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Plant uptake and biological cycling processes are commonly the largest flux of nutrients in terrestrial ecosystems.
Hydrologic and other losses are offset by inputs from atmospheric deposition and weathering. This multi-tracer
study investigates these effects using 87Sr/86Sr, Ca/Sr, and Ge/Si ratios from solid (soil profiles and bedrock), bi-
ological (leaves and sap waters), and water (pore-, ground-, stream-waters) samples to study Ca, Sr, Ge, and Si
sources and cycling in a forest catchment underlying gray shale in the temperate climate of central Pennsylvania.
Leaves and sap waters were found to have similar Ge/Si ratios b1 μmol/mol which is consistent with biological
fractionation occurring at the root–soil water interface. Ge/Si ratios in soil porewaters were higher near the sur-
face and increased over the growing season suggesting plant preferential uptake of Si over Ge. Ca/Sr ratios in oak
leaves (1360± 40mol/mol) were significantly higher than those inmaple leaves (650± 20mol/mol). Ca/Sr ra-
tios were also generally higher in leaves than in sap waters which are consistent with preferential Sr adsorption
or Sr uptake during transpiration. 87Sr/86Sr ratios in both leaves and sap waters were similar for a given site im-
plying that trees access similar pools of Sr and Ca, although there are site-to-site differences. Additionally,
87Sr/86Sr ratios in plant tissues were most similar to shallow pore waters (0–50 cm) suggesting that mineral nu-
trients are obtained by trees from the near sub-surface. 87Sr/86Sr ratios in soil solutions from ridgetop and swale
sites are best explained by mixing Sr derived from shale and atmospheric deposition. Valley bottom soil reser-
voirs and streamand groundwater samples include Sr and Ca derived fromdissolution of two isotopically distinct
generations of carbonates. A preliminary estimate of the Sr and Ca stream fluxes and isotopic mass balances
imply propagation of a carbonate weathering front of ca. 300 m Myr−1, a value larger than previously reported
for regolith weathering advance rates calculated based on cosmogenic nuclides and U-series isotopes. The data
for Ca, Sr, Si, and Ge in soil, soil solutions, and streamwaters reflect the interaction of slowerweathering process-
es with rapid, biologically driven cycling between soils and biomass.
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1. Introduction

Multi-tracer studies have long employed isotopes and trace element
data to investigate weathering and solute transport in watersheds
(Aberg et al., 1989; Murnane and Stallard, 1990; Bailey et al., 1996;
Kurtz et al., 2002; Derry et al., 2006; Pett-Ridge et al., 2009). In this
study, a combination of 87Sr/86Sr, Ca/Sr, and Ge/Si ratios is used to iden-
tify solute sources and investigate biogeochemical cycling processes at
the Susquehanna Shale Hills Critical Zone Observatory (SSHCZO). As a
small watershed with a relatively homogenous geology, ecology, and
land use history, the SSHCZO serves as an ideal setting to explore
these questions and provide insight that future biogeochemical studies
can expand on.

Conventionally, measured strontium isotope ratios are invariant
over weathering timescales and exhibit negligible fractionation during
biogeochemical processes such as plant uptake, evapotranspiration,
and mineral dissolution and precipitation. As a consequence, 87Sr/86Sr
ratios serve as conservative tracers for the investigation of solute source
materials, flow pathways, and mixing processes in watersheds (Bain
and Bacon, 1994; Aberg, 1995; Kennedy et al., 1998; Hogan and Blum,
2002; Shand et al., 2007). Sr is only a minor constituent of soils, rocks,
and plants and is not considered to be an important plant nutrient or
weathering product (Capo et al., 1998). However, Sr exhibits similar
chemical behavior to Ca (i.e., similar ionic charge, radius, and electron
configuration) and as such, 87Sr/86Sr and Ca/Sr ratios can be combined
to investigate Ca sources in terrestrial systems (Miller et al., 1993;
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Bailey et al., 1996; Blum et al., 2002; Kennedy et al., 2002; Bullen and
Bailey, 2005; Pett-Ridge et al., 2009; Belanger et al., 2012).

Ca is an essential macronutrient involved in several important as-
pects of plant function including cell wall stabilization, stomatal regula-
tion, and intercellular signaling (McLaughlin andWimmer, 1999;White
and Broadley, 2003; Marschner, 2012). Ca transport through the xylem
largely occurs passively via apoplastic (i.e., through cell walls and inter-
cellular spaces rather than through living cells) pathways that are
heavily influenced by levels of plant transpiration (Clarkson, 1984;
White, 2001; White et al., 2002). As an immobile element, Ca is not
translocated to other plant tissues after assimilation into leaf tissue. En
route through the xylem from root to leaf tissues, divalent cations are
involved in cation exchange reactions at negatively charged sites on
the walls of xylem vessels and surrounding tissues. Sr is generally
retained by cation exchange sites to a greater degree than Ca with
increased translocation of Ca relative to Sr observed in foliage
(Veresoglou et al., 1996; Poszwa et al., 2000; Dasch et al., 2006; Blum
et al., 2008, 2012; Pett-Ridge et al., 2009; Funk and Amatangelo,
2013). However, heterogeneity in the distribution and availability of
Ca in the forest floor (Bullen and Bailey, 2005) and/or soil reservoirs
may affect the accessibility of Ca by plants at the catchment level. As
such, Sr isotopes can be used to provide an indication of sources from
which plants are acquiring Sr (and by inference, Ca).

In contrast to Sr isotopes, Ge/Si ratios undergo fractionation during
weathering and plant uptake processes with Ge enriched in secondary
minerals (Murnane and Stallard, 1990; Kurtz et al., 2002; Scribner
et al., 2006) and depleted in biogenic materials (Derry et al., 2005;
Blecker et al., 2007; Delvigne et al., 2009) relative to parent bedrock.
Specifically, during mineral weathering, Ge is retained to a greater de-
gree than Si in secondary phases (i.e., secondary soil aluminosilicates)
that are known to contain weakly polymerized silicate tetrahedra
(Murnane and Stallard, 1990). In the case of plant uptake, Ge is discrim-
inated against relative to Si resulting in lower Ge/Si ratios in leaf
phytoliths compared to soil minerals and porewaters (Blecker, 2005;
Derry et al., 2005; Garvin, 2006; Blecker et al., 2007; Delvigne et al.,
2009). Often considered a “pseudo-isotope” of Si, Ge displays several
chemical similarities to Si including its nature as a group IV element, a
similar ionic radius (Ge: 3.9 Å versus Si: 2.6 Å, Shannon, 1976), a similar
tetrahedral bond length (Ge-O: 1.75 Å versus Si-O: 1.64 Å, Martin et al.,
1996), and an identical outer electron configuration (Kurtz and Derry,
2004). These chemical properties enable Ge to substitute for Si at tetra-
hedral sites of silicate minerals (Goldschmidt, 1958; Bernstein, 1985).
Accordingly, Ge/Si ratios serve as particularly useful tracers of silicate
weathering processes (Murnane and Stallard, 1990; Kurtz et al., 2002;
Derry et al., 2006; Scribner et al., 2006; Lugolobi et al., 2010) and Si
pathways in the soil–plant system.

Si is a “pseudo-essential” nutrient whose presence in plant tissues
often promotes growth and vitality (Epstein, 1994). As a structural com-
ponent in cell walls, Si has been shown to facilitate light interception
and photosynthesis as demonstrated by observations of more upright
posture in plants abundantly supplied with Si (Raven, 1983). Addition-
ally, deposition of Si in plant tissues generates a tough outer layer to
provide protection against herbivory and infection (Epstein, 1999;
Fauteux et al., 2005). Furthermore, Si′s presence in plant tissue is
responsible for the sequestration of Al, a known plant toxin, in alumino-
silicate and hydroxyaluminosilicate complexes (Cocker et al., 1998;
Doucet et al., 2001). Si has also been implicated in immobilizing Fe
and Mn by transforming them to less toxic forms in plant roots (Ma
and Takahashi, 1990).

Plant roots acquire Si from the soil solution as monosilicic acid
(H4SiO4). Monosilicic acid is then transferred to stem and leaf compo-
nents of theplant through the transpiration streamwhere it precipitates
as amorphous opal phytoliths (Opal A: SiO2ˑnH2O) (Jones andHandreck,
1965; Epstein, 1999; Carnelli et al., 2001; Casey et al., 2003). Si uptake is
governed by active processes involving aquaporin transporter genes
(Mitani and Ma, 2005; Ma and Yamaji, 2006; Ma et al., 2007; Yamaji
et al., 2008; Sparks et al., 2010). Si precipitation generally occurs at
terminal sites of the transpiration stream in leaves and is affected by
both the transpiration rate (Jones andHandreck, 1965) and the quantity
of silicic acid in transpired water (Raven, 1983; Raven, 2003). Conse-
quently, higher Si concentrations are oftentimes observed in leaves
compared to other plant organs (Derry et al., 2005; Garvin, 2006;
Blecker et al., 2007; Delvigne et al., 2009). Once deposited, phytoliths
cannot be remobilized for translocation to other plant tissues (Raven,
1983). At the end of the growing season, phytoliths are recycled to
soil reservoirs as single silicified cells and cell fragments through the
decomposition of organic matter and plant death (Alexandre et al.,
1997; Carnelli et al., 2001). Thereafter, they either dissolve or are
preserved and buried in soil reservoirs from which Si can be taken up
again by plants.

The present study uses a multi-tracer approach to examine sources
and biogeochemical cycling of solutes in a temperate forested, shale
catchment in central Pennsylvania. Specifically, a combination of
87Sr/86Sr, Ca/Sr, and Ge/Si ratios in soil porewaters, exchangeable soils,
leaves, sap waters, groundwaters, streamwaters, and drill core samples
is analyzed.We take advantage of thewell-documented SSHCZOwhere
researchers have extensively characterized the catchment's geography
(Lynch, 1976; West et al., 2011; Miller et al., 2013), geochemistry (Jin
et al., 2010, 2011a,b, 2014; Jin and Brantley, 2011; Ma et al., 2010,
2011a,b, 2013, 2015; Brantley et al., 2013; Herndon et al., 2015), hydrol-
ogy (Qu and Duffy, 2007; Lin and Zhou, 2008; Graham and Lin, 2011;
Thomas et al., 2013), pedology (Lin, 2006; Lin et al., 2006; Lin and
Zhou, 2008), and ecology (Wubbels, 2010; Naithani et al., 2013;
Meinzer et al., 2013; Gaines et al., 2015).

2. Geological setting

Located in the ridge and valley region of central Pennsylvania, the
Shale Hills Critical Zone Observatory (SSHCZO) encompasses a 7.9 ha
temperate forested V-shaped first-order catchment (Fig. 1). The catch-
ment lies within the Shavers Creek watershed of the Juniata River sub-
basin and drains into the larger Susquehanna River. The stream
channel is oriented in an east–west direction between narrow ridges
(Jin et al., 2010). Mean annual precipitation is 1070 mm yr−1 and
mean annual temperature is 10 °C (NOAA, 2007). Rainwater is relatively
acidic (pH ~4.5) and enriched in nitrates and sulfates (NADP, 2013).
Elevation varies from 310 m at the ridge top to 256 m at the stream
outlet and slopes within the catchment range from 25 to 48% (Lin
et al., 2006).

Four distinct landforms are present at the SSHCZO: a north (south-
facing) slope, a south (north-facing) slope, a valley floor, and topo-
graphic depressional areas (swales). Deciduous forest and underbrush
land cover dominates both the northern (south-facing) and southern
(north-facing) slopes and the density of underbrush is higher on the
south slope. Oak species (Quercus spp.) are prominent in deciduous
land cover on the drier slope and ridge positions, with smaller popula-
tions of hickory (Carya spp.), pine (Pinus spp.), and maple (Acer spp.)
also present. Western sides of the valley floor are comprised of Eastern
hemlocks (Tsuga canadensis), while eastern sides consist of deciduous
oak–hickory forest cover. Seven swales are dispersed throughout the
catchment: five are located on the northern slope and two on the south-
ern slope, with each divided by near-planar slopes. The current tree
stand age is estimated to be between 70 and 80 years old with the
most recent tree-harvesting event occurring in the 1930s (Wubbels,
2010).

