
Introduction
The development of conceptual and mathematical

models of hydrologic and biogeochemical processes in
small watersheds has been largely based on observations
from hillslope soils (Cosby et al. 1985; Reuss and Johnson

1986; Johnson and Lindberg 1992). The importance of hill-
slopes is supported by hydrologic data in which a coinci-
dent response of the water table on hillslopes and
streamflow in the adjacent valley has been observed
(Wheater et al. 1991; Turton et al. 1992). Nevertheless,
recent work has shown little expression of hillslope water
chemistry in stream water, even during rain events (Burns
et al. 2001). Consequently, riparian or near-stream ground
water is hypothesized to be the dominant control of stream
water chemistry in many small watersheds, especially dur-
ing base flow and even during high flow (Bishop et al.
1990; Robson et al. 1992; Peters and Ratcliffe 1998; Burns
et al. 2001). Riparian aquifers serve as reservoirs that can
store ground water for months or years, while sustaining
stream base flow. The rapid rise of potentiometric head in
riparian aquifers in response to rain events causes the
release of a large volume of ground water to the stream,
although the physical mechanism underlying such a rapid
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The principal weathering reactions and their rates in riparian ground water were determined at the Panola Moun-

tain Research Watershed (PMRW) near Atlanta, Georgia. Concentrations of major solutes were measured in ground
water samples from 19 shallow wells completed in the riparian (saprolite) aquifer and in one borehole completed in
granite, and the apparent age of each sample was calculated from chloroflourocarbons and tritium/helium–3 data.
Concentrations of SiO2, Na+, and Ca2+ generally increased downvalley and were highest in the borehole near the
watershed outlet. Strong positive correlations were found between the concentrations of these solutes and the appar-
ent age of ground water that was modern (zero to one year) in the headwaters, six to seven years midway down the
valley, and 26 to 27 years in the borehole, located ~500 m downstream from the headwaters. Mass-balance model-
ing of chemical evolution showed that the downstream changes in ground water chemistry could be largely explained
by weathering of plagioclase to kaolinite, with possible contributions from weathering of K-feldspar, biotite, horn-
blende, and calcite. The in situ rates of weathering reactions were estimated by combining the ground water age dates
with geochemical mass-balance modeling results. The weathering rate was highest for plagioclase (~6.4
µmol/L/year), but could not be easily compared with most other published results for feldspar weathering at PMRW
and elsewhere because the mineral-surface area to which ground water was exposed during geochemical evolution
could not be estimated. However, a preliminary estimate of the mineral-surface area that would have contacted the
ground water to provide the observed solute concentrations suggests that the plagioclase weathering rate calculated
in this study is similar to the rate calculated in a previous study at PMRW, and three to four orders of magnitude
slower than those published in previous laboratory studies of feldspar weathering. An accurate model of the geo-
chemical evolution of riparian ground water is necessary to accurately model the geochemical evolution of stream
water at PMRW.
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rise in head is subject to debate (Jayatilaka and Gillham
1996; Gillham and Jayatilaka 1998; McDonnell and Buttle
1998).

Two recent studies at the Panola Mountain Research
Watershed (PMRW) in the Piedmont region of Georgia
indicated the dominance of riparian ground water rather
than hillslope ground water in that: (1) the chemistry of
riparian ground water differs from that of hillslope ground
water and soil water—an indication that the relative impor-
tance of biogeochemical processes that control the chem-
istry of these waters differ (Hooper et al. 1998), and (2)
riparian ground water, rather than hillslope ground water,
dominates base flow and also forms a large percentage of
stream flow during rainstorms (Burns et al. 2001).Thus, the
development of accurate models of stream water chemistry
at PMRW will require a correct understanding of the prin-
cipal biogeochemical processes and their rates in the ripar-
ian aquifer. 

The concentrations of major solutes in ground water at
a series of riparian-aquifer wells adjacent to the stream at
PMRW were used to develop a mass-balance model of the
principal weathering reactions that affect the chemical evo-
lution of riparian ground water. Chlorofluorocarbon (CFC)
and tritium/helium–3 (3H/3He) tracer data were then used to
calculate the apparent age of each riparian ground water
sample. Strong correlations between the apparent ages and
concentrations of Na+, Ca2+, and SiO2 were then used to
estimate the mean apparent age of stream water. Finally,
geochemical mass-balance modeling results were com-
bined with the apparent ground water ages to calculate rates
of chemical weathering in the riparian aquifer. This method
is similar to an approach previously published by
Rademacher et al. (2001) to calculate weathering rates in
11 springs in the Sierra Nevada Mountains of California.
Linking age-dating techniques with riparian ground water
chemistry to calculate in situ rates of biogeochemical
processes provides an approach that may lead to a new gen-
eration of stream-chemistry models that reflect the central
role and distinct nature of riparian ground water in small
watersheds such as the PMRW.

Study Site
The PMRW (41 ha) is located in the southern Pied-

mont province of Georgia, ~25 km southeast of Atlanta
(Figure 1). The watershed is forested (except for extensive
granite outcrops) by hickory, oak, tulip poplar, and loblolly
pine (Carter 1978), and is underlain by the Panola Granite,
which is intruded into the Clairmont Formation (Higgins et
al. 1988). The Panola Granite is a biotite-oligoclase-quartz-
microcline granite of Mississippian to Pennsylvanian age
(Atkins and Higgins 1980). The Clairmont Formation is a
melange containing variable amounts of amphibolite, gran-
ite gneiss, and other rock types of Ordovician age (Higgins
et al. 1988). The weathering of amphibole minerals such as
hornblende in the Clairmont Formation may provide
greater amounts of Mg2+ to drainage waters than the weath-
ering of Panola Granite. The watershed contains no out-
crops of the Clairmont Formation, but drilling has found
pods and lenses of it in the lower part of the watershed
(Huntington et al. 1993). The upper part of the watershed

contains a 3.6 ha outcrop of Panola Granite, upstream (SW)
of a 10 ha drainage area gage nested within the 41 ha water-
shed (Figure 1).

The primary minerals in the Panola Granite are plagio-
clase feldspar, quartz, microcline/microperthite, biotite,
and muscovite (Grant 1975; Kelly 1987; White et al. 2001).
Much of the Clairmont Formation has similar mineralogy
to that of the Panola Granite, except for the amphibolite
lenses found in bedrock drill cores in the lower part of the
watershed. This amphibolite is dominated by hornblende
and plagioclase feldspar with minor amounts of quartz, epi-
dote, and hematite (Kelly 1987). The plagioclase in the
Panola Granite has a composition of An20–25 (20% to 25%
calcic and 75% to 80% sodic), whereas the plagioclase in
the amphibolite is more calcic, with a mean composition of
An32 (Kelly 1987; White et al. 2001).

