@ Pergamon

Geochimica et Cosmochimica Acta, Vol. 60, No. 10, pp. 18071821, 1996
Copyright © 1996 Elsevier Science Ltd

Printed in the USA. All rights reserved

0016-7037/96 $15.00 + .00

PII S0016-7037(96) 00052-X

Kinetic and mineralogic controls on the evolution of groundwater chemistry

and ¥’Sr/%Sr in a sandy silicate aquifer, northern Wisconsin, USA

THOMAS D. BULLEN,' DAVID P. KRABBENHOFT,? and CAROL KENDALL'

"Water Resources Division, U.S. Geological Survey, Menlo Park, CA 94025, USA
?Water Resources Division, U.S. Geological Survey, Madison, WI 53719, USA

(Received May 24, 1995; accepted in revised form February 8, 1996)

Abstract—Substantial flowpath-related variability of ¥Sr/*Sr is observed in groundwaters collected
from the Trout Lake watershed of northern Wisconsin. In the extensive shallow aquifer composed of
sandy glacial outwash, groundwater is recharged either by seepage from lakes or by precipitation that
infiltrates the inter-lake uplands. #’Sr/®*Sr of groundwater derived mainly as seepage from a precipitation-
dominated lake near the head of the watershed decreases with progressive water chemical evolution
along its flowpath due primarily to enhanced dissolution of relatively unradiogenic plagioclase. In
contrast, *’Sr/*Sr of groundwater derived mainly from precipitation that infiltrates upland areas is
substantially greater than that of precipitation collected from the watershed, due to suppression of
plagioclase dissolution together with preferential leaching of Sr from radiogenic phases such as K-
feldspar and biotite.

The results of a column experiment that simulated the effects of changing residence time of water in
the aquifer sand indicate that mobile waters obtain relatively unradiogenic Sr, whereas stagnant waters
obtain relatively radiogenic Sr. Nearly the entire range of strontium-isotope composition observed in
groundwaters from the watershed was measured in the experimental product waters. The constant mobility
of water along groundwater recharge flowpaths emanating from the lakes promotes the dissolution of
relatively unradiogenic plagioclase, perhaps due to effective dispersal of clay mineral nuclei resulting
from dissolution reactions. In contrast, episodic stagnation in the unsaturated zone along the upland
recharge flowpaths suppresses plagioclase dissolution, perhaps due to accumulation of clay mineral
nuclei on its reactive surfaces. Differences in redox conditions along these contrasting flowpaths probably
enhance the observed differences in strontium isotope behavior. This study demonstrates that factors
other than the calculated state of mineral saturation must be considered when attempting to simulate
chemical evolution along flowpaths, and that reaction models must be able to incorporate changing

contributions from reacting minerals in the calculations.

1. INTRODUCTION

A major goal of watershed research is to quantify contribu-
tions of both water and solutes from different flowpaths to
streamflow and lakes. To a first approximation, two con-
trasting groundwater flowpaths can be envisioned for most
watersheds: those dominated by precipitation that originate
in, and thus have important contributions from the unsatu-
rated zone; and plumes derived from upgradient surface wa-
ter bodies such as seepage lakes. Chemical evolution, and
thus- any unique chemical signature developed along these
flowpaths, will vary depending on a variety of factors such
as fluid residence time and mobility, flowpath tortuosity,
starting water composition, and differences in distributions
and reactivities of individual minerals.

Whereas the relative contributions of water from con-
trasting flowpaths can be determined using the stable water
isotope (i.e., hydrogen and oxygen) mass balance method
(e.g., Dincer, 1968; Turner et al., 1984; Krabbenhoft et al.,
1990), attempts at solute source identification are typically
frustrated by the nonconservative nature of most solutes.
In a lake, for example, processes such as mixing of two
chemically-distinct water types at the lake-groundwater in-
terface or biologic activity in the water column may lead to
precipitation of minerals that modify the water composition
and thus complicate the recognition of groundwater flow-
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path-specific chemical signatures. Clearly, a diagnostic
tracer that is unaffected by loss from solution is required for
distinguishing solute contributions from divergent ground-
water flowpaths.

The naturally occurring isotopes of Sr provide such a
tracer. The power of the strontium isotopes lies in the fact
that removal of Sr from water as a result of mineral precipita-
tion or cation exchange does not change the isotopic compo-
sition of dissolved Sr. Furthermore, although ¥Sr is radio-
genic (produced by S-decay from *'Rb), the roughly forty-
seven billion year half-life of the decay process is so long
that on the timescale of groundwater evolution, ¥'Sr/*Sr of
Sr sources is essentially stable. Long-lived differences in the
concentration ratio of Rb to Sr in aquifer minerals lead to
significant differences in their relative proportions of radio-
genic ¥’Sr, and thus in the measured value of *’Sr/*Sr. As
a Sr-bearing mineral reacts along a groundwater flowpath,
Sr having *’Sr/®Sr of that mineral is dissolved by the water.
In theory, groundwaters along various flowpaths can obtain
different *’Sr/*Sr due to the same factors listed above that
control chemical evolution.

Our ability to use strontium isotopes to identify solute
sources and constrain reaction kinetics along flowpaths re-
quires that the different reactive minerals have distinguish-
able values or ranges of ¥Sr/**Sr. Numerous Rb-Sr geochro-
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nologic studies of Precambrian granitic and metamorphic
rocks (e.g., references in Faure, 1986) have shown that Rb/
Sr and ¥Sr/*Sr of minerals from a single rock are distinctive
and typically increase in the order plagioclase, diopside/
hornblende, K-feldspar, and mica. Differences in *’Sr/*Sr
among minerals in a sedimentary deposit further depend on
factors such as the lithologic diversity and age of the sedi-
ment sources. Because the minerals are derived from multi-
ple lithologies, distinctions among minerals will be blurred,
but on average differences should persist. At worst, it may
not be possible to distinguish between plagioclase and diop-
side/homblende, but K-feldspar and especially mica should
remain distinctive.

A number of hydrologic studies have exploited the large
differences in *’Sr/%Sr among rocks and their mineral phases
to identify solute sources. An important use of strontium
isotopes has been to estimate the relative contributions of
carbonate and silicate lithologies to water chemistry in a
variety of hydrogeologic settings (Fisher and Stueber, 1976;
Chaudhuri et al., 1983; Wadleigh et al., 1985; Stueber et al.,
1992; Johnson and DePaolo, 1994). At the watershed scale,
several studies have used strontium isotopes to determine the
relative contributions of various cation sources (i.e., mineral
weathering, biomass, dry deposition, precipitation ) to stream
chemistry, the cation exchange pool or ecosystems
(Graustein and Armstrong, 1983; Gosz and Moore, 1989;
Aberg et al., 1989; Jacks et al., 1989; Graustein, 1990; Miller
et al., 1993; Bailey et al., 1996).