At the SSHCZO, residual shale soils are present on the ridge tops and
mid slope and valley floor soils are formed on a colluvial and alluvial
mantle of shale chips (Jin and Brantley, 2011). These soils are underlain
by the Silurian-age Rose Hill formation, an oxidized organic-poor
marine shale with a few interbedded limestones (Lynch, 1976). The
shale is comprised predominately of illite (58 wt.%), quartz (30 wt.%),
vermiculited chlorite (11 wt.%), and trace amounts of feldspar



Fig. 1. Topographic map depicting sampling locations at the Susquehanna Shale Hills Critical Zone Observatory with contour lines shown in black (Figure modified from Thomas et al.,
2013). Colors represent soil type based on field observations (Lin et al., 2006). Leaves and sap waters were collected throughout the observatory from three tree species: sugar maple
(black triangles), chestnut oak (blue triangles), and red oak (gray triangles). Soils and soil porewaters (black circles) were sampled from the southern planar (SP) and south swale (SS)
ridge top (RT), mid slope (MS), and valley floor (VF) locations. Drill core samples (black squares) were also collected from a northern ridge top borehole (DC 1) and from borehole
CZMW 2 near the stream's weir (DC 3). Streamwaters (red circles) were sampled at the weir and at mid stream and headwater locations. Shallow (CZMW 1) and deep groundwaters
(Wells 8, 11, and 13) (pink stars) were also collected. No spatial information was provided for a deep groundwater sample corresponding to sample ID CZMW 6 and, consequently,
this sample is not displayed on the figure. Geospatial coordinate information can be found in Appendix A.
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(plagioclase and K-feldspar), anatase (TiO2), Fe-oxides (magnetite and
hematite), and zircon. Ankerite and pyrite are also present several
meters below the surface at the northern ridge and at the valley floor
near the stream's weir (Jin et al., 2010; Brantley et al., 2013). Shallow,
well-drained soils at ridge locations (b50 cm) deepen downslope
towards the stream (b300 cm). The convex-upward hillslope of the
catchment consists of well-drained, oxic soils with a silty loam texture,
while valley floor soils are characterized by redoximorphic features re-
flective of periodic reducing conditions from seasonal soil saturation
(Lin et al., 2006). Throughout the SSHCZO, a 3 to 5 cm thick organic
layer (Oe-horizon) is present consisting of decaying leaf litter and
other organic materials. Effective rooting depth (i.e., depth to bedrock)
ranges from 15 cm on ridge tops to 165 cm at selective slope locations.

High soil production rates at ridge locations (~45mMy−1) decrease
exponentially downslope (~15 mMy−1) (Ma et al., 2010). The average
catchment-wide erosion rate is estimated to be 15 m My−1 based on
cosmogenic 10Be dating of sediments (Jin et al., 2010). Further, regolith
residence times range from 7 to 40 ky at the SSHCZO and increase from
the ridge top to the valley floor (Ma et al., 2010). Swale and valley floor
locations have been found to have residence times exceeding that of the
last glacial maximum (ca. 15 kyra) (Gardner et al., 1991) and are hy-
pothesized to have accumulated pre-glacial regolith (Ma et al., 2010).
Jin et al. (2010, 2011a) and Brantley et al. (2013) predicted the order
ofmineral reaction fronts occurring at the SSHCZO. Thefirst and deepest
reaction front involves oxidative pyrite dissolution at approximately 23
and 9 m below the ground surface of the ridge and valley floor, respec-
tively. Sulfuric acids generated by reactive pyrites and CO2 charged
fluids in the unsaturated zone initiate carbonate dissolution at depths
of 22 and 2 m at ridge and valley floor locations, respectively. A
shallower reaction front follows involving plagioclase feldspar dissolu-
tion at 5 to 6 and 6 to 7 m below the ground surface of the ridge and
valley floor, respectively. Above the feldspar reaction front and below
the depth of augering refusal, clay weathering transforms primary illite
and chloriteminerals into secondary vermiculite and kaolinite resulting
in a loss of soluble cations and fine particles. For planar hillslopes, chem-
ical weathering rates are shown to decrease from ridge top to valley
floor locations with elements such as Al and Si accumulating at the
valley floor.

Numerous natural and anthropogenic perturbations have affected
soil formation processes at the SSHCZO. Evidence of natural disturbance
(e.g., freeze–thaw and stratified slope deposits) corresponds to a
periglacial climate present in the region ca. 15 kya (Gardner et al.,
1991). Anthropogenic disturbances at the SSHCZO include clear cutting
of timber during colonial times and tree harvesting in the 1930s
(Wubbels, 2010). Additionally, Herndon et al. (2011) identified remains
of iron furnaces 20 miles from the catchment, a likely source of
transported metals (e.g., Mn and Pb) to soils within the catchment via
the atmospheric deposition of particulates. Similar to other locations
in the northeastern United States, soils at the SSHCZO are affected by
acid deposition with longer sulfur residence times in soils attributed
to a combination of adsorption, precipitation, and mineralization
processes (Jin et al., 2014).

3. Samples and methods

3.1. Water sampling

Soil porewaters (n = 159) were sampled from nested suction cup
lysimeters installed at southern planar ridge top (SPRT), south swale
ridge top (SSRT), southern planar mid slope (SPMS), south swale mid
slope (SSMS), southern planar valley floor (SPVF), and south swale val-
ley floor (SSVF) locations of the SSHCZO fromMay to July of 2013. SPRT
and SSRT soil porewaters were sampled in 10 cm intervals at depths
ranging from10 to 30 cm. SPMS soil porewaterswere sampled at depths
of 10, 40, and 50 cm, while SSMS porewaters were sampled at depths
ranging from 10 to 160 cm. SPVF and SSVF soil porewaters were
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sampled in 10 cmdepth intervals ranging from 20 to 60 cmand from 10
to 90 cm, respectively.

Streamwater grab samples were collected from weir, mid stream,
and stream headwater locations in October of 2013. Groundwaters
were also sampled at this time from boreholes at depths of 91 (CZMW
1) and 849 cm (CZMW 6) from the top of the casing to the water
table and from wells at depths of 230 (Well 8), 478 (Well 11), and
276 cm (Well 13) from the top of the casing to the water table.

Xylem sap waters (n = 61) were obtained from three tree species
(Acer saccharum, ACSA—sugar maple; Quercus prinus, QUPR—chestnut
oak; and Quercus rubra, QURU—red oak) representing 50% of all sur-
veyed trees at the SSHCZO (Wubbels, 2010). Xylem sap water was ex-
tracted from sugar maple, chestnut oak, and red oak trees sampled at
mid slope locations in northeastern, southeastern, northwestern, and
southwestern quadrants of the catchment by means of a PMS pressure
chamber.

Soil porewater, streamwater, groundwater, and sap water samples
were filtered using 0.45 μm Nylon syringe filters and acidified with a
few drops of ultra pure concentrated nitric acid (HNO3). To digest dis-
solved organic matter, sap water was treated with hydrogen peroxide
(H2O2, 30%) and gently heated. To improve signal to noise ratio on the
mass spectrometer, filtered and acidified sample aliquots were concen-
trated by factors of 3 and 10 for Ge and Sr analyses, respectively, by
evaporating sample volumes in an oven at 90 °C.

3.2. Exchangeable soil sampling

Soil samples (n = 19) derived from ridge top (SPRT), mid slope
(SPMS), and valley floor (SPVF) sites of the southern planar transect
were hand augered until the point of refusal in October of 2011. Soil
samples were collected from each horizon at all southern planar sites,
sealed in Ziploc bags, and stored at field moisture conditions at 4 °C
until analysis. Zero depth was defined as the bottom of the organic
layer. Mid points of depth ranges were used to describe average soil
characteristics for each horizon interval with soil samples collected
from depths ranging from 0 to 21 cm, 0 to 33 cm, and 0 to 66 cm at
SPRT, SPMS, and SPVF sites, respectively.

Exchangeable cations were extracted from soil samples using a
method modified from Pett-Ridge et al. (2009). Approximately 10 g of
air dried soil (b2 mm)were combined with 50 mL of 0.5 M ammonium
acetate (NH4OAc). The resultant mixture was equilibrated for ~30 min
on a shaker table and then centrifuged at 3000 rpm for ~10min. Super-
natant was collected and filtered using 0.45 μm Nylon syringe filters.

3.3. Leaf sampling

Upper canopy leaves (n = 72) were sampled from sugar maple,
chestnut oak, and red oak trees at ridge top, mid slope, and valley
floor sites in the northeastern quadrant of the catchment from June to
September of 2011. Upper canopy leaves from the same three tree spe-
cies were resampled monthly at mid slope positions in northeastern,
southeastern, northwestern, and southwestern quadrants of the catch-
ment from June to September of 2013. Leaves were obtained by rope
climbing trees and using a pole cutter to remove a section of the tree
branch. The leaves were subsequently placed in coin envelopes, trans-
ferred to the laboratory, and immediately dried at 60 °C to prevent
decomposition.

Dried leaves were powdered using a coffee grinder. A leaf digestion
methodmodified from Parr et al. (2001)was utilizedwhereHNO3 (3N)
and H2O2 (30%) were added in a 9:1 ratio to 0.5 g of powdered leaf
weighed inside a Teflon reaction vessel. Vessels were left uncovered
for approximately 10 min until bubbling from the reaction had ended
and then recapped before being placed into the Milestone Ethos
microwave digestion system. The digestion program was set to ramp
the solution temperature to 180 °C within each vessel over a period of
5 min, remaining at this temperature for another ten minutes to
complete the digestion. After cooling to 21 °C, vessel contents were
transferred into vials for future analyses. Samples were diluted by
factors of 5 to 10 with HNO3 (2%) for analysis.

3.4. Drill core sampling

Rock chips and powders (n = 12) were derived from a ridge top
borehole in the northern quadrant of the catchment (DC 1) and from
the CZMW 2 borehole near the stream's weir (DC 3) (Fig. 1.2) in May
of 2014. Boreholes were drilled using a direct rotary air drill to depths
of 25 m at DC 1 (Jin et al., 2010) and 16 m at DC 3 (Kuntz et al., 2011).
Bulk samples consisting of rock fragments and granular powder were
pulverized to pass through a 100 mesh sieve (b150 μm) and further
ground to a fine powder using a mortal and pestle.

Carbonate and silicate fractions of borehole powders were extracted
using a buffered ammonium acetate (NH4OAc)/acetic acid (HOAc) leach
and a hydrofluoric acid (HF)/nitric acid (HNO3) digestion, respectively.
Specifically, the carbonate fraction was extracted by combining 2.0 g
of borehole powder with 20 mL of buffered NH4OAc/HOAc solution.
The resultant mixture was allowed to equilibrate overnight. To com-
plete the dissolution, glacial acetic acid was added in 1 mL increments
to each solution until bubbling from the reaction had ended. The resul-
tant mixture was buffered to a pH between 4 and 5 with the NH4OAc/
HOAc solution, then equilibrated for approximately 5 min on a shaker
table, and finally centrifuged at 3000 rpm for 20 min. Supernatant was
collected andfiltered using 0.45 μmNylon syringe filters. To remove col-
loidalmaterial, 1mL ofNH4OAc (0.5M)was added to samples thatwere
subsequently centrifuged at 3000 rpm for 20min. Supernatantwas then
collected and filtered using 0.45 μmNylon syringe filters. Samples were
dried completely and redissolved in HNO3 (2%) for major element and
Sr isotope analyses. Following the NH4OAc/HOAc leach, samples were
dried in an oven at 130 °C and then ashed for 30min at 600 °C in amuf-
fle furnace to further oxidize any organic material. Subsamples (≈90–
100mg)were digested in a 3:1 ratio of concentratedHF to concentrated
HNO3 with a few drops of perchloric acid (HClO4) added to remove any
residual fluorides. The subsamples were dried completely and
redissolved in HNO3 (2%) and hydrochloric acid (HCl, 2.5 N) for major
element and Sr isotope analyses, respectively.

A lithium metaborate fusion procedure (Kurtz et al., 2002) was ap-
plied to DC 3 drill core samples collected at the CZMW 2 borehole
near the stream's weir with Cody Shale (SCO-1) used as a reference
standard for Ge analyses. Specifically, a 4:1 mixture of lithium
metaborate flux (LiBO2) and sample were added to a graphite crucible
that was heated in a muffle furnace set to 1050 °C for 15 min. Fused
beads were added to 50 mL of HNO3 (10%) and then equilibrated on a
shaker table to enhance dissolution of the fused bead. Filtered solutions
(5 mL) were diluted using 35 mL of HNO3 (10%) for analysis.