The dominant secondary minerals are kaolinite (and
halloysite), hydroxy-interlayered vermiculite, hydrobiotite,
gibbsite, and goethite (Nixon 1981; Shanley 1989; White et
al. 2001). Weathering studies of the surface of the granite
outcrop and of soils indicate that the dissolution of plagio-
clase is the dominant weathering reaction at PMRW (Nixon
1981; White et al. 2001). Plagioclase weathers in the soils
and saprolite to kaolinite; K-feldspar and biotite also show
evidence of weathering to kaolinite (White et al. 2001).
Biotite weathers to vermiculite, as supported by electron
backscatter images and electron microprobe examination of
regolith (White et al. 2001). Biotite weathers more rapidly
than muscovite, as indicated by soil samples that show lit-
tle weathering of the muscovite, but almost complete
removal of biotite (White et al. 2001).

The soils at PMRW are predominantly red, clay-rich
Ultisols formed by weathering of the Panola Granite. These
soils are developed on alluvium and colluvium and grade to
Inceptisols in the colluvium, in recent alluvium, or in
eroded areas (Huntington et al. 1993). Soils are generally
from 0.5 to 1.5 m thick and overlie saprolite of variable
thickness. 
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Figure 1. Locations of streamflow gauges and wells sampled
during March 10–15, 1996, at Panola Mountain Research
Watershed, Georgia.
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The climate at PMRW is classified as humid, subtrop-
ical; mean annual temperature is 16.3oC, and mean annual
precipitation is 1240 mm (National Oceanic and Atmos-
pheric Administration 1991). Streamflow at PMRW has a
strong seasonal pattern, with the highest flow from October
through March, and the lowest flow from April through
September. Evapotranspiration represents ~70% of annual
rainfall in this region of the United States (Carter and Stiles
1983).

Streamflow at PMRW is monitored by compound 90o

v-notch weirs at the outlet of the watershed and upstream at
a site that monitors the southwest quarter of the watershed.
Stream water chemistry from both of these gauges is dis-
cussed in this paper. 

The Panola watershed is notable for the sharp contrast
between the chemistry of riparian ground water, which is
dominated by Na+ and HCO3

–, and the chemistry of hills-
lope ground water, which is dominated by Ca2+ and
SO4

2–(Hooper et al. 1998). The riparian area, which is
underlain by the riparian aquifer, occupies 8% of the 10 ha
watershed, and the average depth to bedrock is 3.57 m,
whereas hillslopes occupy 57% of the watershed, and the
average depth to bedrock is 1.18 m (Zumbuhl 1999; Burns
et al. 2001). The riparian area was assumed to occupy the
stream valley and extend up the hillslopes until the depth to
bedrock was <3 m, similar to previous studies (Burns et al.
2001). 

Methods
Ground water and surface water samples were col-

lected for analysis of major chemical constituents, and CFC
and 3H/3He tracers. A geochemical mass-balance model
was used to describe the principal chemical weathering
reactions that influence the geochemical evolution of ripar-
ian ground water.

Field Procedures 
Ground water and stream water samples were col-

lected for chemical, CFC, and 3H/3He analyses at base flow
conditions during March 10–15, 1996. Samples for chemi-
cal analysis were collected in 250 mL polyethylene bottles.
Stream water was collected with a peristaltic pump at the
two gauges. Ground water was collected from 19 wells and
a borehole (Figure 1) by either a Bennett or peristaltic
pump. The pH of each ground water sample was measured
with an electrode and pH meter in the field. All wells were
purged to flush at least three well volumes prior to sam-
pling. The Bennett pump was fitted with nylon and copper
discharge lines, and the peristaltic pump was fitted with a
copper line to minimize contamination of samples for CFC
analysis. Samples for CFC analysis were collected by a sys-
tem that eliminates air-water contact during sampling
(Busenberg and Plummer 1992). Water samples were
flame sealed into borosilicate glass ampoules without
allowing air contact. Samples for 3H analysis were col-
lected in 500 mL polyethylene bottles, and samples for
helium and neon analysis were collected under back pres-
sure in 10 mm O.D. copper tubes with pinch-off clamps.

Most wells consist of 51 mm O.D. PVC casing with
screen lengths that range from 0.3 to 1.52 m; well 150 (Fig-

ure 1) consists of 101.6 mm OD PVC pipe that extends
from the surface to bedrock, below which is an open bore-
hole to a depth of 19.8 m below the surface. The depth of
the midpoint of the well screens range from 1.13 to 4.27 m.
Most wells are completed in saprolite; well 150 is com-
pleted in Panola Granite. Some wells in the 300 and 600
series (322, 323, 324, 671.261, and 671.373) are nested,
each with short screen lengths of 0.3 m to allow study of
changes of ground water age and chemistry with depth. 

Laboratory Procedures
Ground water and stream water samples for chemical

analysis were passed through 0.45 µm cellulose acetate fil-
ters. A sample aliquot was acidified to a pH < 2 with con-
centrated HNO3 prior to analysis for base cations and silica.
All samples were stored at room temperature prior to analy-
sis of Ca2+, Mg2+, Na+, K+, Sr2+, and SiO2 concentrations by
direct-current plasma emission spectroscopy, Cl– and SO4

2–

concentrations by ion chromatography, and alkalinities by
Gran titration. The pH of each stream sample was deter-
mined with an electrode and pH meter. The relative preci-
sion of duplicate samples (10% of samples analyzed) was
±5% for base cation and SiO2 concentrations and ±3% for
Cl– concentrations, based on analyses during the year prior
to and including the analysis dates for this study. Five
ampoules were collected at each well and sealed in the field,
and three of these were analyzed for CFCs (CFC–11,
CFC–12, CFC–113) by purge-and-trap gas chromatography
according to methods described by Busenberg and Plummer
(1992). The reported concentration for each CFC species is
the mean of three analyses. Samples were also analyzed for
O2, N2, Ar, CO2, and CH4 by gas chromatography. 

Henry’s law and solubility data (Warner and Weiss
1985; Bu and Warner 1995) were used to convert the mea-
sured CFC concentrations in water to the gas partial pres-
sures (in parts per trillion by volume, pptv) that would be in
air in equilibrium with each sample at the recharge temper-
ature determined from the N2–Ar data (Heaton 1981;
Heaton and Vogel 1981). The recharge date was deter-
mined by comparing the derived CFC partial pressures to
the historical CFC concentrations in North American air
(Plummer and Busenberg 2000; http://water.usgs.gov/
lab/cfc). The apparent age is simply the difference between
sample date and recharge date. Four air samples were col-
lected during the sampling period, and their CFC concen-
trations were close to that of North American clean air for
1996, except for CFC–11 concentrations that were slightly
higher, possibly due to local contamination from the sur-
rounding Atlanta metropolitan area. Most of the recharge
temperature values range from 8° to 14oC, considerably
lower than the mean annual air temperature of 16.3oC, sug-
gesting that most ground water recharge at PMRW occurs
during winter. Many of the ground water temperature mea-
surements also fell within the 8° to 14oC range (Table 1).