In the watershed studies, the observations that each source
may be characterized by a distinct range of ¥'Sr/*Sr, and
that different soil horizons may have isotopically-unique
leachable Sr are especially pertinent to this work. In these
studies, the isotopic composition of Sr presumed to be pro-
vided by weathering has been determined on either weak-
acid leachates or total digests of the materials, or by mass-
balance calculations that relate residuum to regolith. Cation
budget calculations are then typically made using a single
average Y'Sr/*Sr as the weathering input to the system.
However, Bullen et al. (1996) have cautioned that St may
be preferentially mobilized from the lattices of presumably
resistant minerals such as K-feldspar and hydrobiotite, and
thus weathering contributions may not be directly interpret-
able in terms of strontium isotope variations.

The Trout Lake watershed in the Northern Temperate
Lakes region of north-central Wisconsin (Fig. 1) provides
an ideal setting to investigate the factors controlling *Sr/
#Sr in groundwaters along contrasting flowpaths. The glacial
outwash comprising the aquifer is derived from Precambrian
lithologic sources, providing the potential for an exceptional
range of ¥’Sr/**Sr among minerals. On the other hand, the
generally uniform mineralogic distribution characteristic of
outwash deposition, as well as the short weathering history
(~10 Ka) of the glacial outwash argue against the potential
for large-scale isotopic variability of weathering-derived Sr.
Because values of *’Sr/®Sr having a wide range of from
0.708-0.728 have been measured in waters from the Trout
Lake area (Krabbenhoft et al., 1992; Walker et al., 1992;
Bullen et al., 1993), understanding the kinetics of mineral-
water interaction along contrasting groundwater flowpaths
is essential.

2. SITE DESCRIPTION AND PREVIOUS WORK

Our work extends that of Kenoyer and Bowser (1992a,b)
who established a piezometer network and studied ground-
water chemical evolution across an isthmus that separates
two lakes (Crystal and Big Muskellunge) near the top of
the watershed. The general geologic framework of the area
has been described by Kenoyer and Bowser (1992a), and
the pertinent information from that study is summarized here.
The aquifer consists of approximately 50 m of sandy glacial
outwash which overlies Precambrian bedrock. The glacial
sediments comprise the Copper Falls Formation and were
eroded from a variety of Precambrian rocks from areas to
the north and northeast (Attig, 1985). These rocks include
gneiss, amphibolite, schists, granites, monzonites, mafic
metavolcanics, and quartzose and feldspathic sandstones
(Allen and Barret, 1915).

The isthmus that separates Crystal and Big Muskellunge
Lakes is dominated by sand-sized material (85-95%), with
minor amounts of clay and silt. Two apparently extensive
silt layers that influence the hydrology were identified by
Kenoyer and Bowser (1992a) from drilling. It should be
noted that the isthmus site lies within a state park and adja-
cent to a public beach, and thus considerable surface packing
due to features such as remnant road beds and camp sites
may locally affect the ability of meteoric waters to infiltrate
to the water table. Road access is far more limited elsewhere
in the watershed.

According to x-ray diffraction analyses reported by Ken-
oyer and Bowser (1992a), minerals in the sand-sized frac-
tion occur in the following abundances: quartz (50-75%),
calcic plagioclase (9-15%), sodic plagioclase (9-15%), K-
feldspar (2-10%), biotite (1-2%), opaque minerals (0.5—
1.5%), and minor amounts (<1%) of pyroxene, amphibole,
epidote, and chlorite. Multi-mineralic igneous and metamor-
phic rock fragments, referred to herein as MRFs, constitute
about 1% of the sand. Clay minerals include smectite (30—
40%), illite (30—-40%), and chlorite + kaolinite (15-30%).
Our observations for this study, using binocular microscope
and mineral separation techniques, indicate that quartz may
comprise as much as 85%, and hornblende and MRFs >1%
of the matrix, with corresponding lesser amounts of the re-
maining phases. Plagioclase, dark amphibole (hornblende),
and green minerals (pyroxene and chlorite?) occur mainly
as discrete grains, whereas K-feldspar and biotite dominate
the MRFs and may only rarely occur as discrete grains.
Carbonate minerals have not been identified in any sample
collected from the aquifer, a fact consistent with the low
values of §"C (<—16%.) observed in groundwaters from
throughout the watershed ( Krabbenhoft et al., 1992).

Within the context of this mineralogic assemblage, Ken-
oyer and Bowser (1992a,b) modeled the chemical evolution
of groundwater along the flowpath taken by Crystal Lake
water through the isthmus. The location of their modeled
flowpath was constrained by measurements of piezometric
potential and hydraulic conductivity distribution, as well as
by chemical analyses of groundwaters that delineated a
plume of relatively low ionic-strength water. Their model
for chemical evolution called for dissolution of fixed propor-
tions of An,, plagioclase and minor diopside and biotite,
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Fig. 1. Crystal Lake is near the head of the watershed; Muskellunge Mountain (‘“MM’’ on map), the local
topographic high, lies approximately 1.5 km to the southeast of the lake. Groundwater flow lines are generally directed
toward Trout Lake at the base of the watershed. The narrow isthmus separating Crystal and Big Muskellunge Lakes
is the location of the intensively-sampled aquifer recharge flowpath discussed in this paper. Modified from Elder et

al. (1992).

coupled with precipitation of clay (kaolinite, smectite, and/
or a metastable gibbsite-kaolinite hybrid). Here we show
that the relative contributions from dissolving minerals must
change along the lake-water recharge flowpath in order to
accurately account for the observed chemical evolution.

3. ANALYTICAL TECHNIQUES

‘Water samples (groundwater, lake water, precipitation) were fil-
tered through 0.45 um cellulose nitrate sheets and acidified to pH
= 2 with high-purity HNO; in the field and stored in sealed polyeth-
ylene bottles. Calcium, magnesium, strontium, sodium, potassium,
iron, aluminum, and silicon concentrations were measured on a Jarrel
Ash® inductively-coupled plasma atomic emission spectrophotome-
ter, using mixed-solute solutions as standards and quality-check rep-
licates. Precision for Na and K is approximately 5%, for Sr is approx-
imately 10% and for all other elements is better than 1%. For chro-
matographic separation, the water samples were loaded directly onto
columns packed with Bio-Rad® AGS0X8 cation exchange resin
(H™ -form). Strontium was separated from other cations using HCl
as the eluent.

Plagioclase, hornblende, and an aggregate of MRFs were sepa-
rated from a large composite sample collected from the upper five
feet of sand at a site near the middle of the isthmus. The minerals
were separated using a combination of heavy liquid, Franz® magnetic
separation, selective dye, and manual handpicking techniques. The

separates were totally digested in sealed Teflon® vessels using
Teflon®-distilled HF and HNO;, and quartz-distilled HCI. Prior to
digestion, the plagioclase separate was leached in 8 M HNO; and
5% HF to remove labile Sr. An isotopically-enriched Sr-spike solu-
tion was added to a small aliquot of each mineral digest for analysis
of Sr concentration by isotope dilution. Strontium in the spiked and
unspiked mineral fractions was separated from other ions using Bio-
Rad® AGS50X8 cation exchange resin (H*-form) with HCI as the
eluent. In all cases, the purified Sr was converted to nitrate form,
taken up in 30 uL of 0.15 M H;PO, and loaded onto a single Ta
ribbon for mass spectrometric measurement. The approximate total
analytical blanks are 4 ng for the mineral separation/digest proce-
dure and 2 ng for the water collection/analysis procedure, both of
which are negligible (<0.1%) for these samples.

