
Ž .Chemical Geology 179 2001 73–91
www.elsevier.comrlocaterchemgeo

Two-way cluster analysis of geochemical data to constrain spring
source waters

Susan K. Swanson a,), Jean M. Bahr a,1, Michael T. Schwar b,2, Kenneth W. Potter b,3

a Department of Geology and Geophysics, UniÕersity of Wisconsin, Madison, WI 53706 1692, USA
b Department of CiÕil and EnÕironmental Engineering, UniÕersity of Wisconsin, Madison, WI, USA

Abstract

The purpose of the study was to use geochemical characteristics and apparent ages of sampled groundwaters to determine
which of the two regionally extensive bedrock aquifers, the lower bedrock aquifer or the upper bedrock aquifer, is a more
likely source of water discharging to springs in the Nine Springs watershed. The use of summary statistics and our
knowledge of the regional hydrostratigraphy resulted in the identification of three groups of monitoring points that are
representative of groundwaters with distinct geochemical characteristics. Two-way cluster analysis of the geochemical data
supports these groupings and further identifies subtle geochemical characteristics of the groups. One spring, which is
representative of smaller springs and seeps found in the watershed, belongs to a group that is characterized by variable
nitrate and chloride concentrations. Water discharging from this spring has a groundwater residence time of approximately 8
years based on the tritiumrhelium 3 dating method. The water discharging to this small spring is thought to have traveled
primarily through the unlithified aquifer, as opposed to either of the major bedrock aquifers. Most of the springs in the
watershed belong to a group that is characterized by elevated, but consistent, nitrate, sodium, and chloride concentrations. In
addition, cluster analysis revealed that potassium and alkalinity concentrations are somewhat low. Apparent groundwater
ages for this group range from 10 to 15 years. The water discharging from the majority of the springs in the watershed is
thought to have traveled primarily through the unlithified aquifer and the upper bedrock aquifer before discharging into the
former glacial lakebed wetland complex. Due to the relatively short groundwater residence times, spring water quality and
flow in the Nine Springs watershed are likely to be vulnerable to the rapid urban expansion occurring within the watershed.
q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Nine Springs watershed, located in south-
Ž .central Dane County, WI Fig. 1 , contains an unusu-

ally high concentration of cold-water springs. The
springs are representative of those sometimes associ-
ated with former lakebed wetlands in the glaciated
Upper Midwest where they often provide an impor-
tant and consistent source of high quality water
needed to maintain diverse and sensitive wetland
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Fig. 1. The Nine Springs watershed, Dane County, WI.

Ž .plant communities Eggers and Reed, 1997 . Ongo-
ing research shows that in the Nine Springs water-
shed, the springs also contribute significantly to the

Ž .hydrologic budget of the system unpublished data .
The Nine Springs watershed is situated in an area

of rapid urban expansion, and it is faced with prob-
lems that are typical of urbanizing watersheds. Docu-

Žmented declines in wetland plant diversity WRM,
.1996 are likely due to increased surface water in-

puts in combination with land use changes and de-
Žcreased groundwater inputs Galatowitsch et al.,

.2000 . In the past, the reduced groundwater inputs
Žwere primarily a result of agricultural practices til-

.ing ; however, urban land use acreage has now
surpassed agricultural land use acreage in the water-

Ž .shed WRM, 1996 .
An increase in the area of impervious surfaces, as

well as an increase in municipal pumping, has ac-
companied the urbanization, which continues to take
place. Planned land uses within the next 10 to 20

years will shift another 16% of the total watershed
acreage from open space and agricultural uses to
commercial and medium to high-density residential

Ž .uses WRM, 1996 . In addition, groundwater sup-
plies nearly all of the water for domestic and indus-
trial uses in Dane County, and the City of Madison
alone, which lies directly north of the watershed in

Ž .central Dane County Fig. 1 , accounts for over half
Ž .of this water use based on 1995 water usage . Water

use in central Dane County is expected to increase
Žby about 21% between 1995 and 2020 Dane County

.RPC, 1999 .
Despite the hydrological and ecological impor-

tance of the springs, it is currently unclear what
effects development is having on them and how
spring flow will be impacted by further development.
The springs have not been studied in detail and thus
are poorly understood. This is partially due to the
inaccessible nature of the geologic features ulti-
mately responsible for their formation. This study is
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the first step in the refinement of a conceptual model
of the hydrogeologic system responsible for flow to

Ž .the springs. In this paper, we describe the use of i
Ž .summary statistics, ii two-way cluster analysis, and

Ž .iii apparent groundwater ages based on the tri-
tiumrhelium 3 dating method to test proposed
sources of spring water. Two-way cluster analysis
proves to be especially useful in identifying subtle
geochemical characteristics of the groundwater dis-
charging to the springs in the Nine Springs water-
shed.