Ground water samples for 3H were analyzed at the
Lamont-Doherty Earth Observatory Noble Gas Laboratory.
Water samples were degassed quantitatively using a vac-
uum-extraction system. Helium and neon were purified and
separated from each other by a cryogenic cold trap in the
inlet system of the dedicated helium isotope mass spec-
trometer. The 4He concentrations and 3He/4He ratios were
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measured in a separate mass spectrometer from neon,
which was measured in a quadropole mass spectrometer.
Details of the analytical procedures used for the helium iso-
tope measurements are given in Ludin et al. (1997). Preci-
sion of the 4He data is ±0.2 to 0.5%, that of the 3He/4He
data is ±0.2 to 1%, and that of the neon data is ±0.5%.
Greater scatter in the 4He and neon concentrations can
result from small air bubbles trapped in the copper tubes
during sample collection. 

Age dating with 3H/3He is done by calculating the
amount of 3He produced by the decay of 3H since the water
became isolated from the atmosphere (Clarke et al. 1976;
Schlosser et al. 1988, 1989; Schlosser 1992). Details of the
method for calculating tritiogenic 3He are provided in
Schlosser et al. (1989) and Solomon and Cook (2000).
Most samples contained negligible amounts of helium from
terrigenic sources, and an uncorrected 3H/3He age was
reported. Four samples contained terrigenic helium and
were corrected by assuming a radiogenic source, R = 2 ×
10–8. This correction for terrigenic helium was significant
only in samples from two wells (150 and 418). If dispersion
is assumed negligible, then the age of a sample since it
became isolated from the atmosphere can be calculated
from the following equation:

τ = T1/2/ln 2 (1 + 3Hetri/
3H) (1)

where τ is the 3H/3He age in years, 3Hetri is the tritiogenic
3He concentration in TU, 3H is the tritium concentration in
TU, and T1/2 is the 3H half-life. 

Modeling
Ground water and stream water samples were evalu-

ated with NETPATH, a geochemical mass-balance model
(Plummer et al. 1994), to determine whether unique com-
binations of chemical-weathering reactions could produce
the measured changes in the concentrations of selected con-
stituents. NETPATH reports every possible combination of
specified geochemical reactions (called models here) that
satisfy the constraints (chemical elements that must achieve
mass balance) and plausible phases (minerals or other
sources that may dissolve or precipitate). NETPATH alone
cannot distinguish whether one model is more likely than
another; thus, in the absence of additional information, all
models must be considered equally likely. Samples were
first corrected for evaporative concentration of chemical
constituents based on the assumption that increases in Cl–

concentrations were entirely due to evapotranspiration; a
similar assumption was made in an earlier study at PMRW
(Peters and Ratcliffe 1998). The following phases were
considered for possible dissolution: biotite, orthoclase
feldspar, plagioclase feldspar (An23 and An32), calcite,
hornblende, and organic matter (CH2O). The value of An23
for plagioclase is the mean composition reported in a recent
weathering study at PMRW (White et al. 2001), and An32
is the mean value of the plagioclase in the amphibolite
(Kelly 1987). Silica in the form of SiO2 was considered for
possible dissolution or precipitation within the riparian
aquifer. Kaolinite, vermiculite, and CO2 gas were consid-
ered for possible formation within the riparian aquifer. The
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Table 1
Water-Sampling Dates, Well Depths, Water Temperature, and Concentrations of Selected

Dissolved Constituents in Samples from Wells and Stream Sites at Panola Mountain Research
Watershed, Georgia, March 10–15, 1996

Well Water Concentrations (mg/L)
Sampling Depth Temp.
Site Date (m) (°C) Ca2+ Mg2+ Na+ K+ Sr2+ Cl– SO4

2– SiO2 pH (HCO3
–)

Wells
130 3/11/96 1.4 16.5 1.07 0.59 2.93 0.61 0.012 1.39 1.41 14.8 6.29 11.8
150 3/11/96 19.8 15.4 5.12 0.84 7.37 1.33 0.043 2.10 0.74 38.1 6.20 35.5
285 3/15/96 3.6 16.1 0.39 0.96 0.66 2.12 0.009 1.33 4.95 4.2 5.26 4.7
316 3/12/96 1.6 13.5 1.74 0.90 2.02 0.77 0.011 1.61 2.83 10.6 6.08 10.8
322 3/11/96 1.1 8.5 1.18 0.73 1.82 1.00 0.009 1.65 3.76 8.4 6.51 6.7
323 3/12/96 1.4 9.8 2.08 1.16 2.72 0.73 0.013 1.63 1.20 14.6 5.95 18.5
324 3/12/96 1.7 10.9 2.10 1.16 2.86 0.68 0.013 1.63 0.99 15.8 6.01 17.2
418 3/12/96 0.9 13.3 2.27 0.80 4.07 1.03 0.017 1.82 0.37 20.9 5.15 19.6
441 3/15/96 3.4 14.4 0.88 0.57 1.48 1.21 0.011 1.89 1.16 7.6 5.68 7.5
479 3/15/96 3.4 14.1 0.11 0.30 1.92 0.67 0.003 2.39 <0.5 10.1 5.17 5.7
640 3/12/96 2.9 12.0 0.81 0.25 1.79 0.30 0.007 1.28 2.58 7.9 5.35 4.3
671.261 3/14/96 2.6 15.8 0.84 0.28 1.86 0.46 0.006 1.31 2.44 8.8 5.17 4.7
671.373 3/14/96 3.7 19.5 0.83 0.28 1.97 0.38 0.007 1.29 2.32 8.8 5.37 6.9
690 3/13/96 2.1 12.6 0.84 0.30 1.55 0.41 0.008 1.27 3.20 6.7 6.02 2.9
691 3/13/96 4.3 12.4 0.91 0.34 1.71 0.39 0.009 1.30 2.81 8.4 5.36 3.8
696 3/13/96 3.4 12.2 0.86 0.30 1.43 0.38 0.008 1.10 3.55 6.3 5.20 2.0
737 3/13/96 1.1 17.2 0.43 0.16 0.81 0.12 0.006 0.86 5.40 3.9 4.35 0.0
760 3/13/96 1.7 15.2 0.53 0.26 1.07 0.16 0.007 1.19 4.82 4.4 5.09 1.6
801 3/14/96 3.3 12.2 0.71 0.46 2.35 0.50 0.008 1.66 3.69 9.7 5.08 4.4
821 3/14/96 na 12.0 0.55 0.74 1.09 1.05 0.007 1.47 4.03 5.5 5.11 3.5

Stream Sites 
100 (41 ha gauge) 3/11/96 11.8 1.12 0.54 2.14 0.80 0.010 1.48 1.81 10.7 6.30 7.9
100 3/15/96 14.3 1.14 0.57 2.23 0.83 0.009 1.59 1.57 11.2 6.30 8.9
601 (10 ha gauge) 3/12/96 12.0 0.79 0.28 1.60 0.37 na 1.16 7.47 7.17 6.43 1.0

na – data not available 
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selection of these phases was based on previously reported
mineralogical data from PMRW (Grant 1975; Nixon 1981;
Kelly 1987; Shanley 1989; White et al. 2001). The con-
straints used to achieve mass balance included: calcium,
magnesium, sodium, potassium, silicon, carbon, aluminum,
chlorine, and redox state. The redox constraint assures that
electrons are conserved in oxidation–reduction reactions.
Only models that included formation of kaolinite were con-
sidered because kaolinite is the principal secondary mineral
that forms through chemical weathering at PMRW.