The isotopic composition of Sr in spiked samples was measured
on a Finnigan MAT® 261 multi-collector mass spectrometer, using
a static collection mode. Reported Sr concentrations are precise to
1% or better. The isotopic composition of Sr in unspiked samples
was measured on the same instrument using a double-collection
dynamic mode. All reported values of *’Sr/*Sr have been corrected
for natural and analytical stable isotope fractionation to *Sr/*Sr
= 8.37521, and are precise to 0.00002 or better at the 95% confi-
dence level (2 SDM). This mass spectrometer typically reports a
value of 0.71024 for the NBS987 Sr metal standard. Strontium iso-
tope compositions are given both in decimal form and as 6*'Sr, the
permil deviation of the sample from the NBS987 standard. Oxygen
isotope compositions of lake and lake-bed water samples are reported
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Fi6. 2. Groundwater beneath the isthmus is a mixture of Crystal Lake water (evaporated) and precipitation (unevapo-
rated) that infiltrates the isthmus surface. Using a simple linear relation, the proportion of Crystal Lake water in a
sample (piezometer points shown as dots) can be calculated using water isotope compositions (i.e., §'*0 and §°H).
The vertical well nest nearest to Crystal Lake is “‘nest 1°” in Table 2; the vertical well nest nearest to Big Muskellunge
Lake is ‘‘nest 4.”” The near-isthmus lake-bed wells listed in Table 2 are shown beneath Crystal and Big Muskellunge
Lakes. The vector emanating from Crystal Lake delineates the flowpath of groundwater recharge constrained by water
isotopes and hydrologic measurements; numbers in boxes are estimated groundwater ages in years based on modeling
of tritium concentrations (modified from Krabbenhoft et al., 1996).

as 6'°0, the permil deviation of the sample from V-SMOW, and are
precise to 0.1%o.

4. SAMPLING STRATEGY

For this study, groundwater samples were collected from an exten-
sive piezometer network at the isthmus. The vertical and along-
gradient distribution of the piezometers is shown in Fig. 2; a map
showing their aerial distribution is given in Kenoyer and Bowser
(1992a). The chemical and strontium isotope compositions of the
groundwater samples are listed in Table 1. Data for two samplings
(September, 1992 and June, 1993) along the predominant flowpath
of Crystal Lake water through the isthmus as constrained by water
isotopes and hydrologic measurements (Krabbenhoft et al., 1996)
are given to demonstrate the temporal consistency of groundwater
compositions. Except for one deep well (nest 3, K77), there is little
temporal change in chemical or strontium isotope compositions.

To assess the chemical and isotopic variability of lake-bed waters,
groundwater samples from the beds of Crystal and Big Muskellunge
Lakes were collected from newly installed piezometers. At Crystal
Lake, porewater from the littoral zone and a deeper groundwater
sample were collected. At Big Muskellunge Lake, a five piezometer
transect extending outward from the isthmus at a groundwater re-
charge zone, and a three piezometer transect extending outward
from the northeast shoreline at a groundwater discharge zone were
sampled. In addition, water samples were collected from five lakes
(including Crystal and Big Muskellunge Lakes) that span the hydro-
logic gradient of the watershed; their locations are shown in Fig. 1.
The value of §¥Sr for Crystal Lake is the average of five samples
(range: —0.12 to +0.38), and that for Big Muskellunge Lake is the
average of three samples (range: +6.30 to +7.70) collected at differ-
ent times of the year. The values for the other lakes represent a
single sampling during October, 1991, The extent of stratification
of 6*'Sr in the lakes prior to overturn is not known. Calcium and
strontium concentrations, as well as strontium- and oxygen-isotopic
data for these samples are listed in Table 2.

To estimate the input of atmospheric Sr to the watershed, stron-
tium isotopes and concentrations were determined in ten samples of
rain collected at different times of the year from within the water-

shed, and in a snow sample collected from the isthmus (Table 3).
The rain values cluster around §¥Sr ~0, with a range of —2.7 to
+3.1, and contain between 0.6 and 1.1 ug/L Sr. The snow sample
is less radiogenic at §6%Sr ~—3.4, and contains 0.5 ug/L Sr. The
source of the less radiogenic Sr in the snow is as yet enigmatic, but
could be derived by leaching of canopy litter in the accumulating
snow pack, or alternatively could represent variability of §*’Sr in
precipitation from different storm tracks.

Strontium isotope and Ca- and Sr-concentration data for plagio-
clase, hornblende, and an aggregate of approximately 30 MRFs sepa-
rated from the aquifer sand are given in Table 4. Of the Sr-bearing
minerals present in the sand, only plagioclase and hornblende could
be effectively separated as discrete phases in sufficient amounts for
analysis. K-feldspar and mica exist as discrete’ grains (although in
minor abundance in our processed sample) but are likewise im-
portant components of the MRFs, and thus the rock fragment sepa-
rate listed in Table 4 contains a large component of these two typi-
cally radiogenic phases. A critical observation is that the plagioclase
separate has lesser §*Sr (—4.0) and the MRF separate has greater
5%'Sr (+18.7) than most waters yet sampled from the watershed.
Moreover, §*Sr of the hornblende separate (+0.8) and that of the
plagioclase separate bracket all but one of the values observed in
groundwaters at the isthmus (Table 1).

5. DISCUSSION

5.1. Strontium Isotopic and Chemical Evolution of
Groundwater at the Isthmus

Groundwater at the isthmus is derived by mixing of two
water sources: greatly evaporated and thus '®0- and ?H-en-
riched Crystal Lake water that emanates from the littoral
zone of the lake, and precipitation that infiltrates the isthmus
surface. The differences in water isotope compositions of
these two water sources provide the basis to contour ground-
water with respect to proportion of Crystal Lake water
(Krabbenhoft et al., 1996). As shown.in. Fig. 2, the propor-
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TaBLE 1. Chemical and strontium isotope data for isthmus groundwaters. Concentrations are in mg/
L. Data are for the September, 1992 sampling except where labeled (6/93) which denotes samples
collected during June, 1993. Samples are arranged from shallow to deep within individual nests.

