospheric tracers. Given the solubility
of SF6 is much lower than that of CFCs the incorporation of excess air during recharge has a larger effect on
the estimated groundwater age from SF6 (Goody and other, 2006). Therefore, we also used an excess air of 2
cc L�1 to provide an upper boundary for the SF6 apparent ages.

RESULTS AND DISCUSSION

Tritium

Wells CZMW1 and CZMW3 had nearly identical tritium concentrations (�5.3 TU). These values are
consistent with initial recharge values of 30–37 TU and a recharge age in the late 1970s and early 1980s (fig.
SM1b). At shallower depths, water sampled from well CZMW2 has higher TU, which is consistent with a
recharge value of 31–33 TU and a recharge age of 1985 as inferred from the history of tritium in
precipitation from the region. An alternate interpretation of the tritium concentration in CZMW1-3 is that it
reflects precipitation since 2000 (fig. SM1b). The water in CZMW4 has significantly less tritium than the
other wells, consistent with a measurable contribution of water recharged pre-1950s.
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CFCs

The CFC ages are supported by comparison of tritium concentrations for the April 2013 samples. Select
groundwater samples collected in April 2013 were analyzed for all water age tracers (table 3). Concentrations
of CFC-12 and CFC-113 for CZMW1-3 were consistent with recharge in the late 1970s (32–35 years old).
Groundwater from CZMW4 was slightly older at 36 (CFC-113) to 41 (CFC-12) years. The CFC-11 concentra-
tions are consistent with older recharge ages.

Given that our sample indicated apparent recharge ages of approximately the 1970s-1980s, the ratio of
CFC-113 and CFC-12 can provide another age estimate as CFC-113 concentrations in air increased rapidly in
the late 1970s (Plummer and other, 2006). Analysis of potential mixing, assuming piston flow, and using
CFC-12 and CFC-113 ratios suggests that old (CFC free) water is mixing with younger water in CZMW4 (fig.
A1 A). Age estimates from the ratio of the two CFCs in CZMW4 are 31–33 years, slightly younger than, but in
excellent agreement with data from the other two wells. This ratio age and mixing analysis further suggest
that groundwater from CZMW4 consists nearly equal proportion of CFC free (pre-1950s) water mixing with
30–35 year old water observed in wells CZMW1 and CZMW3. Assuming the same recharge conditions (300
masl, 10 C, no salinity) and varying the amount of excess air from 1–10 cc/L results in a piston flow age of
CZMW4 was 31–37 years. Increasing excess air to 20 cc/L yields a piston flow age of �40 years.

SF6

The April 2013 SF6 concentrations from CZMW4 are generally consistent with CFCs and tritium results
(table 3). The concentrations of SF6 from CZMW1–3 is also in agreement with CFCs and tritium data
suggested the presence of much younger water, here estimated to be approximately 9 years old at the bottom
of the 15 m deep CZMW1 and 3 wells and about half that age in the 9 m deep CZMW2 well.

When an excess air of 2 cc L�1 was assumed for the April 2013 the apparent age the groundwater
increased by 2 to 5 years, thus not altering the overall interpretation that younger water was present in
CZM1&3 as compared to CZMW4. As these groundwater ages were used to estimate the rate of chlorite
oxidation, we found that given an excess air of 2 cc L�1 increased the oxidation rate by 28%. Thus, the
estimates we provide with no- excess air provide a lower boundary for chlorite oxidative weathering at
SSHCZO.
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Fig. A1. (A) Piston flow model for CFC concentrations (black line). Samples from CZMW1 and
CZMW3 fall on the piston flow line, thereby yielding a CFC-12/CFC-113 ratio age for recharge in the late
1970s. Sample CZMW4 is better represented by a binary mixing model of similar age water with CFC free
(pre-1950s) water. (B) Comparison between tritium values measured in CZMW wells, restored to concentra-
tion at time of precipitation, and the tritium concentration in precipitation in nearby Washington D.C.
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APPENDIX 2

GROUNDWATER LEVELS, TEMPERATURE, CONDUCTIVITY AND PH

Table A2 1

Hydraulic head measurements at all SSHCZO well locations between December 2012 and
March 2014
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Fig. A2-1. Groundwater temperature (A and B), conductivity (C and D) and pH (E and F) observed with
over time in two boreholes (CZMW1 (left) and CZMW4 (right)) lining the stream at near the watershed’s
outlet.
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APPENDIX 3

SEM, BULK SOIL GEOCHEMISTRY AND NORMATIVE MODEL

RESULTS

Normative Model

To derive the composition of illite and chlorite we developed a normative model where we apportioned
the bulk elemental composition (wt%) to known minerals utilizing the following steps: 1) all of the
measured K was allocated to illite as K-feldspar concentrations were extremely low (�0.5 wt.%, by XRD), 2)
Mg was then allocated to both illite and chlorite, and 3) Fe the in clay (Fetotal - Fepyrite) was then allocated
to both illite and chlorite, here Fe3� was allotted to illite over chlorite based on Fe concentrations indicated
by XRD (Jin and others, 2010), mass balance and charge balance; and then Fe2� was distributed between
the two. The elemental ratios of major cations in illite and chlorite were constrained by SEM-EDS
measurements (Appendix 3, tables A3-1, A3-2 and A3-3).

Comparison of Chlorite Oxidative Dissolution Rates to Erosion Rates

If the weathering advance rate is equal to the erosion rate as argued by West and others (2013), we can
compare this value calculated from groundwater chemistry to the inferred long-term chlorite oxidation rate
under the catchment: 20 � 25% m My�1. Over the entire 8 Ha catchment, this equates to approximately 1.2
to 2.0 m3 of material is lost per year. Given that the concentration of chlorite in parent material is � 452 mol
m-3 (Jin and others, 2010), the total amount of chlorite weathered per year in the catchment lies in the range
of 542–904 mol.

Fig. A2-2. Continuous groundwater temperature measurements from CZMW1 (red), CZMW2 (green),
CZMW3 (blue), and CZMW4 (purple).
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Table A3-1

SEM-EDS measurements on chlorite particles

Table A3-2

SEM-EDS measurements on illite particles
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Table A3-3

Normalized concentration of major cations determined by SEM-EDS on chlorite and illite and
by ICP-AES on bulk sample

Fig. A3-1. The ratio of K to Al with depth for the soils (ridge top, mid-slope, toe slope and valley floor)
and from boreholes DC1, CZMW2 and CZMW8.
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