Results and Discussion
This section discusses the ground water and surface

water chemistry results, CFC and 3H/3He analyses for
ground water age dating, results of the mass-balance mod-
eling, calculation of chemical-weathering rates within the
riparian aquifer, and presents a conceptual model of ground
water flow and geochemical evolution.

Ground Water and Surface Water Chemistry
Concentrations of base cations, Cl–, and SiO2 in

ground water generally increased downstream from the
headwaters area to the gauge at the watershed outlet. The
variability in ground water chemistry from well to well and
with depth results from local variation in the geochemical
and hydraulic factors that affect rates of chemical weather-
ing and ground water transport. The highest concentrations
were generally at the deepest well (150), which is nearest
the outlet (Table 1). Concentrations of base cations and
SiO2 increased between fivefold and more than tenfold
from the headwaters to the outlet, whereas Cl– concentra-
tions increased only about twofold. This difference is
because base cation and SiO2 concentrations increased
through dissolution of aquifer minerals, whereas Cl– con-
centrations increased mainly through evapotranspiration of
ground water (little Cl– is present in aquifer minerals).
Solute concentrations in stream water at the outlet gauge
were similar to those at many of the 300- and 400-series
wells, midway down the watershed (see locations in Figure
1), whereas solute concentrations at the 10 ha gauge were
similar to those of many of the 700- and 800-series wells,
near the headwaters (Table 1).

Apparent Age of Ground Water
The apparent age of ground water at some wells dif-

fered depending on whether the age was derived from
CFC–11, CFC–12, CFC–113, or 3H/3He (Tables 2 and 3).
This discrepancy among the results of the age-dating meth-
ods in some instances was greater than an order of magni-
tude. Apparent age differences among the three CFC
species in many wells were probably due to differential
microbial degradation. Three of the 300-series wells (322,
323, and 324) had measurable concentrations of CH4
accompanied by little or no (<0.1 mg/L) dissolved O2.
Eight other wells had concentrations of <5.0 mg/L dis-
solved O2, suggesting some exposure to anaerobic condi-
tions during transport (Table 4). Microbial degradation of
CFCs has been demonstrated in natural environments and
in laboratory experiments with natural materials, largely
under anaerobic conditions (Lovley and Woodward 1992;

Sonier et al. 1994; Deipser and Stegmann 1997). All three
CFC species are potentially susceptible to microbial degra-
dation, but CFC–11 is generally the most easily degraded
(Oster et al. 1996; Plummer and Busenberg 2000).
CFC–113 can adsorb to organic matter in soils and shallow
ground water (Cook et al. 1995; Plummer and Busenberg
2000).

Concentrations of 3H and 3He are not susceptible to
microbial degradation, but are affected by excess terrigenic
helium or gas exchange at the water table. The effects of
these processes on 3H/3He probably were minor compared
to the effects of microbial degradation on CFCs, however;
therefore, 3H/3He-based age dates were compared with the
CFC-based ages to assess which CFC ages were reliable.
Results revealed that most of the CFC–11 and
CFC–113–based apparent ages were biased high relative to
those based on 3H/3He (Figure 2). Most CFC–12–based
ages fell closer to the 1:1 line in Figure 2 than the CFC–11
and CFC–113–based ages, but were still biased high for
wells 322, 323, and 324, that contain dissolved CH4. Thus,
all three CFC compounds became degraded by microbial
processes in samples from methanogenic environments at
PMRW. The apparent ages derived from CFC–12 agreed
fairly well with those derived from 3H/3He for aerobic sam-
ples except for the sample from well 737, which was biased
high for CFC–12. This sample had a low dissolved O2 con-
centration of 2.6 mg/L, however (Table 4), and some of the
CFC–12 in this sample may have been lost through sorp-
tion to soil organic matter, or in localized anaerobic zones
in the soil or aquifer. Alternatively, the 3H/3He-based age
could have been too young due to gas exchange at the water
table; this would affect CFCs as well, although to a lesser
extent (Plummer et al. 2001). 

The 3H/3He and CFC–12–based apparent ages in aero-
bic samples were assumed sufficiently reliable to use in
additional analyses in this study, whereas the CFC–11 and
CFC–113–based apparent ages were considered unreliable,
and are not discussed further, nor were they used in any
additional analyses in this study. 

The apparent ages range from modern (≅0) to ~1.5
years for upstream wells (600, 700, and 800 series) to 26–27
years downstream at well 150 (Tables 2 and 3). Apparent
ground water ages midway down the stream valley were
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Figure 2. CFC- and 3H/3He-based apparent ages of ground
water at Panola Mountain Research Watershed, Georgia. 
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close to 0 at wells 441 and 479, 6 to 7 years at wells 323 and
324, and 10 to 11 years at well 418. These results suggest a
general downstream increase in age. The apparent ages of
ground water in wells 323 and 324 suggest that age also
increases with depth in the riparian aquifer, and the data
from well 150 (19.8 m deep) suggest that ground water that
passes through fractures at depth in the granite is older than
ground water in the overlying saprolite. 

Relation of Apparent Age to Ground Water Chemistry
Strong positive correlations (r2 = 0.87–0.90, p < 0.001,

linear regression) were found between the apparent age of
riparian ground water and SiO2, Na+, and Ca2+ concentra-
tions (Figure 3). Strontium concentrations were also
strongly related (p < 0.001) to the apparent age of riparian
ground water, presumably reflecting a source from the
weathering of plagioclase feldspar (relation not shown).
The concentrations of Mg2+ were not strongly correlated
with apparent ground water ages, which may reflect irreg-
ular contact during geochemical evolution with pods or
lenses of amphibolite containing abundant hornblende and
biotite. These correlations are consistent with (1) findings
of a previous study at PMRW, wherein concentrations of
these constituents increased with depth during vertical

movement through the regolith on a ridgetop site (Stone-
strom et al. 1998), (2) data from a recent study of springs of
varying ages in terrain containing granodiorite and andesite
in the Sierra Nevada (Rademacher et al. 2001), and (3) data
from wells in fractured siliciclastics in the Valley and
Ridge Province, Pennsylvania (Burton et al. 2002). These
correlations at PMRW appear to be strongly leveraged by
the data from well 150, but if these data are removed from
the regression relations, the correlations for all three con-
stituents remain highly significant (p < 0.01). The y-inter-
cepts of these linear regression relations are 6.5 mg/L for
SiO2, 0.6 mg/L for Ca2+, and 1.4 mg/L for Na+, and can be
inferred as mean values for recharge to the riparian aquifer. 