3.5. Analytical techniques

Elemental concentrations weremeasured on a SPECTROBLUE induc-
tively coupled plasma optical emission spectrometer (ICP-OES) with
typical analytical uncertainties of 5% or less. To estimate analytical
uncertainty on the ICP-OES, an internal standard solution of Sc, Y, In,
andYb,mixed in-linewith sample before injection to the spray chamber
and torch, was used aswell as at least one check standard solutionmea-
sured every 5 to 10 samples containing all of the analytes of interest in
the same concentration range as the samples. Both solutions were
prepared in-house from calibrated stock solutions (Spex Certiprep or
iNorganic Ventures). For Sr isotope analyses, Sr separations were per-
formed on sample aliquots using Eichrom Sr-Spec (waters, soils, leaves,
and carbonate fraction of drill core) and AG-50-X8 (silicate fraction of
drill core) resinswith Sr isotope ratiosmeasured on a VG Sector 54 ther-
mal ionization mass spectrometer (TIMS). Sr isotopic compositions
were corrected for mass fractionation using the exponential law
where 86Sr/88Sr = 0.1194. Analyses of NBS-987 standard yielded an



Table 1
87Sr/86Sr, Ca/Sr and Ge/Si ratios for soil porewaters sampled from various depths at south-
ern planar ridge top (SPRT), mid slope (SPMS), and valley floor (SPVF) sites and at south
swale ridge top (SSRT), mid slope (SSMS), and valley floor (SSVF) locations.

Location 87Sr/86Sr Ca/Sr (molar) Ge/Si (μmol/mol)

SPRT (n = 13)
10 cm n.d.α 261 n.d.α

20 cm 0.72473 293 ± 9 3.4 ± 0.20
30 cm 0.72494 325 ± 12 2.9
Average 0.72484 ± 0.00011 300 ± 8 3.3 ± 0.18
Range 0.72473 to 0.72494 261 to 344 2.8 to 4.0

SPMS (n = 18)
10 cm 0.72217 241 ± 8 2.0 ± 0.70
40 cm 0.72383 ± 0.00001 342 ± 10 1.1 ± 0.12
50 cm 0.72360 ± 0.00001 353 ± 11 1.8 ± 0.13
Average 0.72340 ± 0.00031 325 ± 12 1.7 ± 0.21
Range 0.72217 to 0.72384 221 to 383 0.9 to 3.3

SPVF (n = 23)
20 cm 0.71865 341 ± 17 2.2 ± 0.04
30 cm 0.71854 ± 0.00001 340 ± 11 1.1 ± 0.30
40 cm 0.71827 334 ± 8 1.4 ± 0.04
50 cm 0.71818 227 1.5 ± 0.39
60 cm 0.71751 ± 0.00002 312 ± 9 1.2 ± 0.21
Average 0.71817 ± 0.00018 329 ± 7 1.6 ± 0.14
Range 0.71749 to 0.71865 227 to 400 0.8 to 2.4

SSRT (n = 13)
10 cm 0.72400 195 ± 9 2.3 ± 0.38
20 cm 0.72648 131 ± 13 2.3 ± 0.23
30 cm 0.72480 231 ± 13 2.3 ± 0.17
Average 0.72509 ± 0.00073 184 ± 13 2.3 ± 0.18
Range 0.72400 to 0.72648 113 to 244 1.2 to 3.4

SSMS (n = 60)
10 cm n.d.α 324 2.3
20 cm 0.72422 232 ± 14 1.7 ± 0.18
40 cm 0.72434 ± 0.00023 211 ± 7 1.8 ± 0.06
60 cm 0.72531 218 ± 11 1.5 ± 0.12
80 cm 0.72531 238 ± 9 1.4 ± 0.17
100 cm 0.72586 ± 0.00004 260 ± 5 0.9 ± 0.05
120 cm 0.72590 ± 0.00010 260 ± 6 1.0 ± 0.02
140 cm 0.72575 ± 0.00003 257 ± 5 0.9 ± 0.04
160 cm 0.72586 ± 0.00007 258 ± 8 0.9 ± 0.03
Average 0.72546 ± 0.00016 246 ± 4 1.2 ± 0.07
Range 0.72411 to 0.72599 181 to 324 0.7 to 2.3

SSVF (n = 32)
10 cm 0.71895 ± 0.00005 425 ± 14 1.4 ± 0.68
20 cm 0.71997 325 ± 15 1.9 ± 0.13
30 cm 0.71934 248 ± 10 2.0 ± 0.03
40 cm 0.71970 ± 0.00002 230 ± 12 1.1 ± 0.12
50 cm n.d.α 244 ± 5 1.1 ± 0.12
60 cm n.d.α 255 ± 14 1.2 ± 0.20
70 cm n.d.α 168 1.4
80 cm 0.72005 168 ± 3 0.7 ± 0.19
90 cm n.d.α 237 n.d.α

Average 0.71952 ± 0.00017 273 ± 15 1.4 ± 0.13
Range 0.71889 to 0.72005 162 to 456 0.5 to 2.8

α The ‘n.d.’ term refers to a sample where a measurement was not determined.
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average 87Sr/86Sr = 0.71023. The 2σ uncertainties for the isotopic data
based on repeat analyses of standards ranged between 0.00002 and
0.00005.

For Ge analysis, a 70Ge spike was added to each sample to obtain a
70Ge/74Ge ratio of 3 or 4 depending on the Ge concentration estimated
to be present based on the Si concentration of the sample. All samples
were allowed to equilibrate with the 70Ge spike at room temperature
for at least onenight prior to analysis. Ge concentrationsweremeasured
on a Finnegan Element 2 inductively coupled mass spectrometer (ICP-
MS), with typical relative standard deviations (RSDs) found to be
between 3 and 5%. The continuous flow isotope-dilution hydride gener-
ation ICP-MS technique was used to measure Ge concentrations
(Mortlock and Froelich, 1996; Kurtz, 2000). Samples, interspaced with
Ge standards, check standards, and 2% nitric acid (HNO3) blanks, were
placed into autosampler vials. From the vials, samples were pumped,
individually, through a continuous flow apparatus. A 1 M Tris–HCl
solution and 2% sodium borohydride solution (NaBH4) were pumped
simultaneously through separate tubes. At the nexus of the three
tubes, a reaction involving the sample and the Tris–HCl solution
buffered the sample to a pH of 6. Simultaneously, a reaction involving
the sample and sodium borohydride reduced the germanic acid to Ge
hydride (GeH4). The GeH4 was stripped from solution through an
inert argon (Ar) gas stream and passed through a Teflon filter
membrane, at which point another Ar gas stream transferred it into
the ICP torch, producing a Ge signal from which a 70Ge/74Ge ratio was
measured. A mass bias correction factor was applied to the 70Ge/74Ge
ratio measured for each sample using 70Ge/74Ge ratios measured for
standards and blanks within a run. Ge sample concentrations were
calculated using the sample 70Ge/74Ge ratio, the mass bias correction
factor, and the masses of both sample and spike in the mixture. The
quantity of Ge was determined using Eq. (1) below where Abs

74 and
Abn

74are the abundance of 74Ge in the spike (0.61%) and the natural
abundance (36.54%), respectively, T is the moles of spike added, Rm
and Rc are the mass bias and blank corrected 70Ge/74Ge for the sample,
respectively, Rs is the 70Ge/74Ge in the spike (161.4), and Rn is the
70Ge/74Ge natural abundance ratio (0.0562).

Ge molð Þ ¼ Ab74s
Ab74n

 !
� T � Rm−Rsð Þ

Rn−Rcð Þ ð1Þ

3.6. Data analysis methods

3.6.1. Sr mixing calculations
Proportions of Sr derived from atmospheric and silicate mineral

weathering end-members in ridge top and mid slope exchangeable
soils and soil porewaters and leaves and sap waters are calculated
using two-component mixing, where atm, sil wea and carb wea signify
the atmospheric, silicate and carbonate weathering end-members,
respectively (Eq. (2)).

X Srð Þatm ¼
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−
87
Sr

86
Sr

� �
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The carbonateweathering front beneath the ridge is hypothesized to
begin at a depth of ~2200 cm (Jin et al., 2010; Jin et al., 2011a; Brantley
et al., 2013). This depth lies well below those of deep southern planar
and south swale ridge top exchangeable soils and soil porewaters
(30 cm), deep southern planar mid slope exchangeable soils and soil
porewaters (60 cm), and deep south swale mid slope soil porewaters
(160 cm) sampled at the catchment. Consequently, effects of carbonate
dissolution processes on Sr concentrations and Sr isotope compositions
in ridge top and mid slope exchangeable soils and soil porewaters are
expected to be minimal and these reservoir components are modeled
by two component mixing using atmospheric and silicate weathering
end-members. Because plants are largely deriving solutes from the shal-
low soil exchange pool and soil porewater sources (Gaines et al., 2015,
Tables 1, 2, 4 and 5, Fig. 2), the same end-members used to calculate at-
mospheric and weathering derived proportions of Sr in exchangeable
soils and soil porewaters are incorporated into mixing calculations for
leaves and sap waters.

The average 87Sr/86Sr ratio for bulk precipitation at Penn State
(87Sr/86Sr = 0.71054, Kim, 2007) was used as the atmospheric end-
member. This value is similar to those reported by other researchers
for precipitation in the northeastern United States (Dasch, 1969;
Miller et al., 1993; Bailey et al., 1996; Dijkstra et al., 2003) where the



Table 2
87Sr/86Sr and Ca/Sr ratios for exchangeable soils sampled from various depths at southern
planar ridge top (SPRT), mid slope (SPMS), and valley floor (SPVF) locations.

Location 87Sr/86Sr Ca/Sr (molar)

SPRT (n = 3)
0 cm 0.72322 224
13.5 cm 0.72276 242
18.5 cm 0.72385 174
Depth Weighted Mean 0.72329 ± 0.00032 216 ± 20
Range 0.72276 to 0.72385 174 to 224

SPMS (n = 5)
6.5 cm 0.72118 152
17.0 cm 0.72317 100
24.0 cm 0.72443 134
29.5 cm 0.72472 134
32.5 cm 0.72493 134
Depth Weighted Mean 0.72329 ± 0.00032 216 ± 20
Range 0.72118 to 0.72493 100 to 152

SPVF (n = 11)
3.0 cm 0.71780 214
10.0 cm 0.71834 176
18.0 cm 0.71877 150
25.0 cm 0.71890 154
32.0 cm 0.71899 152
39.0 cm 0.71939 140
44.0 cm 0.71954 144
49.5 cm 0.71944 150
56.0 cm 0.71933 156
61.0 cm 0.71921 132
64.0 cm 0.71892 106
Depth Weighted Mean 0.71892 ± 0.00016 155 ± 8
Range 0.71780 to 0.71954 106 to 214
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Sr isotope composition in precipitation has been shown to be relatively
uniform over time.

Traditionally, the weathering end-member is defined by the Sr iso-
tope composition of minerals in rocks and soils, with each mineral
displaying a distinctive weathering rate and 87Sr/86Sr ratio. Spatial var-
iability in themineralogical composition of theweathered substrate and
temporal variability in the weathering rates of individual minerals both
directly affect the Sr isotope composition in exchangeable soils and soil
porewaters. In this study, the fine-grained nature of shales and soils at
the catchment preclude identification of Sr isotope compositions for
mineral separates in rocks and soils. Instead, the average 87Sr/86Sr
ratio for ‘weathered’ shale (87Sr/86Sr = 0.72967, Table 8) was used as
the silicate weathering end-member. This value is taken as the average
value from the NH4OAc/HOAc leach on “carbonate free” DC 1 drill core
samples (DC 1–21 to DC 1–36, Table 8). Although the DC 1 drill core is
not immediately adjacent to the exchangeable soil and soil porewater
sites sampled in the southern quadrant of the catchment (Fig. 1), Jin
et al. (2010) found that average compositions and densities of deep
soils derived from soil cores across the catchment are similar to those
of DC 1 drill core samples. Based on these observations, use of “carbonate
free” DC 1 drill core 87Sr/86Sr ratios for determination of the ‘weathered’
shale end-member value seems reasonable. Given the range of 87Sr/86Sr
ratiosmeasured for southern planar ridge top andmid slope samples and
south swale ridge top and mid slope samples (Tables 1 and 2), the
87Sr/86Sr ratio of ‘weathered’ shale (87Sr/86Sr = 0.72967, Table 8) was
used as the more appropriate choice for the silicate weathering end-
member. Lending support for use of ‘weathered’ shale as the silicate
weathering end-member are mineralogical observations of high chemi-
cal weathering rates as calculated based on average soil chemistry, soil
density, and soil thickness and low cation exchange capacities relative
to unweathered parent drill core samples for ridge top and mid slope
exchangeable soils and soil porewaters (Jin et al., 2010).