_sample _Ca___Mg S _Na K Fe Al si__"srsr_ 5%sr
nest 1:

K1 (shallow) 412 082 0017 198 051 300 001 087 071078 +0.76

K85 245 052 0012 086 059 000 003 079 071024  0.00

k86 173 030 0003 064 062 041 000 100 071018 -0.08

k86(6/93) 196 033 0009 057 053 047 004 092 071018 -0.08

K87 170 026 0011 061 055 051 000 092 071008 -0.23

k87(6/93)  1.89 037 001t 059 052 069 023 125 071018  -0.08

k88 178 038 0006 090 052 068 000 178 070949 -1.06

k89 281 048 0018 095 067 012 000 290 070832 -270

k2 (deep) 537 197 0017 166 059 003 001 508 070798 -3.18
nest 2:

K66 (shallow) 942  1.61 0068 153 261 2694 002 368 070953 -1.00

K67 228 069 0019 125 058 256 000 468 070812 -2.98

K68 426 099 0027 135 074 000 000 426 070814 -2.96

k69 355 085 0023 139 077 000 000 422 070815 -2.94

k70 262 070 0017 120 054 021 000 408 070778 -3.46

k70(6/93) 270 070 0015 113 050 013 002 385 070786 -3.35

K71 (deep) 641 269 0018 158 061 002 000 620 070741 -3.98
nest 3:

k73 (shallow) 430  1.36  0.029 142 164 378 003 471 071213  +266

K74 35 136 nd nd nd nd nd 671 071026 +0.03

K75 239 065 0018 149 058 475 000 517 070805 -3.08

k76 358 156 0019 179 079 415 005 682 070771  -3.56

K76(6/93) 351 150 0018 189 064 591 001 723 070794 -3.24

K77 (deep) 309  1.03 0006 040 160 058 011 034 071130 +1.49

K77(6/93) 892  3.88 0057 187 132 272 279 1253 070827 -2.77
nest 4:

K6 (shallow) 382  1.50 0.024 162 104 1041 003 653 070969 -0.77

k80 372 193 0012 256 056 615 002  7.55 070871 -215

k81 543 232 0016 204 058 476 000 735 070782 -341

k82 705 325 0018 177 058 194 001 1103 070756 -3.77

k82(6/93)  7.01 396 0018 168 056 222 000 909 070756 -3.77

K5(deep) 743 345 0017 159 059 043 001 885 070825 -2.80

k5 (6/93) 794 323 0017 143 063 042 000 841 070821 -2.86

tion of Crystal Lake water in groundwater generally in-
creases with depth. The trajectory of the predominant flow-
path (i.e., center of mass) of Crystal Lake water as it re-
charges the aquifer is initially steep, but flattens considerably
upon intersecting the silt layers.

The majority of water samples collected from piezometers
at the isthmus have less radiogenic Sr than that observed in

both Crystal Lake water and average precipitation (6*Sr
~0), and span a range of §¥Sr of from —4.0 to +2.7
(Table 1). The two samples having §*Sr > 0 are both the
shallowest wells in their nests, and thus contain the greatest
proportion of infiltrating precipitation. The strontium isotope
data for the groundwater and lake bed wells are used to
generate a strontium isotope contour plot (Fig. 3). The posi-

TABLE 2. Chemical and isotopic data for lake and lake bed wells.
Concentrations are in mg/L.

sample_ Ca st Tsrf®sr__ 8¥sr_ 50
Crystal Lake 113 0.004 0.71041 +0.24 3.2
porewater 1.08 0.008 0.71166 +2.00 -34
lake bed well 1 1.34 0.007 0.71059 +0.49 -39
Big Muskellunge Lake 6.70 0.013 0.71530 +7.12 4.9
lake bed transect near isthmus:

well 1 (nearest shore) 485 0.020 0.70776 -3.50 4.9
well 2 9.09 0.020 0.70875 =210 5.2
well 3 1042  0.022 0.70847 -2.50 -5.5
well 4 9.98 0.037 0.70821 -2.90 5.2
well 5 (farthest from shore) 1175  0.028 0.70860 -2.30 -5.8

lake bed transect at NE shoreline:
gw discharge well 1 (near shore) 2400 0.033 0.72686 +234 -11.6
gw discharge well 2 2054 0.035 0.71900 +12.33 -11.3
gw discharge well 3 1549  0.030 0.71647  +8.77 -11.5
Little Rock Lake 1.20 0.005 0.71093  +0.94 4.2
Sparkling Lake 9.80 0.017 0.71591 +7.95 58
Trout Lake 12.50  0.023 0.71976 +13.38 _ -9.0
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TABLE 3. Strontium isotope and concentration data for rain col-
lected from Trout Lake Station and from near Allequash Creek to
the north of Big Muskellunge Lake, and for snow collected from
the isthmus study site. Concentrations are in mg/L.

Sr/®Sr__ 5¥Sr__ sr

071020 -0.06 0.63
0.71244 4310 072
0.71069 +049  0.81
0.71078 +0.76  0.75
0.71040 +0.23 0.34
071000 -0.3¢ 078
0.71065 +0.58 0.79
0.70833  -2.69 1.06

date location

7/2192 Trout Lake Station

6/21/93  Allequash Creek, Lower Site
6/21/93  Allequash Creek, Middle Site
6/21/93  Allequash Creek, Upper Site
8/6/93  Allequash Creek, Lower Site
8/6/93 Allequash Creek, Middle Site
8/6/93 Allequash Creek, Upper Site
9/15/93  Allequash Creek, Lower Site
9/15/93  Allequash Creek, Middle Site 0.70856  -2.37 0.82
9/15/93  Allequash Creek, Upper Site 0.70980  -0.62 0.88
2/4/93 Isthmus at Crystal Lake (snow) 0.70781  -3.42  0.57

tions of the silt layers and the vector describing the center
of mass of the groundwater-recharge plume emanating from
Crystal Lake are included for reference (Krabbenhoft et al.,
1996). The most salient features of this diagram are that
6¥Sr becomes progressively more negative along the pre-
dominant lakewater flowpath, and that the contours generally
mirror the orientation of the silt layers. Furthermore, al-
though 6*'Sr generally decreases with depth, that trend re-
verses itself in the deepest piezometers of the two nests
nearest to Big Muskellunge Lake. Overall, §*’Sr contours
are tightest above the upper silt layer.

There are three additional important observations to be
made from Fig. 3. First, assuming that Big Muskellunge
Lake is well-mixed in terms of Sr and thus isotopically ho-
mogeneous, St in the lake is far more radiogenic (6*Sr
= +7.1; Table 2) than any groundwater sampled from the
isthmus, and there is more change in §*Sr across the sedi-
ment-water interface of Big Muskellunge Lake than at any
location across the isthmus. This is true even though the
waters sampled from the lake bed piezometers along the
transect extending outward from the isthmus clearly contain
predominantly lake water, based on the water isotopes (Ta-
ble 2). Second, based on the observation that samples from
the uppermost piezometers in each nest have the greatest
&%Sr (as high as +2.7) and significantly higher Sr concen-
trations than precipitation, waters that recharge the water
table through the isthmus surface are probably more radio-
genic than the precipitation endmember (6%'Sr ~ 0; Table
3), perhaps due to reactions with minerals in the thin unsatu-
rated zone. Third, the strontium isotope contours bulge at
piezometer nest 2, which lies directly beneath the site of an
old road bed. The remnant roadbed may greatly retard the
infiltration of water through the thin unsaturated zone. This
is consistent with the observation, based on the water iso-
topes (Fig. 2), that the water sampled by the uppermost
piezometer in this nest is similar to precipitation, whereas
the water sampled by the immediately underlying piezometer
contains a significant component of Crystal Lake water
(Krabbenhoft et al., 1996). Alternatively, the degrading
roadbed materials may provide a localized source of rela-
tively unradiogenic Sr.