The strong linear correlation between apparent age and
the concentrations of these three solutes was used to esti-
mate the mean age of base flow at the upper and down-
stream gauges. The mean ages range from 0.5 to 1.2 years
for stream water at the upper gauge to 3.2 to 4.1 years at the
downstream gauge, if piston flow and a constant rate of dis-
solution is assumed. Calculation of a mean age of base flow
from these apparent age-solute relations is an approxima-
tion, however, because the age-frequency distribution of
ground water discharging to the stream is unknown. For
example, if ground water ages in a well-mixed reservoir are
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Table  2
CFC Concentrations, Calculated Atmospheric Mixing Ratios, and Apparent Ages of Ground Water

and Surface Water at Panola Mountain Research Watershed, Georgia,
March 1996, as Calculated from CFC Analyses 

CFC Concentration* Calculated Atmospheric Mixing Ratio Apparent CFC-Derived Age**

Sampling (pg/kg) (parts per trillion by volume) (years)

Site CFC-11 CFC-12 CFC-113 CFC-11 CFC- 12 CFC-113 CFC-11 CFC-12 CFC-113

Wells
130 251.9 216.9 40.1 120.5 439.9 47.8 21.0 8.7 10.7
150 127.8 72.7 5.4 54.8 133.8 5.7 26.9 26.0 26.7
285 678.2 374.1 101.7 216.3 528.2 77.0 11.0 2.2 6.2
316 284.3 299.5 44.7 99.2 458.0 37.4 22.7 8.0 12.4
322 32.8 280.2 2.3 10.9 411.8 1.8 36.5 10.2 >36.4
323 4.1 128.0 0.0 1.3 176.2 0.0 44.5 23.7 >41.2
324 2.8 118.8 0.0 0.9 164.4 0.0 45.4 24.2 >41.2
418 263.5 203.8 24.2 118.8 392.1 26.9 21.2 11.4 15.2
441 539.4 312.0 61.2 216.4 540.5 59.8 11.2 0.7 9.0
479 596.1 348.7 79.5 235.4 595.7 76.4 9.5 0.0 6.2
640 665.5 324.1 76.4 266.9 561.5 74.7 4.6 0.0 6.7
671.261 634.4 324.0 69.5 258.4 569.2 69.1 7.5 0.0 7.5
671.373 659.9 318.7 74.5 275.9 572.9 76.3 0.0 0.0 4.6
690 669.9 326.2 73.9 261.7 552.1 70.2 7.0 0.0 7.2
691 800.8 336.1 73.2 307.9 560.7 68.3 0.0 0.0 7.5
696 756.4 346.6 82.3 286.3 570.1 75.4 0.0 0.0 6.5
737 356.3 364.9 53.4 110.4 502.1 39.2 21.9 4.9 2.4
760 2624.1 346.3 81.4 915.3 529.6 68.1 0.0 1.9 7.5
801 618.9 329.7 77.0 217.1 506.7 64.8 11.0 4.7 8.2
821 810.9 372.4 83.1 276.7 558.4 67.8 0.0 0.0 7.7

Stream sites
100 641.5 314.3 85.5 262.7 554.7 85.6 7.0 0.0 2.1
100 571.3 284.9 73.3 253.9 540.9 80.4 8.0 0.0 4.7

*Concentrations are mean values based on measurement of three replicate samples.
**Recharge temperatures for apparent-age calculations are given in Table 4. The most likely apparent ages for each sample are in boldface type;

all other apparent ages are probably biased high through CFC degradation. 
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exponentially distributed (Maloszewski et al. 1992; Cook
and Bohlke 2000), then the mean residence times of ground
water discharging to the stream are 1.5 years at the upper
gauge and 4.5 years at the downstream gauge. A recently
published study suggests that a fractal model that is more
complex than the exponential model is needed to describe
the age distribution of stream water in small catchments
(Kirchner et al. 2001); nevertheless, these values provide
some estimates for the mean age of stream water. 

Mass-Balance Modeling Results
Two scenarios of chemical evolution were examined.

One represented ground water flowing along the entire val-
ley length (~500 m) from the upstream wells to well 150,
and the other represented flow from the upstream wells to
the 300-series wells. The first scenario represents the great-
est time for geochemical evolution that was measured in the
riparian aquifer and bedrock, and the second potentially
represents a different pathway of evolution because of the
high Mg2+ concentrations per unit age in this part of the

aquifer. The concentrations of dissolved solutes at the
upstream wells were obtained from mean values of the 10
samples from the 600-, 700-, and 800-series wells, and the
concentrations at the 300-series wells were obtained from
the mean values of samples from three of those wells (316,
323, and 324).

Geochemical Evolution from the
Upstream Wells to Well 150

NETPATH found eight models that produced mass
balance and included the plausible phases that might dis-
solve or precipitate (Table 5). In all eight models, the prin-
cipal weathering reaction was the dissolution of plagioclase
feldspar and the formation of kaolinite; this is consistent
with the findings of previous weathering studies at PMRW
(Nixon 1981; Stonestrom et al. 1998; White et al. 2001).
The dissolution of K-feldspar was present in five of eight
models, and was the second most dominant dissolution
reaction in two of those models; this is also consistent with
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Table 3
3H/3He Data and Calculated Ages of Ground Water at Panola Mountain Research Watershed, Georgia,

March 1996

N2–Ar HeTerr
Recharge 4He Ne (% of 3H+3He* Final 3H/He-

Temp. 3H ± (1σ) δ3He (cc STP/g ∆4He (cc STP/g ∆Ne Total (Tritium Derived Age
Well (°C) (TU) (%) ! 10–8) (%) ! 10–7) (%) He) Units) (Years)

150 13.6 14.3 (0.3) 34.22 11.47 157.6 2.44 28.5 47.6 66.4 27.6
150 13.6 14.4 (0.5) 35.52 11.45 157.2 2.47 30.2 46.7 66.7 27.5
322 9.0 19.2 (0.7) –1.79 5.37 18.2 2.36 19.1 –4.9 17.7 –0.1
322 9.0 19.2 (0.7) –1.86 5.42 19.5 2.37 19.7 –4.4 17.8 –0.1
323 7.6 16.9 (0.7) 20.33 5.49 20.3 2.38 18.4 –2.6 22.8 6.0
324 7.8 15.5 (0.6) 22.31 5.54 21.4 2.37 18.3 –1.5 22.4 6.9
324 7.8 15.5 (0.5) 24.77 5.53 21.2 2.37 18.1 –1.4 23.1 7.5
418 14.7 21.9 (0.8) 37.31 6.11 37.8 2.19 16.7 12.7 39.2 10.5
441 12.4 10.6 (0.5) 1.12 5.53 23.5 2.34 21.8 –2.7 10.5 1.3
441 12.4 10.6 (0.5) 1.38 5.47 22.3 2.34 22.0 –4.0 10.2 1.4
479 12.0 11.4 (0.2) –0.42 6.25 39.4 2.61 35.6 –3.3 10.6 0.4
479 12.0 10.2 (0.5) 0.53 6.09 36.0 2.49 29.0 0.0 10.8 1.0
640 12.4 10.0 (0.5) –0.34 6.17 38.0 2.51 31.0 –0.2 10.2 0.5
640 12.4 10.2 (0.2) -0.57 6.21 38.9 2.50 30.3 1.0 10.8 1.0
671.261 12.7 10.5 (0.5) –1.71 7.12 59.3 2.86 49.5 –1.1 9.8 –0.4
690 11.9 9.9 (0.2) –2.18 5.66 26.3 2.33 20.8 0.4 9.8 –0.3
690 11.9 10.6 (0.5) –1.45 5.80 29.5 2.44 26.8 –2.8 9.7 –0.1
691 11.6 10.3 (0.5) –0.48 5.74 28.0 2.40 24.3 –1.7 10.0 0.5
691 11.6 9.1 (0.2) –1.18 6.06 34.9 2.40 24.2 3.6 10.3 2.3
696 11.3 11.1 (0.5) –2.01 5.01 11.5 2.17 12.0 –3.0 10.1 –0.2
737 7.7 8.1 (0.5) –2.28 5.68 24.3 2.47 23.2 –4.1 6.5 –0.6
801 9.9 10.8 (0.7) –1.70 5.43 20.2 2.29 16.6 –0.5 10.6 –0.1