Lower 87Sr/86Sr ratios in valley floor exchangeable soils and soil
porewaters (Tables 1 and 2) and streamwaters and groundwaters
(Table 7) compared to ridge top and mid slope exchangeable soils and
soil porewaters (Tables 1 and 2) imply that a source less radiogenic
than shale is affecting their Sr concentrations and Sr isotope composi-
tions. Further, relatively alkaline streamwaters and groundwaters with
high Ca andMg concentrations (Table 7, Jin et al., 2011b) are consistent
with carbonate dissolution. At the nearby DC-3 core, carbonates were
identified at the 200 m depth (Jin et al., 2010; Brantley et al., 2013).
We take the average 87Sr/86Sr ratio for the carbonate fraction of DC 3
drill core samples (87Sr/86Sr = 0.71132, Table 8) as the carbonate min-
eral weathering end-member here. We infer that the shallow carbon-
ates as found in the DC-3 core are influencing Sr concentrations and
87Sr/86Sr ratios of valley floor exchangeable soils and soil porewaters
and streamwaters and groundwaters (depth range: 90 to 850 cm).

The average 87Sr/86Sr ratio for the silicate fraction of DC 1 and DC 3
drill core samples (i.e., unweathered shale end-member, 87Sr/86Sr =
0.74558, Table 8) is selected as the silicate mineral weathering end-
member for valley floor exchangeable soils and soil porewaters and
streamwaters and groundwaters. Using average soil chemistry, soil den-
sity, and soil thickness, Jin et al. (2010) demonstrated that chemical
weathering processes are slow at valley floor sites. Additionally, C.E.C.s
of valley floor soils are comparable to parent materials suggesting that
illite and chlorite dissolution processes are insignificant at valley floor
sites of the catchment (Jin et al., 2010). As shown in Table 8, ranges of
87Sr/86Sr ratios in residual material are relatively uniform between DC
1 ridge top and DC 3 valley floor drill core sites. Thus, a composite aver-
age 87Sr/86Sr ratio using data compiled from both sites for determina-
tion of the silicate weathering end-member seems appropriate.

Proportions of Sr derived from carbonate and silicate mineral
weathering end-members are determined using two-component
mixing on Cl normalized Sr isotope ratios ((87Sr/86Sr)*). In this way,
the mass fraction of Sr derived from the atmosphere (X(Sr)Atm) is
corrected for enabling calculation of relative proportions of Sr derived
from carbonate and silicate mineral weathering sources using two-
componentmixing. Calculation of (87Sr/86Sr)* is done by first normaliz-
ing Sr elemental concentrations ([Sr]*) using Sr and Cl concentrations
measured in precipitation (atm) and in the sample (mix) (Eq. (3)):

Sr½ ��mix ¼ Sr½ �mix−
Sr
Cl

� �
atm

� Cl½ �mix ð3Þ

Sr isotope ratios corrected for atmospheric inputs (87Sr/86Sr)* are
then given by Eq. (4):
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Cl normalized Sr isotope ratios (87Sr/86Sr)* are used to constrain pro-
portions of Sr derived from carbonate (carb wea) and silicate (sil wea)
weathering as shown below in Eq. (5):
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3.6.2. Streamwater flux and carbonate propagation front calculations
Using elemental and stream discharge data compiled from 2008 to

2010 (Brantley and Duffy, 2008, 2009, 2010and Duffy, 2008, 2009,
2010), Sr fluxes (mol ha−1 y−1) are determined by dividing the product
of the geometricmeanof Sr concentration and streamdischarge at a given
position (stream headwater, mid stream, weir) by the total watershed
area of the catchment. Fluxes are apportioned into atmospheric and
weathering sources using Eqs. (2) and (5). Ca fluxes (mol ha−1 y−1)
are determined using average molar Ca/Sr ratios and previously
calculated Sr flux values. In order to determine the atmospheric Ca
flux, the average molar Ca/Sr ratio of bulk precipitation at Penn State



0.710 0.715 0.720 0.725 0.730 0.735 0.740 0.745 0.750

Ridge Top Soil Exchangeable/
Porewater

Mid Slope Soil Exchangeable/
Porewater

Valley Floor Soil Exchangeable/
Porewater

Leaves

Sap Water

Groundwater

Silicate Fraction 
Drill Core

Carbonate Fraction
Drill Core

Average 87 Sr / 86 Sr

Average 87 Sr / 86 Sr

0.710 0.715 0.720 0.725 0.730 0.735 0.740 0.745 0.750

Streamwater

Fig. 2. Average 87Sr/86Sr ratios for southern planar ridge top, mid slope, and valley floor exchangeable soils and soil porewaters, south swale ridge top, mid slope, and valley floor soil
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Note: For carbonate fractions, average 87Sr/86Sr ratios only include samples where carbonates were observed in the quantitative mineralogy (Jin et al., 2010, Brantley et al., 2013).
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(Ca/Sr= 233± 6, NADP, 2013) ismultiplied by the atmospheric Sr flux
at a given streamwater position (stream headwater, mid stream, weir).
For weathering derived Ca fluxes, the atmospheric Sr flux is first
subtracted from the total Sr flux. This value is thenmultiplied by the av-
erage molar Ca/Sr ratio of the carbonate end-member (Ca/Sr = 882).
Proportions of Ca derived from carbonate (carb wea) and silicate
(sil wea) mineral weathering end-members in streamwaters are
determined using two-component mixing (Eq. (6)) on Cl normalized
Sr isotope ratios ((87Sr/86Sr)*), where SW represents streamwater.
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To calculate the rate of propagation of the carbonate weathering
front, calcite, as opposed to ankerite, is chosen to represent the carbon-
ate source at the DC 3 valley floor site. Brantley et al. (2013) observed
precipitation of secondary calcites at depths below the carbonate
weathering front (~4 m depth) at the valley floor. Carbonate fractions
of DC1–37 and DC1–38 samples at the ridge displayed much higher
87Sr/86Sr ratios (0.71935 and 0.71910, respectively, Table 8) than
those observed for DC 3 drill core samples at the valley floor (average
87Sr/86Sr = 0.71132). The Sr isotope data indicate that the ankerite in
the deep DC 1 core and the calcite sampled in the DC 3 core represent
two different and unrelated generations of carbonate.

3.6.3. Plant fractionation factors
Fractionation factors (KSr/Ca and KGe/Si) are calculated for sugar

maple, chestnut oak, and red oak species in southwestern and south-
eastern quadrants by dividing the trace element ratio (e.g., Sr/Ca or
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Ge/Si) in leaves to the corresponding ratio in the soil porewater (PW)
solution as shown below in Eq. (7):

Ktrace=major ¼
trace
major

h i
leaf

trace
major

h i
PW

ð7Þ

Fractionation factors less than one reflect discrimination against the
trace element (e.g., Sr or Ge). In the case of preferential discrimination
against the trace element, the upper and lower bounds are defined as
no discrimination (K = 1) between the major and trace element and
the complete exclusion of the trace element (K = 0) by vegetation, re-
spectively. Considering soil porewater is the most readily available
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Fig. 3. Average Ca/Sr ratios for southern planar ridge top, mid slope, and valley floor exchan
porewaters, sugar maple, chestnut oak, and red oak leaves and sap water, streamwaters and
Note: For carbonate fractions, average Ca/Sr ratios only include samples where carbonates
Additionally, average Ca/Sr ratios for silicate fractions are derived from “carbonate free” sampl
reservoir of plant nutrients (Wyttenbach et al., 1995), trace element ra-
tios of soil porewaters are used in the calculation.
4. Results

4.1. Soil porewaters and exchangeable soils

Sr isotope, Ca/Sr, and Ge/Si ratios for soil porewaters sampled at vari-
ous depths from southern planar and south swale sites are reported in
Table 1, while Sr isotope and Ca/Sr ratios for southern planar exchange-
able soils are shown in Table 2. Average Sr isotope, Ca/Sr, and Ge/Si
ratios are also presented in Figs. 2 to 4, respectively, while Sr isotope,
Ca/Sr, and Ge/Si ratios are displayed as functions of depth in Figs. 5 to 7,
respectively. Monthly average Ca/Sr and Ge/Si ratios for soil porewaters
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geable soils and soil porewaters, south swale ridge top, mid slope, and valley floor soil
groundwaters, and carbonate and silicate fractions of DC 1 and DC 3 drill core samples.
were observed in the quantitative mineralogy (Jin et al., 2010, Brantley et al., 2013).

es or samples were carbonate contamination is unlikely.
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sampled at various transect locations over the course of the growing sea-
son are listed in Table 3.
4.2. Leaves and sapwaters

Sr isotope, Ca/Sr, and Ge/Si ratios for sugar maple, chestnut oak, and
red oak leaves and sap waters sampled from mid slope positions at
northeastern, northwestern, southeastern, and southwestern quadrants
of the catchment are reported in Tables 4 and 5 and displayed in Figs. 2
through 4. Monthly average leaf Ca and Si concentrations are listed in
Table 6 and shown in Fig. 8.
4.3. Groundwaters and streamwaters

Sr, Ca, Cl, Si, and Ge concentrations, pH values, and Ca/Sr, 87Sr/86Sr,
(87Sr/86Sr)*, and Ge/Si ratios for groundwaters and streamwaters sam-
pled at the catchment are reported in Table 7. Average Sr isotope, Ca/
Sr, and Ge/Si ratios are also shown in Figs. 2 through 4.
4.4. Drill core

87Sr/86Sr, Ca/Sr, and Ge/Si ratios for drill cores sampled at the ridge
top borehole (DC 1) and at the CZMW 2 borehole near the stream's
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weir (DC 3) are reported in Table 8. Average Sr isotope, Ca/Sr, and Ge/Si
ratios are also shown in Figs. 2 through 4.

5. Discussion

5.1. Spatiotemporal patterns in soil and water chemistry

5.1.1. Exchangeable soils and soil porewaters
Site specific differences in Sr isotope ratio (Tables 1 and 2, Fig. 2) are

quite pronounced, with downslope (i.e., valley floor) exchangeable soil
and soil porewater 87Sr/86Sr ratios observed to be significantly lower
than those for exchangeable soils and soil porewaters sampled at up-
slope (i.e., ridge top and mid slope) locations. This agrees with field
and geochemical observations by Lin (2006) and Jin et al. (2011b) that
suggest recharge of carbonate affected groundwaters to valley floor
soils and soil porewaters at the catchment. However, Ca/Sr ratios of
exchangeable soils and soil porewaters (Fig. 3) are relatively uniform
irrespective of sampling site. In fact, Ca/Sr ratios in swale porewaters
are moderately lower than those observed in planar porewaters.
Swale soils are known to be wetter than planar soils and hydrologically
connected to the stream even during dry periods (Lin et al., 2006; Qu
and Duffy, 2007; Takagi and Lin, 2012). Further, Andrews et al. (2011)
found higher dissolved organic carbon concentrations in the uppermost
soil horizons at swale (DOCN1mM) relative to planar (DOCb1mM) lo-
cations consistent with the accumulation of soil organic matter in geo-
morphological depressions of swales. During rain events, dissolved
organic carbon loss from swale soils to the streamwill be accompanied
by loss of biologically cycled elements closely associated with soil
organic matter (e.g., Ca). Hence, the lower Ca/Sr ratios observed in
swale compared to planar porewaters. For Ge/Si ratios, ridge top soil
porewaters have significantly higher ratios (Tables 1 and 2, Fig. 4) com-
pared to downslope (i.e., mid slope and valley floor) soil porewaters.
Mean fractionation factors calculated for sugar maple (KGe/Si = 0.01),
chestnut oak (KGe/Si = 0.01), and red oak (KGe/Si = 0.27) species lend
support to the preferential discrimination against Ge relative to Si by
plants at the catchment. Effects of plant activities at the surface respon-
sible for leaching Ge to soil porewaters are expected to be more pro-
nounced at shallow ridge top sites (30 cm deep) compared to deeper
mid slope (50 and 160 cm deep) and valley floor (60 and 90 cm deep)
sites. On the other hand, Ge/Si ratios in porewaters sampled from mid
slope and valley floor sites have more substantial mineral horizons
(i.e., A, B, and C horizons) and should reflect primary weathering pro-
cesses which partition Ge into secondary aluminosilicates.