Concentrations of Si, Ca, Mg, Sr, Na, and Fe are generally
least in the piezometer nest nearest to Crystal Lake and increase
down gradient. Due to the diagonal trajectory of the predomi-

nant flowpath of Crystal Lake water across the isthmus, contour
plots provide the most straightforward approach to considering
cross-isthmus chemical variability. Contour plots of dissolved
Si and Ca concentrations, both distinctive measures of chemical
evolution at the isthmus, are shown in Fig. 4a and 4b. The
contour patterns for Mg, Na, and Sr concentrations (not shown)
generally mimic that of Ca, although as discussed below sig-
nificant downgradient deviations occur for Na and Sr. Potas-
sium concentrations show no systematic variability across the
isthmus, and only one of the isthmus groundwater samples
contains significant Al

Overall, the contour pattern for dissolved Si is uncompli-
cated and is controlled in part by the position of the silt
layers. The contour pattern for dissolved Ca is more com-
plex, particularly in the upper portion of the aquifer. Regard-
less, the important observation is that Si and Ca concentra-
tions persistently increase along the lake-water recharge
flowpath. The occurrence of low Ca concentrations at inter-
mediate depths in each piezometer nest in part led Kenoyer
and Bowser (1992a) to postulate a shallower cross-isthmus
flowpath for groundwater recharge as a low ionic-strength
plume out of Crystal Lake. In fact there is only a weak
chemical plume structure along the predominant flowpath
defined by water isotopes, prior to its intersection with the
lower silt layer.

In Fig. Sa, normalized concentrations of Si, Ca, Mg, Sr,
Na, and Fe at sampling sites along the lake-water recharge
flowpath are plotted against groundwater age. The concentra-
tions are normalized to the maximum values attained along
the flowpath in order to mask absolute concentration differ-
ences among these elements. The estimates of groundwater
age are based on modeling of measured tritium concentra-
tions (Krabbenhoft et al., 1996). Silicon, calcium, magne-
sium, and particularly Sr and Na concentrations progres-
sively increase along this flowpath for approximately the
first 15 years of chemical evolution; Fe increases over that
time period in a more irregular manner. Beyond that point,
which corresponds to interception of the silt layers, Na, Sr,
and Fe concentrations level off or decrease (substantially in
the case of Fe), and Si concentrations rise less rapidly as Ca
and Mg concentrations continue to increase. The tendency
of Sr to remain constant while Ca increases is particularly
intriguing and suggests an along-flowpath change in relative
contributions from dissolving mineral phases.

In Fig. 5b, the net molar addition rates (i.e., umol of solute
per liter added per year) of Si, Ca, Mg, and Na for three
time periods along the lake-water recharge flowpath are plotted
against the average groundwater age for each period. In general,
the net rates of Ca and Mg addition remain relatively constant
along the flowpath. In contrast, the net rates of Si and Na
addition progressively decrease along the flowpath. In the youn-

TABLE 4. Chemical and strontium isotope data for mineral
separates. Concentrations are in parts per million.

phase Tsr*sr 8VSr ca Sr

plagioclase 0.70741 -4.00 58071 810
homblende 071082 0.82 80682 78

multi-mineralic rock fragments __ 0.72350 _ 18.67 __ 4210 388
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Fi16. 3. Contour plot of strontium isotope composition of groundwaters across the isthmus. In general the distribution
of the contours parallels that of two extensive silt layers. §*’Sr progressively decreases along the dominant flowpath

of groundwater recharge emanating from Crystal Lake.

gest time period, the greater molar addition rates of (Ca + Na)
relative to that of Mg and of Si relative to that of (Ca + Na
+ Mg), as well as the substantial addition rate of Sr (not
shown) are all consistent with dissolution of plagioclase feld-
spar. In the oldest time period, the greater molar addition rate
of (Ca + Mg) relative to that of Si, and the lesser Na (and
Sr) addition, are consistent with dissolution of a Na- and Sr-
poor ferromagnesian phase such as hornblende or augite and
a significantly reduced role for plagioclase dissolution. The
absence of dissolved Al requires continuous along-flowpath
formation of clays which regulate K concentrations and may
incorporate some Na and Sr. The strong decrease in Fe concen-
trations in the oldest time period (Fig. 5a) may indicate the
precipitation of a phase such as an Fe-oxyhydroxide that like-
wise may incorporate or sorb other cations.

In order to test whether the apparent change in relative
contributions from these minerals can be attributed to their
theoretical thermodynamic behavior, the computer code
SOLMINEQ.88 (Kharaka et al., 1988) was used to calculate
ideal mineral saturation indices for groundwaters along the
lakewater recharge flowpath. The calculated values are listed
in Table 5, and the ranges defined by the endmembers of
each mineral phase are plotted in Fig. 6 as a function of
groundwater age. Saturation indices of plagioclase, pyrox-
ene, biotite, and amphibole are most negative for the youn-
gest groundwaters, and progressively increase but remain
negative with increasing groundwater age. Although the val-
ues for the different minerals are not strictly comparable,
saturation indices of these minerals increase by similar rela-
tive amounts over the 30 year time span of the flowpath,
suggesting that plagioclase is not becoming preferentially
less soluble due to changes in water chemistry alone.

5.2. Strontium Isotopic Composition of Groundwater
Derived From Upland Areas

Krabbenhoft et al. (1994) used §'®0, 6D, and the chemis-
try of several lakes from the region to show that the lakes

define a mixing trend in §'®*0 — 6D space between the aver-
age composition of local precipitation (6§'0 = —11.3) and
an enriched composition (50 ~ —3) resulting from evapo-
ration of meteoric water in lakes. Further, 6'%0 and D of
lake water become increasingly similar to the average value
of precipitation with increasing groundwater contribution to
the lakes (i.e., increasing conductivity ). Therefore, although
isotopically-enriched groundwaters derived from upgradient
lakes may contribute to discharge at downgradient lakes,
most of that discharge must be supplied along flowpaths
originating in the inter-lake uplands to avoid isotopic enrich-
ment. For example, the samples of groundwater discharge
to Big Muskellunge Lake (Table 2) are clearly not evapo-
rated. The restricted values of 60 in these samples (—11.6
to —11.3) are essentially identical to the groundwater en-
dmember postulated by Krabbenhoft et al. (1990) for lakes
in this region. The logical source of these groundwater dis-
charge samples is meteoric water that infiltrates the adjacent
uplands and recharges the local water table.