Samples were not collected from wells 130, 285, 316, 671.373, 760, and 821.
Mean ages of duplicate samples were used in all other figures and calculations.
Recharge elevation was assumed to be 230 m above sea level. 
∆4He and ∆Ne are 4He and Ne concentrations in excess of solubility equilibrium, reported in percent of solubility equilibrium.
3H+3He* is initial tritium expressed as 3H + tritiogenic 3He, reported in TU.
Final 3H/3He age was corrected for terrigenic helium, R = 2 !10–8 , if 4HeTerr > 0% of 4He total. 
Progagation of analytical precision leads to uncertainties of ± 0.2 years in the final age
STP, standard temperature and pressure
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the results of previous weathering studies at PMRW (Ston-
estrom et al. 1998; White et al. 2001). 

In addition to feldspar weathering, five of the models
include dissolution of biotite, and four include dissolution
of hornblende, primarily to satisfy mass-balance constraints
for Mg2+. Biotite weathering has been identified as a slow
but measurable process in the regolith at PMRW; thus,
models that include biotite weathering are consistent with
previous results in the watershed (White et al. 2002). Dis-
solution of hornblende is supported by results from a study
in the nearby southern Blue Ridge, in which weathering of
biotite and hornblende were necessary to explain the geo-
chemical evolution of stream water in a watershed under-
lain by amphibolite, similar to that at PMRW (Velbel
1992). The present study ascribes only a minor role to
amphibolite weathering, however, because most of the
watershed is underlain by granite. 

Three of the models also include the dissolution of cal-
cite; this is consistent with the results of laboratory dissolu-
tion experiments that found initial dissolution of calcite in
freshly exposed Panola Granite (White et al. 1999). The
mass-balance modeling results suggest that ground water
may have some contact with fresh granite from which cal-
cite dissolves. Alternatively, calcite may have formed in the
past from plagioclase weathering in the granite, and is now
being dissolved.
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Table 4 
Dissolved Gas Concentrations, Recharge Temperatures, and Excess Air in Ground Water

and Surface Water Samples from Panola Mountain Research Watershed, Georgia, March 1996

Excess Air 
Concentration (mg/L) Recharge (cc STP/L)

Elevation
(m Above

Well N2 Ar O2 CO2 CH4 Sea Level) (°C) N2-Ar Ne

130 15.13 0.5776 4.45 45.18 0.000 230 15.8 –0.6 nd
150 19.42 0.6675 6.83 40.50 0.000 230 13.6 3.1 3.1
285 20.87 0.7411 6.55 42.12 0.000 230 8.1 2.5 nd
316 19.06 0.6949 2.62 20.78 0.000 230 9.7 1.3 nd
322 20.32 0.7235 0.07 17.80 0.046 230 9.0 2.3 2.1
323 20.27 0.7358 0.02 34.72 0.643 230 7.6 1.6 2.0
324 20.00 0.7297 0.07 37.25 0.623 230 7.8 1.4 2.0
418 17.52 0.6269 0.34 56.61 0.000 230 14.7 1.5 1.7
441 19.20 0.6740 4.17 46.17 0.002 230 12.4 2.4 2.3
640 19.74 0.6830 4.71 36.12 0.000 30 12.4 3.0 3.2
671.261 19.16 0.6703 6.64 38.47 0.000 230 12.7 2.5 5.2*
671.373 17.59 0.6397 7.15 31.55 0.000 230 13.2 1.1 nd
690 18.95 0.6734 3.68 28.54 0.000 230 11.9 2.0 2.5
691 19.49 0.6855 3.63 32.15 0.000 230 11.6 2.4 2.6
696 18.36 0.6693 5.14 19.75 0.000 230 11.3 1.2 1.3
737 21.04 0.7486 2.62 37.92 0.000 230 7.7 2.4 2.6
760 18.99 0.6929 7.76 25.58 0.000 230 9.8 1.2 nd
801 18.87 0.6903 8.15 47.72 0.000 230 9.9 1.1 1.8
821 18.02 0.6801 7.47 35.63 0.000 230 9.4 0.1 nd

*Probable air leak
Data were not available for well 479
nd - not detected

Figure 3. Concentrations of SiO2, Ca2+, Na+, and Mg2+ in
ground water at Panola Mountain Research Watershed, Geor-
gia, as a function of apparent age calculated from CFC–12 and
3H/3He data. The graphs of SiO2, Ca2+, and Na+ concentrations
contain a best-fit linear regression line fit to all data. 
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Geochemical Evolution from the
Upstream Wells to the 300-Series Wells 

Model results for geochemical evolution from the
upstream wells to the 300 series are similar to those for
evolution to well 150, except that a greater role was found
for the weathering of biotite and hornblende in this scenario
(Table 5). A sharp rise in Mg2+ concentrations in stream
water—an indication of amphibolite weathering—has been
noted in the area near the 300-series wells (N.E. Peters,
unpublished data). Ground water samples from the 300-
series wells also have greater Mg2+ concentrations for their
apparent ages than ground water from wells 130 or 150 far-
ther downstream (Figure 3d). All four models that describe
geochemical evolution of ground water at the 300-series
wells include weathering of biotite and hornblende. The
amount of hornblende weathering in these models repre-
sents a greater proportion of the total weathering than was
observed in the mass-balance models for evolution to well
150. Only one model includes the dissolution of K-
feldspar, an indication of less weathering of this mineral in
the upstream part of the aquifer than farther downstream.
The reason for this difference is unknown; however, cation-
exchange reactions or biological uptake may have

decreased K+ concentrations in the upstream part of the
aquifer, which would result in less apparent weathering of
K-feldspar. 

One of the models includes the weathering of the more
calcic of the modeled plagioclase (An32) during geochemi-
cal evolution from the upper wells to the 300-series wells;
weathering of An32 is also supported by a shift of the
sodium/calcium molar ratio from ~3.8, typical of weather-
ing of plagioclase with a composition of An20–25, to a value
of ~2.3, close to that expected by weathering of An32. As
stated previously, however, a range of plagioclase compo-
sitions may be present in the watershed, and additionally,
the weathering of calcite or cation exchange may have
affected Ca2+ concentrations to produce a similar shift in
the sodium/calcium ratio.