Within sites, Sr isotope ratios for exchangeable soils and soil
porewaters are relatively uniform as a function of depth and fall within
a narrow range of values (Tables 1 and 2, Fig. 5). For upslope sites unaf-
fected by carbonates, 87Sr/86Sr ratios of exchangeable soil horizons and
soil porewaters are observed to be in close agreement to those found for
leaves and sapwaters (Tables 1, 2, 4, and 5, Fig. 2). This suggests that bi-
ological nutrient cycling processes at the catchment are rapidly homog-
enizing Sr inputs added from weathering and atmospheric sources,
particularly for exchangeable soils and soil porewaters sampled at shal-
low depths. Results from end-member mixing calculations (Eq. (2)) in-
dicate that proportions of atmospherically derived Sr in southeastern
and southwestern leaves and sapwaters sampled atmid slope positions
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Table 4
87Sr/86Sr, Ca/Sr, and Ge/Si ratios for sugarmaple, chestnut oak, and red oak leaves sampled
at mid slope positions in various quadrants of the catchment.

Tree species 87Sr/86Sr Ca/Sr
(molar)

Ge/Si
(μmol/mol)

Northeastern
Sugar Maple (n = 4) 0.72411 ± 0.00017 595 ± 10 0.03 ± 0.005
Chestnut Oak (n = 6) 0.72382 ± 0.00019 1181 ± 41 0.03 ± 0.003
Red Oak (n = 7) 0.72275 1128 ± 19 0.56 ± 0.058

Northwestern
Sugar Maple (n = 6) 0.72221 ± 0.00003 730 ± 17 0.05 ± 0.007
Chestnut Oak (n = 4) n.d.α 1588 ± 71 0.04 ± 0.006
Red Oak (n = 6) n.d.α 1645 ± 38 0.69 ± 0.026

Southeastern
Sugar Maple (n = 6) 0.72341 582 ± 23 0.03 ± 0.006
Chestnut Oak (n = 8) 0.72235 1290 ± 50 0.02 ± 0.003
Red Oak (n = 6) 0.72409 ± 0.00019 1294 ± 92 0.49 ± 0.048

Southwestern
Sugar Maple (n = 6) 0.72258 671 ± 22 0.02 ± 0.007
Chestnut Oak (n = 7) 0.72101 1373 ± 42 0.02 ± 0.002
Red Oak (n = 7) n.d.α 1449 ± 56 0.56 ± 0.068

All locations
Average Sugar Maple (n = 22) 0.72388 ± 0.00019 649 ± 16 0.03 ± 0.004
Range Sugar Maple 0.72218 to 0.72585 534 to 796 0.06 to 0.08
Average Chestnut Oak (n = 25) 0.72359 ± 0.00024 1335 ± 35 0.03 ± 0.002
Range Chestnut Oak 0.72101 to 0.72484 1080 to 1762 0.02 to 0.05
Average Red Oak (n = 26) 0.72364 ± 0.00058 1382 ± 47 0.56 ± 0.031
Range Red Oak 0.72275 to 0.72472 1036 to 1799 0.01 to 0.06

α The ‘n.d.’ term refers to a sample where a measurement was not determined.
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correspond to those reported for organic soil horizons and shallow soil
porewaters sampled from similar quadrants and transect positions. Ac-
cordingly, lower 87Sr/86Sr ratios and higher atmospheric proportions of
Sr are also observed for shallow southern planar mid slope (southwest-
ern) soil porewaters compared to those sampled at the south swale
(southeastern)mid slope location. Proportions of Sr derived from atmo-
spheric sources in southwestern sugarmaple, chestnut oak, and red oak
leaves and sapwaters are 0.40, 0.43; and0.47, respectively, compared to
0.33, 0.38, and 0.33, for leaves and sap waters collected from corre-
sponding species in the southeastern quadrant. Additionally, minimal
variation in leaf and sap water 87Sr/86Sr ratio observed between
species sampled from similar quadrants and transect positions imply
similar sources (i.e., shallow exchangeable and porewater pools) from
which plants are acquiring Sr (and by inference, Ca). This complements
δ18O studies by Gaines et al. (2015) that show leaf and sap water
values to correspond more closely to shallow underlying soils than to
groundwaters.
Table 3
Seasonal Ca/Sr ratios for soil porewaters sampled from southern planar and south swale ridge

May

Transect location Ca/Sr (molar) Ge/Si (μmol/mol)

Southern Planar Ridge Top (n = 13) 323 ± 13 2.9 ± 0.05
Southern Planar Mid Slope (n = 18) 360 ± 17 1.3 ± 0.20
Southern Planar Valley Floor (n = 23) 351 ± 7 1.4 ± 0.23
South Swale Ridge Top (n = 13) 219 ± 13 1.8
South Swale Mid Slope (n = 60) 258 ± 6 1.0 ± 0.13
South Swale Valley Floor (n = 32) 260 ± 30 1.9
87Sr/86Sr ratios in leaves and sapwaters correlate less closely with
those in exchangeable soil mineral horizons and deep soil porewaters,
possibly indicating that influences of litter returns on Sr isotope compo-
sition for these reservoir components become less important with
increased sampling depth. A NH4OAc/HOAc leach procedure was
applied to “carbonate free” drill core samples (DC 1–21, −29, −33,
−36, Table 8) from which Sr isotope ratios were measured in order to
determine a value for ‘weathered’ shale. Interestingly, Sr isotope ratios
of soil horizons and porewaters sampled at deep depths correlate
more closely with the average 87Sr/86Sr ratio for ‘weathered’ shale
(87Sr/86Sr = 0.72967) than those observed for leaves and sap waters
(87Sr/86Sr = 0.72311). Another explanation for observed differences
in 87Sr/86Sr ratio as a function of depth is variability in the proportion
of Sr derived from atmospheric sources. Based on results from end-
member mixing calculations (Eqs. (2) and (5)), organic horizons and
shallow soil porewaters at all locations are found to have less radiogenic
isotope compositions and derive greater proportions of Sr from atmo-
spheric sources. These results are not surprising given the close proxim-
ity of organic horizons and shallow soil porewaters to the surface.
Proportions of atmospheric Sr (X(Sr)atm) in ridge top, mid slope, and
valley floor organic horizons of southern planar exchangeable soils are
0.34, 0.44, and 0.39, respectively, compared to 0.33, 0.28, and 0.25 in
mineral horizons. For ridge top, mid slope, and valley floor shallow
southern planar soil porewaters X(Sr)atm=0.26, 0.39, and 0.35, respec-
tively, while X(Sr)atm=0.25, 0.31, and 0.31 for soil porewaters sampled
top, mid slope, and valley floor locations.

June July

Ca/Sr (molar) Ge/Si (μmol/mol) Ca/Sr (molar) Ge/Si (μmol/mol)

302 ± 12 3.4 ± 0.08 280 ± 14 3.6 ± 0.40
310 ± 16 1.6 ± 0.16 294 ± 24 2.7 ± 0.54
294 ± 15 1.6 ± 0.17 317 ± 8 1.9 ± 0.25
174 ± 17 2.3 ± 0.26 167 ± 30 2.6 ± 0.10
247 ± 6 1.2 ± 0.10 231 ± 6 1.2 ± 0.12
265 ± 24 1.2 ± 0.13 291 ± 27 1.8 ± 0.29



Table 5
Average 87Sr/86Sr, Ca/Sr, and Ge/Si ratios for sugar maple, chestnut oak, and red oak sap waters sampled at mid slope positions in various quadrants of the catchment.

Tree species 87Sr/86Sr Ca/Sr (molar) Ge/Si (μmol/mol)

Northeastern
Sugar Maple (n = 4) 0.72312 ± 0.00012 421 ± 83 0.04
Chestnut Oak (n = 6) 0.72434 ± 0.00049 432 ± 68 0.04 ± 0.009
Red Oak (n = 6) 0.72366 ± 0.00060 247 ± 13 0.57 ± 0.078

Northwestern
Sugar Maple (n = 6) 0.72224 ± 0.00015 417 ± 82 0.04
Chestnut Oak (n = 3) 0.72193 550 ± 106 0.05 ± 0.003
Red Oak (n = 6) 0.72062 ± 0.00014 646 ± 136 0.47 ± 0.076

Southeastern
Sugar Maple (n = 4) 0.72322 ± 0.00068 293 ± 59 0.06
Chestnut Oak (n = 4) 0.72228 ± 0.00097 482 ± 115 0.06 ± 0.003
Red Oak (n = 6) 0.72312 ± 0.00107 390 ± 68 0.47 ± 0.031

Southwestern
Sugar Maple (n = 3) 0.72188 ± 0.00047 426 ± 79 0.05
Chestnut Oak (n = 6) 0.72152 ± 0.00028 320 ± 26 0.05 ± 0.013
Red Oak (n = 4) 0.72075 ± 0.00018 362 ± 96 0.49 ± 0.072

All locations
Average Sugar Maple (n = 17) 0.72257 ± 0.00027 393 ± 38 0.05 ± 0.011
Range Sugar Maple 0.72102 to 0.72451 189 to 702 0.01 to 0.09
Average Chestnut Oak (n = 17) 0.72246 ± 0.00043 426 ± 39 0.05 ± 0.004
Range Chestnut Oak 0.72078 to 0.72521 215 to 747 0.01 to 0.07
Average Red Oak (n = 22) 0.72205 ± 0.00045 416 ± 53 0.50 ± 0.032
Range Red Oak 0.72033 to 0.72508 219 to 1010 0.31 to 0.78
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at deeper depths in corresponding locations. In shallow south swale
ridge top, mid slope, and valley floor soil porewaters X(Sr)atm = 0.30,
0.28, and 0.35, respectively, compared to X(Sr)atm = 0.21, 0.21 and
0.27 for soil porewaters collected at deeper depths in corresponding
locations.

In contrast, Ca/Sr and Ge/Si ratios for exchangeable soils and soil
porewaters vary considerably as a function of depth for all sampling
sites (Tables 1 and 2, Figs. 6 and 7). Indeed, solutes added via atmo-
spheric sources (e.g., Ca) are observed to be in high concentrations in or-
ganic horizons and shallow porewaters, while solutes incorporated
through weathering processes (e.g., Si) are enriched in mineral hori-
zons. Further, shallow porewaters are highly influenced by biological
Table 6
Seasonal silicon and calcium concentrations for sugar maple, chestnut oak, and red oak leaves

Tree species June
Average
[Si]
(mg/g dry leaf)

July
Average
[Si]
(mg/g dry leaf)

August
Average
[Si]
(mg/g dry leaf)

Septem
Avera
[Si]
(mg/g

Northeast
Sugar Maple (n = 4) 1.45 1.87 ± 0.32 2.53 1.79
Chestnut Oak (n = 6) 0.57 1.08 1.15 ± 0.10 1.24 ±
Red Oak (n = 7) 0.07 0.15 ± 0.02 0.18 ± 0.03 0.39 ±

Northwest
Sugar Maple (n = 6) n.d.α 1.59 ± 0.03 1.85 1.59 ±
Chestnut Oak (n = 4) 0.54 0.98 1.5 1.0
Red Oak (n = 6) n.d.α 0.11 ± 0.01 0.19 ± 0.02 0.43 ±

Southeast
Sugar Maple (n = 6) 1.26 ± 0.22 1.60 ± 0.17 1.61 ± 0.05 n.d.α

Chestnut Oak (n = 8) 0.30 0.71 ± 0.09 1.25 ± 0.11 1.36 ±
Red Oak (n = 6) n.d.α 0.13 ± 0.01 0.22 ± 0.03 0.3

Southwest
Sugar Maple (n = 6) 1.62 ± 0.06 1.84 ± 0.06 2.10 ± 0.25 1.74
Chestnut Oak (n = 7) 0.30 0.76 ± 0.05 1.10 ± 0.23 1.28 ±
Red Oak (n = 7) 0.07 0.14 ± 0.00 0.16 ± 0.03 0.20 ±

All locations
Sugar Maple (n = 22) 1.44 ± 0.10 1.73 ± 0.08 2.03 ± 0.20 1.71 ±
Chestnut Oak (n = 25) 0.43 ± 0.07 0.88 ± 0.09 1.25 ± 0.09 1.22 ±
Red Oak (n = 26) 0.07 ± 0.00 0.13 ± 0.01 0.19 ± 0.01 0.33 ±

α The ‘n.d.’ term refers to months when silicon concentrations were not determined for a de
processes at the surface such as plant preferential discrimination of Sr
and Ge relative to Ca and Si, respectively. With increased sampling
depth, mineral horizons are largely separated from these processes
and are primarily affected by weathering processes. In the case of
porewater Ca/Sr ratio, spatial heterogeneity in total organic matter
content distribution (Andrews et al., 2011) may also contribute to the
observed variability with depth.