Compared to groundwaters at the isthmus, the samples of
groundwater discharging to Big Muskellunge Lake contain
substantially more radiogenic Sr (6%Sr = +8 to +23; Table
2). A plausible explanation for this difference is that flow-
paths originating in upland areas pass through a thicker un-
saturated zone than is present at the isthmus between Crystal
and Big Muskellunge Lakes, providing a different physico-
chemical environment for the solution of Sr and other cat-
ions. At the aquifer discharge transect, §*Sr and Ca concen-
trations decrease away from the shoreline whereas Sr con-
centrations are constant. The sample collected nearest to
shore and having the greatest §*’Sr and Ca concentration
reflects discharge of the shallowest groundwater to the lake,
and thus should have the greatest relative contribution from
the unsaturated zone of the adjacent upland. The correlation
of 6%Sr with Ca concentration and the lack of correlation
with Sr concentration in the groundwater discharge samples
suggests that residence time in the unsaturated zone leads to
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FIG. 4. (a) Contour plot of dissolved Si in isthmus groundwaters. The generally-smooth pattern of increasing values
across the isthmus demonstrates that Si provides a convenient measure of chemical evolution. (b) Contour plot of
dissolved Ca in isthmus groundwaters. The pattern is more complex than that for Si, revealing an apparent low ionic-
strength plume that lies well above the actual predominant flowpath of groundwater recharge emanating from Crystal

Lake.

elevated Ca concentrations, Ca/Sr ratios, and 6*'Sr in the
infiltrating meteoric waters. Interestingly the highly-radio-
genic Sr is probably derived from a phase such as K-feldspar
or biotite, neither of which contain significant Ca.

5%Sr of the lakes spans a broad range (0 to +13.5), and
increases as Ca and Sr concentrations increase and &0
decreases (Table 2). On a plot of §'*0 vs. §¥Sr (Fig. 7),
the lake data define a distribution that is consistent with
mixing of two water types: evaporated meteoric water having
relatively low Sr concentration and low §*’Sr, and ground-
water having relatively high Sr concentration and high 6% Sr.
On this type of diagram, various mixtures of two endmem-
bers define a hyperbola. The curve drawn through the data
in Fig. 7 is based on the following end conditions: §%Sr =
—1, an average value for the snow and precipitation samples,
for the evaporated meteoric component; and §'*0 = —~11.3,
average local precipitation determined by Krabbenhoft et al.
(1990), for the groundwater component. The curvature of

the hyperbola is determined by the approximately eightfold
difference in St concentration between Crystal Lake water,
which is dominated by evaporated meteoric water, and the
samples of groundwater discharge to Big Muskellunge Lake.
5%Sr of the groundwater component predicted by this hyper-
bola is approximately +15. Taken together, the samples of
groundwater discharge to Big Muskellunge Lake effectively
bracket this calculated groundwater component.

5.3. Experimental Constraints on Strontium Isotope
Evolution

The decrease in 6*’Sr and the accompanying change in
water chemistry along the groundwater recharge flowpath
emanating from Crystal Lake suggests that the waters obtain
their Sr predominantly from plagioclase and hornblende. In
contrast, along the recharge pathways originating in upland
areas, phases such as K-feldspar and biotite that contain far
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FiG. 5. (a) Variation in water chemistry at sampling points along the predominant flowpath of groundwater recharge
emanating from Crystal Lake (September, 1992 data from Table 1). Sample points and ages used: Crystal Lake (0
years); Crystal Lake porewater (0.2 years); K87 (1.25 years); K70 (7 years); K76 (15 years); average of K82 and
K5 (30 years). (b) Net molar addition rates of selected elements along the predominant flowpath of groundwater
recharge emanating from Crystal Lake. Average rates are shown for three time periods. The ratios of alkali and alkali-
earth cations to silica are consistent with dissolution of plagioclase in the young waters, and of a calcic ferromagnesian

silicate mineral(s) in the older waters.

more radiogenic Sr apparently control the strontium isotope
composition. An important difference between these two
pathways is that water is continuously moving along the
saturated lake-water recharge flowpath, whereas episodic re-
charge in the uplands may be periodically immobilized in
the unsaturated zone. In order to test whether the observed
differences in the isotopic composition of dissolved Sr might
result from differences in water mobility, an experiment was
designed using a column packed with sand from the isthmus
and deionized (DI) water as the eluent.

To begin the experiment, a slurry of DI water and 500g
of the sand sample used to obtain mineral separates was

placed in a glass column containing a porous frit at its base.
After the initial water had drained, the air space in the col-
umn above the sand was filled with DI water and the level
was held constant for the first four collection periods during
which the water dripped through at a rate of 5 mL/min. The
first 100 mL and the following three 300 mL of DI water
passed through the column were collected for analysis. Sub-
sequently, the column was allowed to drain and sit for a
period of about 12 hours, and then was refilled with DI
water and maintained at constant level for five additional
collections at a similar drip rate. The first 100 mL and the
following four 500 mL of DI water passed through the col-
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TABLE 5. Saturation indices along groundwater recharge flowpath
from Crystal Lake.

Crystal Lake porewater __ k86 k70 k76 kS
0 [

age (years)
mineral:

Albite -11.1 8.8
Anorthite -10.0 9.0
K-feldspar 6.2 -3.8
Enstatite 9.6 -94
Diopside 154 -151
Pargasite -57.7 -571
Tremolite -52.8 -50.7
Phlogopite -20.3 -20.0
Annite -175 -12.3
Tite .0 -3.3
Smectite 4.9 -1.8

1.3 7 15 30

5.4 4.1 -2.8 25
-7.0 5.2 4.2 -3.2
-1.7 +0.3 +1.2 +1.9
-8.8 -7.3 -6.0 4.3

-13.8  -10.9 -8.6 -5.0
522 432 359 -25.9
457 -349 261 -13.6

-18.1 134 9.4 -37
-10.6 -8.1 -0.6 +0.7

0.5 +1.9 +2.9 +3.1
.3 +3.6 +4.4 +3.8

umn were collected for analysis. In addition, for comparative
purposes several grams of the sand were allowed to sit for
12 hours in a beaker containing warm (~30°C) 0.01 N HCIl,
and the solution was decanted for analysis. The experimental
data are given in Table 6, and plotted in Fig. 8.

Nearly the entire range of §*’Sr observed in groundwaters
from the Trout Lake watershed was observed in waters sam-
pled from the column. 6%Sr was greatest in the first aliquot
of water passed through the column, and became progres-
sively less positive with successive additions. Following the
12 hour pause, 6¥Sr returned to a very positive value and
then decreased with successive additions of water. The speed
with which 6*Sr was modified following initiation of fluid
movement through the sand is particularly surprising. In con-
trast, 6*'Sr obtained in three static leaching experiments us-
ing the warm 0.01 N HCl was remarkably constant with
values ranging from +10.5 to +11.3.