Chemical Weathering Rates
Chemical weathering rates in mass per liter of ground

water were calculated for the same two scenarios of geo-
chemical evolution discussed previously: (1) upper wells to
well 150, and (2) upper wells to 300-series wells. The
elapsed time used in these weathering rate calculations
based on the apparent age differences obtained by CFC–12
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Table 5 
Range in Amount of Selected Phases That Would Have to Dissolve (+) or Precipitate (–) per Liter

of Ground Water to Balance the Observed Increases in Concentrations of Seven Dissolved Constituents
and Redox State in the Riparian Aquifer at Panola Mountain Research Watershed, March 1996,

as Calculated for Two Scenarios of Geochemical Evolution

Number of Models That Range in Amount Dissolved
Phase Include Phase or Precipated, in µmol/L* Ground Water

Scenario 1 – Upstream Wells to Well 150 Total Models = 8

Plagioclase (An23) 8 +1.9 to +166.8
Kaolinite 8 –105.6 to –127.0
Organic matter 8 +52.5 to +69.2
Carbon dioxide gas 8 –23.3 to –49.2
Silica 8 –5.4 to –53.9
Biotite 5 +4.6 to +12.3
K-feldspar 5 +5.2 to +10.9
Hornblende 4 +6.9 to +21.9
Vermiculite 4 –2.9 to –11.1
Calcite 3 +14.5 to +21.5
Plagioclase (An32) 3 +124.0 to +184.2

Scenario 2 – Upstream Wells to 300-Series Wells Total Models = 4

Plagioclase (An23) 4 +22.7 to +23.9
Kaolinite 4 –24.0 to –24.1
Biotite 4 +3.8 to +3.9
Carbon dioxide gas 4 –256.4 to –256.6
Hornblende 4 +14.7 to +14.8
Organic matter 4 +207.4 to +207.5
Silica 4 –19.7 to –20.1
Calcite 1 +0.1
K-feldspar 1 +0.1
Plagioclase (An32) 1 +1.3
Vermiculite 1 –0.1

Calculations were done with the NETPATH model.
*Concentrations of all constituents were adjusted on assumption that the increase in Cl– concentration was due to evaporation. 
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and 3H/3He age-dating techniques was 26 years for scenario
1, and 6.5 years for scenario 2.

The greatest weathering rates were those for plagio-
clase feldspar—6.3 to 7.2 µmol/L/year for scenario 1, and
3.7 µmol/L/year for scenario 2 (Table 6). The higher rates
obtained for scenario 1 may reflect the inclusion of well
150, which is finished in granite. Thus, at least some part of
the transit time was in bedrock fractures, where weathering
rates may be more rapid than in the saprolite in which the
other wells are finished. The weathering rates obtained for
these two scenarios are consistent with those measured by
Rademacher et al. (2001) in springs of the Sierra Nevada
(3.6 to 11.6 µmol/L/year) through a method similar to the
one employed in this study. 

The mineral whose weathering rate varied most widely
was K-feldspar—from 0.015 µmol/L/year in scenario 2 to
0.42 µmol/L/year in one of the models of scenario 1 (Table
6). In general, the weathering rate of K-feldspar was 10 to
30 times lower than that of plagioclase, and K-feldspar
weathering was present in only six of the 12 possible mod-
els provided by NETPATH. In contrast, the weathering rate
of K-feldspar calculated at PMRW by White et al. (2001)
was only two to three times lower than the rate for plagio-
clase weathering.

The weathering rates of the mafic minerals in both sce-
narios ranged from 0.27 to 2.3 µmol/L/year for hornblende
and 0.18 to 0.60 µmol/L/year for biotite (Table 6). The
weathering rate for hornblende is similar to the values of
0.6 to 1.8 µmol/L/year reported by Rademacher et al.
(2001) for the Sierra Nevada. The weathering rate calcu-
lated for biotite during the current study is consistent with
a previously calculated weathering rate for biotite at
PMRW that is approximately one order of magnitude less
than that of plagioclase (White et al. 2002).

To compare the chemical weathering rates calculated
in this study with most of those reported in the literature
(with the exception of Rademacher et al. 2001), data on the
mineral-surface area are required. The units of dissolution
rate (µmol/L/year) used in this study were adopted because

the riparian aquifer is unconfined; even if estimates of the
porosity, mineral-surface area, bulk density, and dimen-
sions of the riparian aquifer were used, the mineral-surface
area with which ground water has been in contact before
entering this aquifer laterally from the adjacent hillslopes is
unknown.

Alternatively, the in situ weathering rate for plagio-
clase at PMRW calculated by White et al. (2001) can be
used to estimate the amount of mineral-surface area to
which water had to have been exposed to yield the rates
obtained in this study. The plagioclase-weathering rate cal-
culated by White et al. (2001) for saprolite at a ridgetop site
at PMRW is 8.8 × 10–3 µmol/m2/year. Using a plagioclase-
weathering rate of 6.4 µmol/L/year from this study indi-
cates that 1 L of riparian ground water would have had to
contact ~730 m2 of plagioclase surface area in a year for the
two rates to be equivalent. Assuming the specific surface
area of weathered feldspars in granites is 1 m2/g and that
saprolite at a depth of ~2 m is 15% plagioclase (White et al.
2001), ground water would have to contact ~4900 g of
saprolite. If a bulk density of 1.4 g/cm3 is assumed (value
at 1.85 m depth in saprolite, Stonestrom et al. 1998), this
liter of ground water would have to contact ~3500 cm3 of
aquifer material during the year to equal the weathering rate
obtained by White et al. (2001). One liter of ground water
within the Panola riparian aquifer (porosity ~0.5, Stone-
strom et al. 1998) occupies 2000 cm3 (12.5 cm × 12.5 cm ×
12.5 cm). If the saturated hydraulic conductivity of the
riparian aquifer is 8.8 × 10–6 cm/sec (reported for a depth of
1.85 m at a ridgetop site in saprolite at PMRW by Stone-
strom et al. 1998), the liter of water would move ~22
cm/year on a 4% gradient (slope of the riparian aquifer sur-
face) according to Darcy’s law. This is equivalent to ~3400
cm3 of aquifer material for 1 L of water that passes through
a volume of 12.5 cm × 12.5 cm × 22 cm in one year. This
estimate of 3400 cm3 is essentially equivalent to the 3500
cm3 of aquifer material necessary to produce the plagio-
clase-weathering rate of White et al. (2001) and, thus, sug-
gests that the rate of plagioclase weathering calculated in
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Table 6
Mineral-Weathering Rates Calculated for Five Models for Two Scenarios of Geochemical Evolution

in the Riparian Aquifer at Panola Mountain Research Watershed, Georgia, March 1996

Median Mineral Range in Mineral
Number of Models Weathering Rate, Weathering Rate,