Temporal changes in porewater 87Sr/86Sr areminor (Appendix A). In
fact, fitting individual porewater 87Sr/86Sr ratios sampled from identical
sites and depths during onemonth of the growing season against corre-
sponding 87Sr/86Sr ratios measured during a separate month yields a
correlation with an R2 value of 0.99. Observed decreases in porewater
sampled at mid slope positions in various quadrants of the catchment.
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dry leaf)

June
Average
[Ca]
(mg/g dry leaf)

July
Average
[Ca]
(mg/g dry leaf)

August
Average
[Ca]
(mg/g dry leaf)

September
Average
[Ca]
(mg/g dry leaf)

10.07 9.71 ± 0.37 n.d.α 20.88
0.05 10.96 11.34 9.98 ± 0.13 10.75 ± 0.71
0.03 5.69 13.75 ± 0.89 11.97 ± 1.68 12.98 ± 2.65

0.26 n.d.α 11.90 ± 1.53 12.17 ± 2.34 14.57 ± 3.01
13.96 15.87 19.88 20.05

0.12 n.d.α 10.00 ± 1.61 10.49 ± 0.51 9.15 ± 1.01

6.40 ± 0.14 8.11 ± 2.19 8.40 ± 1.52 n.d.α

0.13 n.d.α 10.12 ± 0.91 8.01 ± 0.43 12.68 ± 1.07
n.d.α 8.15 ± 1.29 8.11 ± 0.26 11.23 ± 3.00

9.96 14.79 ± 1.50 14.31 ± 0.12 19.39
0.03 9.02 10.33 ± 0.70 9.39 ± 1.43 12.02 ± 1.75
0.05 9.04 9.96 ± 0.25 9.11 ± 1.25 11.52 ± 2.31

0.06 8.21 ± 1.05 11.12 ± 1.11 11.62 ± 1.31 17.35 ± 2.05
0.08 9.69 ± 1.92 11.35 ± 0.97 10.33 ± 0.46 13.08 ± 1.13
0.05 7.37 ± 1.68 10.46 ± 0.88 9.92 ± 0.69 11.22 ± 1.03

signated leaf sample.
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Fig. 8.Monthly average leaf [Ca] and [Si] for sugar maple (red), chestnut oak (blue), and
red oak (green) species. Solid lines connect leaf [Ca], while dashed lines connect leaf [Si].
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Ca/Sr ratio and increases in Ge/Si ratio (Table 3) can result from plant
preferential uptake of Ca and Si over the course of the growing season.
Fractionation factors (Eq. (7)) are less than one for maple (KSr/Ca

range: 0.42 to 0.48 and KGe/Si range: 0.01 to 0.03) and oak (KSr/Ca

range: 0.19 to 0.24 and KGe/Si range: 0.01 to 0.03 for chestnut oak and
0.18 to 0.33 for red oak) species. Higher levels of evapotranspiration
over the course of the growing season enhance plant uptake of Ca and
Si over Sr and Ge, depleting porewaters in Ca and Si and increasing
their Sr/Ca and Ge/Si ratios. This is exaggerated in the case of Si and
Ge as a strong positive relationship exists between transpiration rate
and Si uptake in plants at the catchment (Meinzer et al., 2013). Ob-
served monthly increases in porewater Ge/Si ratio may also be influ-
enced by seasonal changes in dissolved Si source to porewaters, with
phytolith dissolution contributing more significantly earlier in the sea-
son presumably due to higher levels of precipitation and larger fluxes
of water passing through the soil profile where protonation of exchange
sites by precipitation (pH ~4.5, NADP, 2013) will release Si as Si(OH)4
(Jin et al., 2011b; Herndon et al., 2015).

5.1.2. Groundwaters and streamwaters
Significantly lower 87Sr/86Sr ratios in groundwaters and

streamwaters relative to ridge top and mid slope exchangeable soils,
Table 7
Strontium, calcium, chloride, silicon, and germanium concentrations, pH values, and Ca/Sr, 87

catchment on October 8, 2013.

Sample ID Depth to water from
top of casing (cm)

pH Sr
(μM)

Ca
(μM)

Ca/Sr
(molar)

CZMW 1 91 8.08 3.08 1070 347
CZMW 6 849 6.25 1.37 948 692
Well 8 230 6.62 0.34 195 568
Well 11 478 6.44 0.11 81 708
Well 13 276 6.68 0.46 631 1383
Weir Streamwater 0 6.07 0.83 871 1044
Mid Stream 0 n.d.b 0.37 227 601
Stream Headwater 0 5.80 0.25 155 610

*The chloride normalized 87Sr/86Sr ratio for a designated sample.
a Chloride elemental concentrations provided by P. Sullivan, (unpublished data).
b The ‘n.d.’ term refers to a sample where a measurement was not determined.
soil porewaters, and vegetation (Tables 1, 2, 4, 5, 7, Fig. 2) suggest that
a source less radiogenic than shale is affecting Sr concentrations and
Sr isotope compositions in streamwaters and groundwaters. Relatively
alkaline streamwaters and groundwaters with high Ca and Mg concen-
trations (Table 7, Jin et al., 2011b) compared to precipitation, soils, and
soil porewaters lend support to the hypothesis that lower Sr isotope
compositions in groundwaters and streamwaters are resulting from
the dissolution of carbonates in the catchment. As mentioned earlier,
carbonates (i.e., ankerite and calcite) have been identified in the deepest
samples of the DC 1 ridge top drill core (DC 1–37 and DC 1–38, Jin et al.,
2010) and for all samples analyzed from the DC 3 valley floor drill core
(DC 3–0-1 to DC 3–52-53, Brantley et al., 2013). In general, carbonate
dissolution proceeds more rapidly than silicate mineral weathering
due to the greater reactivity and solubility of carbonateminerals relative
to silicate minerals. This is particularly true in a weathering limited sys-
tem such as the SSHCZO where the kinetics of clay dissolution are slow
(Jin et al., 2010). Thus, even a small amount of carbonate underlying
streamwaters and groundwaters at the catchment has the potential of
shifting 87Sr/86Sr signatures to significantly lower values.

End-member mixing calculations indicate significant proportions of
Sr derived from carbonate weathering sources in groundwaters at the
catchment (range: 0.76 to 0.87 and 0.67 to 0.70 for borehole and well
groundwaters, respectively). This contrasts with minor Sr contributions
from silicate mineral weathering (range: 0.10 to 0.18 and 0.13 to 0.16
for borehole and well groundwaters, respectively) and atmospheric
sources (range: 0.02 to 0.06 for borehole groundwaters and 0.16 for
all well groundwaters). Furthermore, proportions of Sr derived from
carbonate weathering sources increase from stream headwater (0.30)
to mid stream (0.50) to weir locations (0.77). Concomitant decreases
in Sr isotope ratio, increases in Ca/Sr ratio, increases in Ca, Sr, and Mg
concentrations, and increases in pH are observed for streamwaters in
the progression from streamheadwater to mid stream toweir locations
(Table 7 and Jin et al., 2011b). Thesefindings complementfield observa-
tions suggesting greater influxes of carbonate affected groundwaters to
streamwaters at the weir location. In streamwaters, lower proportions
of Sr derived from silicate weathering (0.19, 0.15, and 0.07 for stream
headwater, mid stream, and weir locations, respectively) relative to at-
mospheric (0.50, 0.35, and 0.16 for stream headwater, mid stream, and
weir locations, respectively) sources are consistent with the slow kinet-
ics of clay dissolution at the catchment (Jin et al., 2010). High propor-
tions of atmospherically derived Sr in stream headwaters agree with
field observations which indicate stream flow at this location to occur
exclusively during snowmelt and rainstorms in the early spring and
fall (Jin et al., 2011b). Mid stream locations presumably integrate bio-
geochemical processes at upstream (i.e., stream headwater) and down-
stream (i.e., weir) locations (Table 7) where proportions of Sr derived
from carbonate weathering, silicate weathering, and atmospheric
sources in streamwaters at the mid stream location are in between
the proportions determined for streamwaters sampled at stream head-
water and weir locations. However, Ca/Sr ratios and Ca, Sr and Mg
Sr/86Sr, (87Sr/86Sr)*, and Ge/Si ratios for groundwaters and streamwaters sampled at the

Cla

(μM)

87Sr/86Sr (87Sr/86Sr)* Si
(μM/kg)

Ge
(pM/kg)

Ge/Si
(μmol/mol)

23.7 0.71481 0.71492 112 n.d.b n.d.b

24.4 0.71746 0.71787 169 n.d.b n.d.b

17.7 0.71683 0.71805 127 n.d.b n.d.b

n.d.b 0.71585 0.71688 114 86 0.75
23.8 0.71577 0.71678 118 79 0.70
43.2 0.71362 0.71422 128 93 0.73
41.7 0.71610 0.71914 127 111 0.90
40.2 0.71758 0.72475 126 249 1.98



Table 8
87Sr/86Sr, Ca/Sr, and Ge/Si ratios for drill cores sampled at the ridge top borehole (DC 1) and at the CMZW 2 borehole near the stream's weir (DC 3) on May 21, 2014. Quantitative min-
eralogy for DC 1 and DC 3 samples from Jin et al. (2010), and Brantley et al. (2013) are shown for reference.

Sample ID Depth
(cm)

87Sr/86Sr
(carbonate fraction)

Ca/Sr (molar)
(carbonate fraction)

87Sr/86Sr
(silicate fraction)

Ca/Sr (molar)
(silicate fraction)

Ge/Si (μmol/mol)
(silicate fraction)

Calcite and Ankerite
(wt.%)a

DC 1–21 465 0.72922 409 0.74537 13 n.d.b 0
DC 1–29 1074 0.72833 545 0.74497 11 n.d.b 0
DC 1–33 1684 0.73087 376 0.74806 34 n.d.b 0
DC 1–36 2143 0.73026 951 0.74919 34 n.d.b 0
DC 1–37 2294 0.71935 2865 0.74720 89 n.d.b 1.6δ

DC 1–38 2446 0.71910 2899 0.74143 398 n.d.b 7.8δ

DC 3–4-5 137 0.71181 849 0.74310 38 2.09 0.6
DC 3–5-6 168 0.71222 734 0.74297 22 1.99 4.0
DC 3–8-9 259 0.71180 760 0.74415 31 1.99 2.6
DC 3–21-22 655 0.70812 789 0.74501 79 2.12 17.3
DC 3–22-23 686 0.70987 1110 0.74718 33 2.04 3.6
DC 3–42-43 1296 0.71408 1049 0.74834 112 1.77 3.1

δAnkerite carbonate composition as inferred from high Fe, Mn, and Ca elemental compositions, high LOI content, and the grey coloration of samples (Jin et al., 2010).
a Quantitative mineralogy for DC 1 and DC 3 samples derived from Jin et al. (2010) and Brantley et al. (2013).
b The ‘n.d.’ term refers to a sample where a measurement was not determined.
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concentrations inmid streamwaters are remarkably similar to those ob-
served in streamwaters at the upslope headwater location due to the di-
rection of fluid motion and are significantly lower than values reported
for weir streamwaters where carbonate affected groundwater recharge
strongly influences solute chemistry.

For streamwaters at weir, mid stream, and stream headwater
locations, total Sr fluxes are estimated to be 3.22, 0.97, and
0.79 mol ha−1 yr−1, respectively. Atmospheric Sr flux estimates for
weir, mid stream, and head streamwaters are 0.53, 0.35, and
0.40 mol ha−1 yr−1, respectively. Sr flux estimates to weir, mid stream,
and head streamwaters from carbonate weathering sources are 2.68,
0.49, and 0.24 mol ha−1 yr−1, while those from silicate weathering
sources are 0.01, 0.14, and 0.15 mol ha−1 yr−1, respectively. Total Ca
fluxes of 2499, 635, and 436 mol ha−1 yr−1 are estimated for
streamwaters at weir, mid stream, and stream headwater locations, re-
spectively. Ca fluxes from atmospheric sources in streamwaters at weir,
mid stream, and stream headwater locations are estimated to be 122,
80, and 92 mol ha−1 yr−1, respectively. Ca flux estimates to weir, mid
stream, and head streamwaters from carbonate weathering sources
are 2365, 546, and 332mol ha−1 yr−1, respectively, while those derived
from silicate weathering sources are 12, 9, and 12 mol ha−1 yr−1. Al-
though not directly apparent from Ca/Sr ratios, both Ca and Sr concen-
trations (Table 7) and fluxes in streamwaters are observed to increase
from stream headwater to mid stream to weir locations. Jin et al.
(2011b) observed a similar pattern for Mg in streamwaters at Shale
Hills where increases downstream are similarly attributed to more
substantial contributions by carbonate-affected groundwaters to weir
streamwaters.