A simple explanation of the experimental results is sug-
gested by differences in the way that Sr is lost from the
various minerals that comprise the sand. The strontium iso-
tope composition of the experimental product waters appears
to be controlled by two groups of minerals, those with low
5%Sr (predominantly plagioclase and/or hornblende) that

dominate when water moves through the sand matrix (satu-
rated conditions), and those with high §*’Sr (predominantly
K-feldspar and/or biotite) that dominate when water stag-
nates within the sand matrix (unsaturated conditions). Stron-
tium loss from plagioclase is accompanied by loss of other
cations that either go into solution (i.e., Ca, Na, Si; Fig.
5b) or recombine to form clay minerals (i.e., Al and Si).
Hornblende weathering involves the incongruent loss of cat-
ions including Al to solution (Zhang et al., 1993), with Al
recombining with Si to form clay minerals. In contrast, in
young weathering systems Sr can be selectively leached from
the lattice of chemically-resistant K-feldspar with little corre-
sponding mass loss of other cations (Bullen et al., 1996).
Biotite weathers primarily by conversion to hydrobiotite or
vermiculite (Cleaves et al., 1970; Velbel, 1985), and loss
of interlayer Sr and other cations occurs to relieve the charge
imbalance resulting from oxidation of Fe (White and Yee,
1985).

‘When waters move continuously through the sand matrix,
the clays that form in response to dissolution of alumino-
silicate minerals are probably carried in suspension and are
unlikely to accumulate on specific reactive phases. Under
these conditions, the flux of relatively unradiogenic Sr from

Sl (Saturation Index)
2 & &

&
3
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pyroxene

amphibole
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+ t t
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FiG. 6. Saturation indices for groundwaters along the predominant flowpath of recharge emanating from Crystal
Lake. Negative values indicate under-saturation, positive values indicate over-saturation with respect to a phase.
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Fic. 7. Hypothetical mixing hyperbola to describe the strontium and oxygen isotopic compositions of lakes in the
watershed. The lakes can be described as mixtures of evaporated meteoric water and groundwater that discharges to
the lakes; these presumed endmembers are denoted by stars. Three samples of groundwater discharge to Big Muskel-
lunge Lake bracket the modeled value of the groundwater endmember.

plagioclase and hornblende overwhelms that from the other
Sr-bearing minerals. In contrast, when waters stagnate or
form only thin films and unconnected pore fillings, clay min-
erals probably precipitate on the surfaces of the minerals
that are supplying Al and Si, and thus are more likely to
poison the surfaces of plagioclase and hornblende than those
of K-feldspar and biotite. This is particularly true for this
quartz-rich sand in which grains of plagioclase and horn-
blende may not typically be in contact with grains of other
Sr-bearing minerals. Thus under stagnant conditions, the flux
of relatively radiogenic Sr from minerals such as K-feldspar
and biotite overwhelms that from hornblende and plagio-
clase, as well as that from low-Al minerals such as pyroxene
and epidote that presumably contain unradiogenic Sr.

5.4. The Tr t Role of Plagiocl

Plagioclase feldspar and hornblende are likely to be im-
portant reactive phases as groundwater evolves chemically
in silicate terrains (Garrels and Mackenzie, 1967; Nesbit

TABLE 6. Results of column and static leach experiments.

column experiment:

volume increment of DIH20 (mi) _“'Sr™Sr 5¥'Sr

0-100 0.7220 16.53
100-400 0.7190 12.31
400-700 0.7144 533
700-1000 0.7114 161

{12 hour pause)

1000-1100 0.7194 12.87

1100-1600 0.7153 7.10

1600-2100 0.7138 498

2100-2600 0.7118 247

2600-3100 0.7082 -2.90
—___static leach experiment: IseSr  8¥sr
beaker 1 0.7177 70.51

beaker 2 0.7180 10.89

beaker 3 0.7182 11.32

and Young, 1984; Kenoyer and Bowser, 1992b). Although
surface area-dependent dissolution rates for plagioclase ob-
served in the laboratory and in the field are comparable
to those for hornblende, mass loss from plagioclase due to
weathering generally occurs at a far slower rate than that
from hornblende, presumably due to the greater reactive sur-
face area of hornblende grains (White et al., 1996). Thus,
one of the more surprising conclusions of the present study
is that plagioclase dissolution clearly dominates the first 15
years of chemical evolution along the groundwater flowpath
emanating from Crystal Lake, then becomes insignificant
relative to hornblende dissolution during the second 15 years
of chemical evolution (Fig. 5a,b). Of course, in the absence
of core samples from the isthmus we are unable to com-
pletely discount the possibility of the sudden disappearance
of plagioclase from the aquifer mineral assemblage along
the latter part of the flowpath. However, visual examination
of sand from numerous locations throughout the watershed
reveals that plagioclase is a ubiquitous and relatively abun-
dant mineral phase.

The importance of plagioclase dissolution relative to that
of hornblende (or some other calcic ferromagnesian mineral )
in the chemical evolution of the groundwaters can be dis-
cerned using Ca/Sr ratios, as shown in Fig. 9. Based on the
chemical data in Table 4, congruent dissolution of plagio-
clase and hornblende defines trends on a Ca vs. Sr plot
having slopes of approximately 100 and 1000, respectively.
All but one of the isthmus groundwater samples collected
from above the silt layers lie on or close to a line having
a slope (~145) just slightly greater than that defined by
plagioclase dissolution. In contrast, most of the samples col-
lected from below the silt layers have greater Ca/Sr ratios,
the values being limited by that defined by the data for lakes
in the region and the samples of groundwater discharge to
Big Muskellunge Lake. This limiting value (~650) is some-
what less than that defined by dissolution of hornblende
and probably other calcic ferromagnesian phases. Apparently
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Fic. 8. Results of experiments discussed in the text. The column experiment waters obtain Sr primarily from
plagioclase and hornblende under mobile conditions, and from K-feldspar and biotite under stagnant conditions. Three
weak-acid leaches of aquifer sand span a narrow range of §*’Sr of from +10.5 to +11.3.

plagioclase dissolution is enhanced in the hydrochemical
environment that exists above the silt layers at the isthmus.

There are two plausible and probably interrelated explana-
tions for the initially strong but progressively decreasing
influence of plagioclase along groundwater flowpaths at the
isthmus. First, with progressive chemical evolution the
groundwaters closely approach calculated thermodynamic

saturation with plagioclase (Table 5; Fig. 6). Although all
waters reported here have negative calculated saturation indi-
ces for plagioclase, the more evolved waters are effectively
so close to saturation with plagioclase that the dissolution
rate may become prohibitively slow. This explanation is con-
sistent with recent experimental evidence which suggests
that the dissolution rate of albite in aqueous solutions de-

25 .
g‘l)sRS%?.I[]EThl‘gE ISTHMUS, ABOVE SILT LAYERS
-
L ISTHMUS, BELOW SILT LAYERS
st v@\ groundwater discharge to
=] Big Muskellunge Lake
E
St
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Fic. 9. Groundwater samples collected from above the silt layers at the isthmus form a strong trend on this plot
that is similar to the trend resulting from plagioclase dissolution. In contrast, samples collected from below the silt
layers trend toward higher Ca/Sr ratios, with values limited by the trend defined by lakes of the region and the
samples of groundwater discharge to Big Muskellunge Lake. Symbols for lakes are as follows: CL = Crystal Lake,

LR = Little Rock Lake, BM = Big Muskellunge Lake, SP

= Sparkling Lake, TL = Trout Lake.
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creases abruptly in a sharp stepwise manner at the critical
level of undersaturation when etching of dislocation sites on
grain surfaces ceases (Burch et al., 1993). Dissolution rates
following the step decrease may be more typical of long-
term rates observed in field studies of weathering.