Mineral Phase That Include Phase in µmol L/yr in µmol L/yr

Scenario 1 – Upstream Wells to Well 150 Total Models = 8
Plagioclase (total) 8 6.4 6.3 – 7.2
Biotite 5 0.40 0.18 – 0.47
K-feldspar 5 0.29 0.20 – 0.42
Hornblende 4 0.55 0.27 – 0.84
Calcite 3 0.82 0.56 – 0.83

Scenario 2 – Upstream Wells to 300-Series Wells Total Models = 4
Plagioclase (total) 4 3.7 3.7
Biotite 4 0.60 0.58 – 0.60
Hornblende 4 2.3 2.3
K-feldspar 1 0.015 0.015

Rates based on 26 years for scenario 1 and 6.5 years for scenario 2
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this study is similar to the rate calculated by White et al.
(2001). The plagioclase-weathering rate of White et al.
(2001) is three to four orders of magnitude lower than that
derived from experimental dissolution of plagioclase in the
laboratory (Busenberg and Clemency 1976; Knauss and
Wolery 1986; Oxburgh et al. 1994); therefore, the rate cal-
culated in this study is similarly three to four orders of mag-
nitude less than the laboratory-derived rates. Further
confirmation of the similarity in feldspar weathering rates
of this study with that of White et al. (2001) will require
detailed study of transport rates and mineral-surface area in
the riparian aquifer. 

Conceptual Model of Ground Water Flow
and Geochemical Evolution

The spatial patterns of apparent age and geochemical
evolution of riparian ground water determined in this study,
when combined with the results of previous hydrologic and
geochemical studies at PMRW (Burns et al. 1998; Hooper
et al. 1998; Peters and Ratcliffe 1998; Burns et al. 2001;
Freer et al. 2002), provide the basis for a conceptual model
of ground water flow and geochemical evolution at PMRW
with the following components: (1) large amounts of
aquifer recharge from headwater hillslopes and the granite
outcrop by young water that moves slowly down the stream
valley, (2) small amounts of continued recharge down-
stream along the valley from the surface and adjacent hill-
slopes, and (3) small downstream contributions from
deeper ground water that has previously been exposed to
weathering of the underlying amphibolite and granodiorite.
This conceptual model implies that the riparian aquifer is a
semi-open ground water flow system that receives only
small contributions of ground water from adjacent hill-
slopes and from the underlying bedrock. Previous results
have shown that most subsurface stormflow from adjacent
hillslopes transits rapidly through the uppermost part of the
riparian aquifer, although some remains as fresh recharge
after storms (Burns et al. 2001). 

The sharp increases in Mg2+ concentrations and in
hornblende/biotite weathering in the 300-series wells sug-
gest a contribution midway down the valley of deeper
ground water that has been exposed to amphibolite weath-
ering. Results from the mass-balance models also indicate
the possibility of calcite weathering, which suggests a con-
tribution of deeper ground water that has been exposed to
fresh granodiorite. Alternatively, the results of the two
modeling scenarios could suggest two pathways of chemi-
cal evolution—one with a large Mg2+/hornblende/biotite
influence midvalley, and another with greater plagio-
clase/K-feldspar influence downstream near the catchment
outlet. Both pathways of chemical evolution are probably
controlled by the locations and depths of amphibolite and
granodiorite relative to the principal pathways of ground
water movement. One unanswered question relates to the
pathway of hydrologic and geochemical evolution in the
riparian saprolite from midvalley (the 300- and 400-series
wells) to near the catchment outlet (well 130). The concen-
trations of Mg2+ are higher in wells 323, 324, and 418 than
in well 130, and the apparent ages of ground water in these
wells are similar to or greater than in well 130. This sug-
gests a contribution from young ground water with low

Mg2+ concentrations along this lower part of the stream val-
ley. This contribution could be ground water from the two
tributary valleys that enter the main valley between the
300- and 400-series wells and well 130. Additional sam-
pling of ground water along this lower part of the valley
would be needed to reveal the cause of the observed pat-
terns of ground water geochemical evolution.

Summary and Conclusions
Ground water from 19 shallow wells screened in

saprolite and one borehole finished in granite at the 41 ha
PMRW generally show a downstream increase in concen-
trations of base cations and silica from the headwaters to
the outlet. Age dating of this ground water through CFC
and 3H/3He analysis indicates that many of the apparent
ages calculated from CFC–11 and CFC–113 are too high,
probably due to microbial degradation in anoxic and sub-
oxic waters. Most of the CFC–12–derived ages match the
3H/3He ages fairly well, except for samples from three
wells with measurable CH4 concentrations; this indicates
even CFC–12 can undergo degradation in methanogenic
conditions. 

The valid apparent ages were strongly correlated with
concentrations of SiO2, Na+, and Ca2+ in the ground water,
an indication of steady rates of chemical weathering of sil-
icate minerals contained in the saprolite derived from the
weathering of granite and amphibolite. These correlations
between ground water age and chemistry were used to cal-
culate a mean residence time of stream base flow of 1.5
years at the 10 ha midvalley gauge and 4.5 years at the 41
ha outlet gauge.

The NETPATH modeling results indicate that the
dominant weathering reactant during geochemical evolu-
tion in the riparian aquifer is plagioclase feldspar, and that,
additionally, contributions from the weathering of K-
feldspar, hornblende, biotite, and calcite may be necessary
to achieve mass balance. Plagioclase had the fastest weath-
ering rate (~6.4 µmol/L/year) of any of the silicate miner-
als studied—a value that is comparable to results from a
recent study of weathering rates in springs of the Sierra
Nevada that used methods similar to those used in this
study. Weathering rates calculated for K-feldspar, biotite,
and hornblende ranged from three to 30 times lower than
those of plagioclase. These calculated weathering rates can-
not be converted to units of per-mineral surface area used
in most weathering studies, however, because the riparian
aquifer is unconfined and receives contributions from adja-
cent hillslopes in which the mineral surface area that is in
contact with water cannot be estimated. Nevertheless, an
estimate of the mineral-surface area to which 1 L of ripar-
ian ground water would be exposed during a year provided
a plagioclase-weathering rate that was equivalent to that
reported for saprolite at a nearby ridgetop site at PMRW.
Further study of transport rates and mineral-surface area
within the riparian aquifer are necessary to confirm the esti-
mates derived in this study.

The results of this study indicate that modeling the
geochemical evolution of base cations and silica within the
riparian aquifer requires principally (if not solely) the
weathering of silicate minerals; cation-exchange reactions
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cannot be excluded, but are not necessary to achieve mass
balance during geochemical evolution. This contrasts with
the chemical evolution of subsurface flow on a hillslope at
PMRW, in which fast cation-exchange reactions are
hypothesized to be the principal source of base cations
(Burns et al. 1998). Because riparian ground water is the
predominant source of base flow at PMRW, and also is a
large component of stormflow (Burns et al. 2001), success-
ful predictive models of the future effects of acid precipita-
tion and climate change on stream water chemistry should
include these weathering reactions. 
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