Ge/Si ratios for groundwaters and weir and mid streamwaters are
lower than those determined for unweathered shale (Tables 7 and 8,
Fig. 4). Incidentally, the average groundwater Ge/Si ratio is found to
be identical to the value determined for weir streamwaters. This is con-
sistent with Sr isotope and Ca/Sr ratios and elemental concentrations
that suggest groundwater to be an important source of solutes to the
weir location. In contrast, stream headwaters display a Ge/Si ratio sim-
ilar to the average value for unweathered bedrock. However, this ratio
also corresponds reasonably well to values determined for shallow
southern quadrant valley floor porewaters. As mentioned previously,
the streamheadwater position is transient and flows only during snow-
melt and rainstorms (Jin et al., 2011b). Dissolved Si and Ge concentra-
tions in precipitation are insignificant (Bartoli, 1983; Mortlock and
Froelich, 1987; Garvin, 2006). Thus, one hypothesis would be that the
high Ge/Si ratio for stream headwaters is a result of flushing of Ge
enriched soil porewaters (Table 1) by infiltrating precipitation. Cl nor-
malized 87Sr/86Sr ratios were determined to correct for atmospheric
contributions of Sr in stream headwaters and resemble those of nearby
north swale valley floor leaves (Tables 4 and 7). As leaves at the
catchment largely derive solutes from shallow soil exchangeable pool
and porewater sources, the similarity in 87Sr/86Sr ratio between stream
headwaters and leaves also suggest a possible soil porewater source of
Sr to stream headwaters. This agrees with studies at Shale Hills which
have suggested that organic-rich swales and surface soils are an impor-
tant source of solutes to the stream during dry and wet periods while
organic-poor hillslope soils contribute solutes during rain events (Qu
and Duffy, 2007; Andrews et al., 2011; Herndon et al., 2015).

5.2. Ca-Sr and Ge-Si fractionation between soil and biomass reservoirs

Average leaf Ca/Sr and Ge/Si ratios are significantly higher and
lower, respectively, than those determined for exchangeable soils, soil
porewaters, sap waters, streamwaters, groundwaters, and bedrock
(Tables 1, 2, 4, 5, 7, and 8, Figs. 3 and 4). Partitioning between Ca-Sr
and Ge-Si is observed in numerous plant species sampled across a
wide range of ecosystems (Poszwa et al., 2000; Watmough and Dillon,
2003; Blecker, 2005; Bullen and Bailey, 2005; Derry et al., 2005;
Garvin, 2006; Drouet and Herbauts, 2008; Delvigne et al., 2009; Sparks
et al., 2010; Pett-Ridge et al., 2009). For Ca and Sr, sugar maple leaves
in southwestern and southeastern quadrants have higher fractionation
factors (0.48 and 0.43, respectively) and discriminate to a lesser degree
against Sr than chestnut oak (0.24 and 0.19, respectively) and red oak
(0.22 and 0.19, respectively) leaves. Greater preferential discrimination
against Sr in oak relative tomaple leaves is likely related to physiological
differences between the two species and is consistent with findings
from other studies conducted in the northeastern United States
(Blum et al., 2008, 2012; Lucash et al., 2012). Given Sr′s utility as a tracer
for Ca in catchment studies (Miller et al., 1993; Bailey et al., 1996;
Kennedy et al., 2002; Bullen and Bailey, 2005; Blum et al., 2008;
Pett-Ridge et al., 2009), similarities in Sr isotope ratio among foliage de-
rived from maple and oak species (Table 4, Fig. 2) seem to imply that
discrepancy in foliar Ca/Sr ratio among species is reflective of variable
degrees of uptake rather than different sources from which plants are
acquiring solutes. Variation in partitioning between Ca and Sr among
tree species growing in the same soil agrees with findings from other
studies (Runia, 1987; Veresoglou et al., 1996; West et al., 2001; Drouet
and Herbauts, 2008; Blum et al., 2012). For Ge and Si, red oak leaves
in southwestern and southeastern quadrants have higher average frac-
tionation factors (0.28 and 0.25, respectively) and discriminate to a less-
er degree against Ge than sugar maple (0.01 and 0.01, respectively) and
chestnut oak (0.01 and0.01, respectively) leaves. As discussed by Sparks
et al. (2010), such significant differential uptake of Si relative to Ge, as is
observed inmaple and chestnut oak species, is best explained by active,
plant-mediated transport mechanisms which are highly specific
(Clarkson, 1993, White, 2001) rather than by molecular diffusion pro-
cesses or energetic differences between amorphous SiO2 and GeO2.
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Interestingly, average Ca/Sr ratios in sap waters are significantly
lower than those observed in paired leaf samples (Tables 1, 4 and 5,
Fig. 3). Instead, sap water Ca/Sr ratios are comparable to porewater
Ca/Sr ratios sampled at similar locations. For example, average Ca/Sr ra-
tios for sugar maple, chestnut oak, and red oak sap waters collected at
mid slope locations of the southwestern quadrant correspond reason-
ably well to the average Ca/Sr ratio for mid slope porewaters (Tables 1
and 5). Average Ca/Sr ratios for sugar maple, chestnut oak, and red
oak sap waters collected at mid slope locations of the southeastern
quadrant are generally similar to the average Ca/Sr value for south
swalemid slope shallowporewaters (Tables 1 and 5). Tree transpiration
processes were shown to concentrate Ca and Sr in sap waters to similar
degrees. For example, average southwestern sap water Sr and Ca con-
centrations in maple species (1.46 and 521 μM, respectively) were ob-
served to be 13–14 times larger, while those in oak species (2.30 ±
0.06 and 793 ± 12 μM, respectively) were observed to be 20–21 times
larger, than those in corresponding southern planar mid slope soil
porewaters (0.11 and 38 μM). Observations of similar Ca/Sr ratios
in sap waters compared to source porewaters and accumulation of
Ca and Sr by plant species growing in the same substrate suggest
limited competition between these divalent cations during transport
(Wyttenbach et al., 1995; Veresoglou et al., 1996; Dasch et al., 2006;
Drouet and Herbauts, 2008). Considering that the apoplastic pathway
is relatively non-selective between divalent cations (White, 2001;
White et al., 2002; White and Broadley, 2003), transport of Ca through
the root to the xylem is hypothesized to occur largely along apoplastic
rather than the highly selective symplastic pathways as has been
suggested by other researchers (Clarkson, 1984; McLaughlin and
Wimmer, 1999;White, 2001;White et al., 2002). Nonetheless, fraction-
ation between Ca and Sr must take place further along the transpiration
stream as evidenced by the higher Ca/Sr ratios observed in leaf tissues
relative to source porewaters (Tables 1 and 4). As indicated earlier,
the xylem transports Ca (and by inference, Sr) ions towards rapidly
transpiring organs such as leaves. During transport, increased transloca-
tion of Ca relative to Sr, with Sr retained by cation exchange sites to a
greater degree than Ca on cell walls of xylem vessels and surrounding
tissues, has been suggested to occur during apoplastic transport through
the xylem to above ground leaf components (Clarkson, 1984;
Wolterbeek et al., 1984; Veresoglou et al., 1996; Bailey et al., 1996;
Dasch et al., 2006; Drouet and Herbauts, 2008). Previous studies have
argued that discrimination between Ca and Sr is the result of preferen-
tial Ca binding in calcium oxalate complexes which are released by bark
or other plant tissues and accumulate in leaf mesophyll cells (McNair,
1932; Gulpin et al., 1995; Funk and Amatangelo, 2013).

In contrast, average Ge/Si ratios for sap waters correspond more
closely to leaves than soil porewaters (Tables 1, 4, and 5, Fig. 4). These
findings agree with those presented by Garvin (2006); Blecker et al.
(2007), and Delvigne et al. (2009) where Ge/Si ratios for stem xylem
water derived from sugar maple trees, grasses, bananas, and horsetails
were remarkably similar to those reported for leaves. Suchminimal dis-
crepancy between leaf and sapwater Ge/Si ratios, where Ge/Si ratios for
both are significantly lower than those for soil porewaters, suggest that
Ge/Si fractionation must precede phytolith formation and occur en
route from the endodermal cell layer (and casparian strip) to the
xylem stream, as proposed by Sparks et al. (2010).

Over the growing season, Ca and Si accumulate in leaf tissue for all
tree species (Table 6, Fig. 8) consistent with findings by other studies
for higher plants conducted in similar canopy settings (Schlesinger,
1997; Garvin, 2006). However, it should be noted that decreases in
leaf Si concentration for sugar maple and chestnut oak species from
August to September (Fig. 8) are likely due to recycling of biogenic Si
to soil reservoirs during early leaf fall. Garvin (2006) and Carnelli et al.
(2001) have attributed monthly Si increases to constant inputs from
waters transporting Si to leaves by means of the transpiration pathway.
This is reasonable considering Si′s nature as an uncharged molecule
(silicic acid, H4SiO4) where its translocation in plant tissue is more
dependent on the transpiration stream than other chemical species.
Complementing this are enhanced levels of evapotranspiration over
the course of the growing season, as inferred from shallow soil water
δ18O and δ2H values, which facilitate transpiration processes, and
hence, the preferential uptake of Ca over Sr and Si over Ge from
porewater reservoirs by plants at the catchment. Additionally, Ca and
Si concentrations generally increase with leaf age because these ele-
ments cannot be remobilized for retranslocation to other plant tissues
once deposited in leaves (Jarvis, 1987; McLaughlin and Wimmer,
1999; Ma and Yamaji, 2006). The maturation of leaves is also responsi-
ble for inhibiting the formation of a sink from which apoplastic binding
locations can release Ca and Si bound in the xylem walls to result in
higher Ca and Si levels present in xylem sap water in the late sum-
mer/early fall (de Bakker et al., 1999; Ma and Yamaji, 2006). In studies
at Shale Hills, Meinzer et al. (2013) demonstrated that transpiration
rates in diffuse-porous maple species were responsive to fluctuations
in soil moisture (i.e., isohydric), while ring porous oak species were rel-
atively unaffected by soil moisture content (i.e., anisohydric) which is
consistent with findings by other researchers (Abrams, 1990; Tardieu
and Simonneau, 1998; Ewers et al., 2007). As Ca and Si fluxes to
the xylem are highly influenced by transpiration, monthly changes in
Ca/Sr and Ge/Si ratio are reasonable for species whose transpiration
rates vary over the course of the growing season.

5.3. Mineralogical influences on drill core chemistry

The average 87Sr/86Sr ratio for the carbonate fraction of DC 1 carbon-
ate bearing ridge top drill core samples (DC 1–37 andDC1–38) is signif-
icantly higher than the value determined for drill core samples collected
from the DC 3 valley floor location (Table 8, Fig. 2). This observation re-
flects differences in the composition of carbonates between sites possi-
bly due to the heterogeneous lithology of the Rose Hill formation
(Flueckinger, 1969). Similar 87Sr/86Sr ratios observed in carbonate af-
fected DC 1 drill core samples (Table 8) imply that a single carbonate
source is affecting Sr isotope compositions at this location. The variation
in Sr isotope ratio for the carbonate fraction of DC3 valleyfloor drill core
samples (Table 8) suggest multiple carbonate sources of Sr. Previous
work has shown that carbonates obtained from the DC 1 drill core are
ankerite (Ca (Mg, Fe, Mn)(CO3)2), while those collected from the DC 3
drill core are a mixture of calcite and ankerite (Jin et al., 2010;
Brantley et al., 2013). According to major element data obtained from
carbonate fractions of DC 1 and DC 3 drill cores (Appendix A), reason-
ably high Fe andMg concentrationswere reported for samples collected
from the deepest depths (i.e. DC 1–38 and DC 3–42–43). Specifically, Fe
concentrations of 31.30 and 21.15 mmol/kg were reported for DC 1–38
and DC 3–42–43, respectively, while corresponding Mg concentrations
were found to be 32.47 and 15.45 mmol/kg, respectively. At the DC 3
site, average carbonate δ13C compositions (−1.1 ‰) better resemble
values for marine carbonates (~0) than those for DC 1 carbonates
(−5.9‰) (Jin et al., 2014). Furthermore, Brantley et al. (2013) observed
precipitation of secondary calcites at depths below the valley floor car-
bonate weathering front (~4 m depth) with dissolution of carbonates
above this depth likely due to their fast dissolving nature in the local
equilibrium regime of the catchment. As such, ankerites are hypothe-
sized to be largely contributing to the 87Sr/86Sr ratio at the DC 1 ridge
top sitewith influences on Sr isotope signature by secondary calcites as-
sumed to be significant at the DC 3 valley floor site. Hence, at least two
mineralogically and isotopically distinct generations of diagenetic or
secondary carbonates are present at the catchment.