Second, following the step decrease in dissolution rate,
the surfaces of the plagioclase grains may provide a more
stable substrate for Fe-rich precipitates than those of the
more reactive ferromagnesian minerals, thus reducing access
of weathering solutions to plagioclase grain surfaces. This
explanation is consistent with the association of decreased
elemental contributions from plagioclase and rapidly de-
creasing measured Fe concentrations during the second 15
years of chemical evolution along the lake-water recharge
flowpath at the isthmus (Fig. 5a). However, because the Fe
analyses reported here are probably not representative of
true dissolved concentrations, confirmation of this process
awaits a more rigorous determination of Fe concentrations
using ultrafiltration techniques as well as a study of second-
ary Fe mineral precipitation in the aquifer.

Our evidence for changing contributions from minerals
along the lake-water recharge flowpath calls into question
mass balance models that rely on dissolution of minerals in
fixed proportions. For example, in their reaction path model-
ing of groundwater chemical evolution at this site, Kenoyer
and Bowser (1992b) invoked dissolution of An,, plagio-
clase, biotite, and augite in a fixed molar ratio of 11:1:1, with
concomitant precipitation of a clay phase. These proportions
were chosen to satisfy the average increases of Ca, Na, and
Mg in the groundwaters during the first three years of evolu-
tion along their flowpath. For the remainder of the flowpath,
however, the reaction mass balance predicted greater Na and
lesser Si in solution compared to observed concentrations,
even when precipitation of Na-beidellite and a hypothetical
low-Si/Al gibbsite-kaolinite hybrid were invoked. In fact,
the mismatch for both Na and Si can be removed simply by
reducing the available proportion of plagioclase in the re-
actant assemblage, thus reducing the amount of Si-bearing
clay precipitation that must occur. Clearly, the importance of
varying the proportions of both dissolving and precipitating
phases must be evaluated for any reaction mass balance. As
shown here, consideration of Ca/Sr variations should be
useful for determining the relative contributions from plagio-
clase and calcic ferromagnesian minerals.

5.5. The Natural Variability of the Weathering Signal

Numerous previous investigations referenced earlier have
documented that a range of strontium isotope composition
can be expected in surface and groundwaters at the watershed
scale as a result of both heterogeneities in mineralogic distri-
bution and variations in the contribution of atmospheric com-
ponents. The additional insight provided by the present study
is that strontium isotope composition, and thus contributions
from minerals that provide solutes, can likewise be expected
to vary in response to both progressive changes in mineral
solubilities along flowpaths and differences in fluid mobility
along contrasting flowpaths. A simple weak-acid leach of an
aquifer material that contains several reactive minerals is
an unreliable method for determination of the weathering

contribution. A technique similar to our column experiment
may provide a better indication of the range of strontium
isotope compositions expected of a given aquifer material.

In the present study, the greater 6%Sr of groundwater
discharge to Big Muskellunge Lake relative to that in sam-
ples along the lakewater recharge flowpath through the isth-
mus is attributed primarily to enhanced leaching of Sr from
relatively unreactive K-feldspar and biotite, coupled with
suppressed dissolution of plagioclase during stagnation of
infiltrating waters in the unsaturated zone of upland areas.
This scenario requires that the surfaces of K-feldspar and
biotite grains remain free from the buildup of clay minerals,
a condition that may be particularly valid for this quartz-
rich sand. Given the same reactive minerals, the range of
5%Sr obtained by groundwaters would probably be far less
in a quartz-poor matrix, in which the surfaces of K-feldspar
and biotite grains would be more susceptible to poisoning by
clay mineral aggregates. Regardless, the effect of changing
contributions from minerals along a flowpath through such
a quartz-poor aquifer material could lead to significant vari-
ability of 6*’Sr in groundwaters, particularly if the plagio-
clase and calcic ferromagnesian phases are derived from
substantially different lithologies.

In addition, redox conditions and their effect on biotite
reactivity may play an auxiliary role in promoting the stron-
tium isotopic contrasts observed. White and Yee (1985)
demonstrated that selective alkali and alkali-earth cation loss
from biotite occurs under oxidizing conditions in order to
maintain charge balance in the lattice as Fe** is converted
to Fe’*. The oxidizing conditions of the unsaturated zone
should provide a suitable environment for the release of
highly-radiogenic Sr from biotite, whereas the reducing con-
ditions along an aquifer recharge flowpath emanating from
a lake bottom should inhibit this process. The field observa-
tions are consistent with a redox control on the strontium
isotopic composition of the groundwaters, but its importance
relative to the effects of differential water mobility cannot
be determined with the present data.

6. SUMMARY

The traditional approach to understanding the evolution
of water chemistry in silicate aquifers has been to assume a
quasi steady-state situation in which aluminosilicate miner-
als that are thermodynamically undersaturated with respect
to the water react through complex hydrolysis/carbonation
reactions in relatively fixed proportions to provide solutes
and form secondary phases. Chemical heterogeneities are
typically thought to develop primarily due to factors such
as differences in mineral proportions and redox conditions
along different flowpaths. This study showcases the power
of the combined use of strontium isotopes, water isotopes,
and water chemistry to understand how mineral dissolution
reactions may change along flowpaths, and differ along con-
trasting flowpaths.

The most striking conclusion of this study is that such a
broad range of 6*’Sr is produced by weathering. Moreover,
the range observed is not due to differences in macro-scale
mineral distribution, but rather to the initial environmental
conditions along two contrasting groundwater recharge
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flowpaths. On one hand, the combined effects of continuous
recharge of low ionic-strength water from a lake bed and
the reducing character of this environment promote the early
dominance of plagioclase dissolution and inheritance of rela-
tively unradiogenic Sr along groundwater recharge flowpaths
emanating from lakes. On the other hand, the combined
effects of episodic stagnation of infiltrating precipitation in
the unsaturated zone and the oxidizing character of this bio-
logically-active environment promote the early dominance
of Sr leaching from minerals such as K-feldspar and/or bio-
tite and inheritance of relatively radiogenic Sr along upland
groundwater recharge flowpaths. To the extent that strontium
isotope signatures are maintained by groundwaters derived
from these different recharge flowpaths, strontium isotopes,
together with water isotopes and chemistry, may provide a
powerful means for discerning the relative contributions of
different groundwater sources to streams and wetlands in
this region.

The second important conclusion of this study is that rela-
tive contributions from reactive phases can change along
flowpaths, even though mineral proportions do not appar-
ently change. This fact should come as no surprise, but
should suggest caution to those who would attempt to over-
simplify nature. A variety of factors such as relative mineral
reactivities and the effects of secondary mineral formation
need to be considered. At the very least, reaction path models
that attempt to simulate the chemical evolution along
groundwater flowpaths must be able to incorporate a chang-
ing reaction assemblage in the calculations, and environmen-
tal factors other than the calculated state of saturation must
be considered.
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