For the carbonate fraction of drill core samples at theDC3 site, great-
er variability in Sr isotope composition as a function of depth (Table 8) is
attributed to differences in relative proportions of Sr derived from
calcite and ankerite. Increased proportions of calcite and ankerite, as
determined in quantitative XRD patterns (Jin et al., 2010; Brantley
et al., 2013), generally correlate with lower Sr isotope ratios for DC 3
valley floor drill core samples (Table 8). A narrow range of Sr isotope
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ratios is found for “carbonate free”DC 1 samples; hence, theminimal var-
iation observed in 87Sr/86Sr ratio from 465 cm to the 2143 cm depth
(Table 8). At the 2294 cm depth, the presence of ankerite significantly
lowers the 87Sr/86Sr ratio for theDC 1–37 drill core sample (Table 8).Min-
imal variation is observed in 87Sr/86Sr ratio betweenDC1–37 andDC1–38
drill core samples collected at the 2294 and 2446 cmdepths, respectively,
despite differences in ankerite content (Table 8). With the exception of
DC 3–5–6 (168 cm) and DC 3–42–43 (1296 cm), spatial variation in
87Sr/86Sr ratio can also be attributed to differences in relative proportions
of carbonate present in DC 3 drill core samples. As mentioned earlier,
less radiogenic calcites are hypothesized to be contributing greater
proportions of Sr to DC 3 valley floor drill core samples than ankerite.
Thus, concurrent decreases in Sr isotope ratio with increases in carbonate
content are observed in most DC 3 samples (Table 8).

Lower 87Sr/86Sr ratios in ‘weathered’ versus unweathered DC 1 drill
core samples (Table 8) lend support to the hypothesis of Ca and Sr loss
in shale through feldspar (i.e., plagioclase) dissolution. Procession of
feldspar dissolution before clay mineral weathering is based on miner-
alogical observations at the catchment (Jin et al., 2010) which indicate
that soil cores are depleted in Na and Ca but not in K, Mg, Al, and Fe
relative to unweathered material from drill cores. Additionally, signifi-
cantly positive Eu anomalies in natural waters and exchangeable pools
at Shale Hills (Ma et al., 2011a; Ma et al., 2011b) suggest preferential
dissolution of plagioclase feldspar during chemical weathering. The
lower 87Sr/86Sr ratio of the “carbonate free” DC 1 samples relative to
shales is inferred to result from leaching of less radiogenic Sr from feld-
spar dissolution or from interlayer and adsorption sites of clay minerals
(i.e., illites and chlorites) which dominate the mineralogy of shales at
the catchment (Jin et al., 2010). The less radiogenic isotope signature
of Sr released during feldspar alteration can be incorporated into
“carbonate free” DC 1 samples through exchange reactions at interlayer
and adsorption sites on more radiogenic clay minerals.

For the DC 1 ridge top drill core, Ca/Sr ratios in carbonate fractions of
carbonate bearing samples are predictably higher than those observed
in “carbonate free” samples (Table 8, Fig. 3). Ca concentrations corre-
spond reasonably well to proportions of carbonates estimated in DC 1
andDC3 drill core samples through quantitative XRD patterns. Ca/Sr ra-
tios for DC 1 ridge top drill core samples generally increase with depth,
while no discernible dependence on depth is observed for drill core
samples collected from the DC 3 valley floor site. Differences in Ca/Sr
ratio for DC 1 and DC 3 drill core samples with depthmay be due to var-
iations in carbonate composition or degrees of CO2 acquisition and CO2

degassing as these processes lead to the dissolution and precipitation of
carbonates at the catchment, respectively.

Sr isotope ratios for silicate fractions of drill core samples are rather
similar between DC 1 and DC 3 sites (Table 8, Figs. 2, 3) and fall within
the range of values reported for shales in the area (Whitney and Hurley,
1964). Low Ca/Sr ratios are reported for both the DC 1 and DC 3 silicate
fractions of drill core samples uncontaminated by carbonates and are
consistent with values calculated using major and trace element data
derived from other studies at the catchment (Jin et al., 2010; Ma et al.,
2011a,b). Heterogeneity in the composition of the Rose Hill shale
(Lynch, 1976) may be responsible for observed spatial variability in
87Sr/86Sr and Ca/Sr ratios for drill core samples collected from both loca-
tions. Increased porosity in theweathered zone enables precipitation to
infiltrate into shale fractures or joints to accelerate mineral dissolution
and fracturing and eventually leads to the disaggregation of the shale.
Neutron scattering studies at the catchment (Jin et al., 2011a) suggest
that in low-porosity and low-permeability bedrock between fractures
fluid transport is controlled by slow diffusion processes. In this way,
residence times for solutes in bedrock between fractures are long and
small changes in porosity will significantly impact weathering process-
es. Indeed, Sr isotope ratios of ‘weathered’ shale (carbonate fraction of
DC1–21, 29, 33, 36) are less radiogenic than unweathered shale (silicate
fractions of DC 1 and DC 3), while Ca/Sr ratios are higher in ‘weathered’
shale relative to unweathered shale (Table 8).
Ge/Si ratios for DC 3 drill core samples collected near the stream's
weir (Table 8, Fig. 4) are consistent with those reported for shale
(Mortlock and Froelich, 1987). Ge/Si ratios are rather uniform despite
differences in sampling depth; however, the Ge/Si ratio of the
drill core sample collected from the deepest depth (DC 3 42–43 at
1296 cm) is somewhat lower than values reported for other samples.
Interestingly, Si concentrations in deep groundwaters (CZMW 6 at
849 cm) are also reported to be higher than those for shallower ground-
waters (Table 7). This complements mineralogical studies at the catch-
ment (Jin et al., 2010, 2011a; Brantley et al., 2013) which predict the
onset of feldspar weathering at the valley floor to occur at a depth of
ca. 700 cm. The preliminary data support the hypothesis that both Ge
and Si are incorporated into natural waters from feldspar dissolution
and clay neoformation processes in DC 3 drill core samples at depths
below 700 cm.

5.4. Carbonate weathering front propagation rate

The rate of propagation of the carbonate weathering front for the
carbonate source at the CZMW 2 borehole near the stream's weir (DC
3) is calculated using the Ca flux for calcite at the stream's weir
(9.5 × 10−4 g Ca cm−2 yr−1), the average density of calcite (1.1 g
Ca cm−3), and the average proportion of carbonates in DC 3 valley
floor drill core samples as estimated by quantitative XRD patterns at
Shale Hills (0.03125; Brantley et al., 2013). A preliminary estimate of
the rate of carbonate propagation is ≈280 m Myr−1 which is 6 and 16
times larger than rates reported for regolith production at ridge top/mid
slope (44 m Myr−1, Ma et al., 2010) and valley floor (17 m Myr−1,
Ma et al., 2010) positions of the southern planar quadrant as calculated
byU-series isotopes. Furthermore, the rate of carbonate propagation ex-
ceeds the catchment-wide erosion rate as inferred from cosmogenic
10Be dating of sediments (15 m/Myr, Jin et al., 2010) by a factor of
approximately 20.

Discrepancies between rates of regolith production and carbonate
front propagation are consistent with greater depths inferred for car-
bonate weathering at the catchment (Jin et al., 2010; Jin et al., 2011a;
Brantley et al., 2013). Elevated levels of Ca (Table 7) and Mg (Jin et al.,
2011b) are also present in groundwaters relative to soil porewaters at
Shale Hills consistent with a local equilibrium regime where erosion
rates are slower than dissolution rates for carbonate minerals (Jin
et al., 2010, 2011b; Brantley et al., 2013). Due to the high reactivity
and solubility of carbonateminerals relative to silicateminerals, carbon-
ates are expected to dissolve under local equilibrium (Lebedeva et al.,
2010). Hence, the ‘completely developed depletion profile’ for Ca refer-
enced in Brantley et al. (2013),where carbonates are hypothesized to be
completely dissolved in the upper portion of the profile at theDC 1 ridge
top (above 2200 cm) and DC 3 valley floor (above 200 cm) drill core
sites. On the contrary, incompletely developed depletion profiles,
where erosion rates exceed dissolution rates, are expected for silicate
minerals at the catchment with these slow dissolving and abundant
minerals present at the land surface (Jin et al., 2010, 2011b; Brantley
et al., 2013). However, it should be noted that the timescales for regolith
production and carbonate weathering front propagation vary consider-
ably. While soil chemistry documents extents of reactions over time-
scales of tens of thousands of years, carbonate abundance is in part a
function of groundwater flow and chemistry. Groundwater residence
times are estimated to be on the order of one year as a result of the
relatively shallow flowpaths for groundwaters in the fractured bedrock
of the catchment (Jin et al., 2011b).

6. Conclusions

This study employs the use ofmultiple tracers (87Sr/86Sr, Ca/Sr, Ge/Si
ratios) to examine sources and cycling of solutes at the Susquehanna/
Shale Hills Critical Zone Observatory (SSHCZO). To better understand
biogeochemical processes affecting the distribution and availability of
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solutes in individual reservoir components, a comprehensive data set
is compiled for plant leaves and sap waters and for streamwaters,
groundwaters, soil porewaters, exchangeable soils, and bedrock. Under-
standing Ca, Sr, Ge, and Si sources and cycling in reservoir components
of the SSHCZO provides a framework for future terrestrial biogeochem-
ical models. In particular, preliminary geochemical data can be incorpo-
rated into models to visualize elemental feedback processes at the
SSHCZO. By so doing, data can be extrapolated across longer time scales
and broader spatial extents allowing a discussion of larger scientific
issues such as the susceptibility of the ecosystem to acid deposition
(Miller et al., 1993; Bailey et al., 1996; Capo et al., 1998; Likens et al.,
1998; Pett-Ridge et al., 2009) or the role of silicate weathering in
mediating atmospheric CO2 levels for the region (Alexandre et al.,
1997; Carnelli et al., 2001; Sommer et al., 2006; Street-Perrott and
Barker, 2008; Cornelis et al., 2010).

87Sr/86Sr ratios for soil reservoirs at the valley floor are significantly
lower than those reported at upslope locations, consistent with carbon-
ate affected groundwater recharge to valley floor soils and soil
porewaters. Biological uptake discriminates against Sr relative to Ca
and Ge relative to Si, resulting in higher Ge/Si ratios and lower Ca/Sr
ratios in soils compared to plant tissues. Minimal variation in leaf
and sap water 87Sr/86Sr ratios observed between species sampled
from comparable quadrants and transect positions imply a similar
source from which plants are acquiring Sr (and by inference, Ca).
87Sr/86Sr ratios in plant tissues are most similar to shallow pore wa-
ters (0–50 cm), implying mineral nutrients are obtained from the near
sub-surface. These findings agree with δ18O studies suggesting water
uptake from a single shallow soil reservoir source by plants at the
catchment.

Minimal discrepancy between leaf and sapwater Ge/Si ratios, where
Ge/Si ratios for both are significantly lower than those for soil
porewaters, suggests that partitioning betweenGe and Si precedes phy-
tolith formation and occurs in the transport from the endodermal cell
layer (and casparian strip) to the xylem stream either during plant up-
take or soon thereafter. Conversely, Ca/Sr ratios in sapwaters are shown
to correspond more closely to those in soil porewaters with elemental
partitioning occurring further along the transpiration stream. This is
supported by observations of significantly higher Ca/Sr ratios in leaves
compared to soil porewaters.

In groundwaters and weir streamwaters, carbonate dissolution
processes are rather important sources of Ca and Sr, while the
primary weathering of silicate minerals influences Si and Ge chemistry.
However, stream headwaters are ephemeral and highly responsive to
inputs from atmospheric sources for Ca and Sr and to hydrological
processes which add Si and Ge to streamwaters through flushing by
infiltrating precipitation of soil porewaters into streamwaters. Mid
streamwaters integrate sources of solutes atweir and streamheadwater
locations.

Diagenetic carbonates include both ankerites and calcites but
these have distinct 87Sr/86Sr ratios and represent different alteration
events. The rate of carbonate propagation exceeds those estimated
for regolith production and erosion and is consistent with the
greater depth inferred for the carbonate weathering front at the
catchment. Sr isotope ratios for silicate fractions of drill core samples
suggest that Ca and Sr release through weathering is likely from
leaching of less radiogenic feldspars and from interlayer and adsorp-
tion sites of clay minerals. Ge/Si ratios from beneath the active
soil zone are low relative to unweathered bedrock, indicating
neoformation of a high Ge/Si phase (probably clay) during shale
weathering.
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