2. Site description

The Nine Springs watershed is a sub-basin of the
Yahara–Monona watershed. The uplands in the wa-
tershed are composed primarily of sandy till belong-
ing to the Horicon Member of the Holy Hill Forma-

Ž .tion Clayton and Attig, 1997 . The bedrock in the
area consists of a sequence of sandstones and
dolomitic sandstones of Cambrian age that overlie
Precambrian granite and undifferentiated igneous and

Ž .metamorphic rocks Fig. 2 . The geologic units in
Dane County have been divided into three aquifers
and one aquitard for purposes of describing and

Žmodeling regional groundwater conditions Bradbury
.et al., 1999; Krohelski et al., 2000 . Because more

detailed hydrostratigraphic characterization has not
yet been conducted in the Nine Springs watershed,

we adopt this interpretation as our conceptual model
of the hydrogeologic system. The major aquifers are
the lower bedrock aquifer, the upper bedrock aquifer,
and the unlithified aquifer. In addition, within much
of Dane County the Eau Claire Formation contains a
shale and siltstone facies that constitutes a leaky

Ž .confining unit the Eau Claire aquitard between the
lower bedrock aquifer and the upper bedrock aquifer.
The lower bedrock aquifer is composed of the Mt.
Simon Formation. The upper bedrock aquifer is com-
posed of the Wonewoc, Tunnel City, St. Lawrence,
and Jordan Formations in the vicinity of the field
area, but also includes Ordovician bedrock units

Ž .elsewhere in the county Bradbury et al., 1999 .
The low-lying areas in the Nine Springs water-

shed occupy a preglacial erosional bedrock valley
that was subsequently filled with glacio-lacustrine

Ž .deposits and till Bradbury et al., 1999 . It is likely
that the bedrock valley deepens and widens to the
east where it joins a larger buried erosional valley
system. Many of the low-lying areas within the
watershed are occupied by groundwater-fed wetlands
with peat accumulations of up to 3 m. The wetlands
historically consisted of shrub carr, shallow marsh,
and sedge meadow. They were dominated by Carex
spp. and Salix spp., which are often indicative of

Ž .poor fen conditions Owen, 1995 . These wetland
plant communities need a consistent source of
groundwater inflow rich in calcium and magnesium
bicarbonates, and they are frequently associated with

Ž .Fig. 2. Stratigraphic section for the study area modified from Clayton and Attig, 1997 .
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Ž .springs or spring complexes Eggers and Reed, 1997 .
Due in part to past agricultural practices including
tiling and introduction of exotic plant species, large
portions of the wetlands are now dominated by a

Žmonoculture of reed canary grass Phalaris arundi-
. Ž .nacea L. Owen, 1995 ; however, pockets of high-

quality sedge meadow remain primarily in the west-
ern and southern parts of the watershed, south of
Nine Springs Creek. Nine Springs Creek, which was
straightened and channelized in the 1930s, flows east
through the wetland area and discharges to Mud

Ž .Lake WRM, 1996 .
Two field sites, the Gunflint Trail site and the

Syene Road site, were chosen on the basis of their
Ž .proximity to major springs Fig. 3 . Two large springs

Ž 3 .)8.5ey03 m rs , hereafter referred to as the big
spring and the nursery spring, are located near the
Gunflint Trail site. Many smaller springs or seeps,
including one referred to as the peat spring, are also
present in the vicinity of this site. One large spring,

Ž 3 .the Syene Road spring )4.3ey03 m rs , is lo-
cated in the vicinity of the Syene Road site. Each

field site was instrumented with at least 10 monitor-
ing wells installed in nests; however, only the wells
that were included in the groundwater quality moni-
toring program, which is discussed below, are shown
in Fig. 3. Most of the well nests consist of a water
table well, an intermediately screened well installed
in sandy till, and a well screened in a highly weath-
ered zone at the top of the dolomitic sandstone
bedrock. The uppermost bedrock unit in the vicinity
of the two field sites is the Tunnel City Group,
which is described as a medium-grained, cross-be-
dded, dolomitic, and in some places glauconitic,

Ž .sandstone Ostrom, 1970 .
In general, groundwater within the watershed

flows downward from the surrounding uplands and
towards Nine Springs Creek and its associated wet-
lands where it discharges. Vertical hydraulic gradi-
ents at the Gunflint Trail site range from positive

Ž .gradients downward flow of approximately 0.04
between MW2A and MW2B to negative gradients
Ž .upward flow of as high as 0.52 in the vicinity of
the big spring. MW2A and MW2B are both screened

Fig. 3. Location of the field sites and sampling locations within the Nine Springs watershed.
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in sandy till; however, MW2A is a water table well,
whereas MW2B is screened approximately 3 m be-
low the water table. Vertical gradients between
MW3A and MW3B, which are situated at the margin
of the wetland area, vary between y0.03 and q0.01
depending on the season andror individual storm
events. MW3A is screened in sandy till and MW3B
is screened in the weathered bedrock zone approxi-
mately 11 m below the land surface.

Vertical hydraulic gradients at the Syene Road
site are consistently negative and range from a mini-
mum magnitude of 0.001 between MW7B and
MW7A to a maximum magnitude of 0.14 between
MW5B and MW5A, which are located near the
Syene Road spring. MW5A and MW5B are screened
in sandy till and within the zone of weathered bedrock
Ž .12 m below land surface , respectively, as are
MW6A and MW6B. MW7A and MW7B are located
in an area where the preglacial bedrock valley deep-
ens. MW7A is screened in sandy till and MW7B,
which is over 21 m deep, is screened in glacio-
lacustrine fine sand and silt.

Continuous flow records for the big spring and
the Syene Road spring show that spring flow is
extremely consistent throughout the year; it does not
respond to precipitation events or seasonal recharge

Ž .events. The 1999 flow record Jan.–Oct. for the big
spring is shown in Fig. 4. This lack of observed
variation in spring flow in combination with high
measured rates of flow would suggest an abundant
source of water that is not greatly affected by any
short-term or seasonal changes to the water budget.
One such source could be groundwater discharging
from the lower bedrock aquifer, which also supplies

Žthe majority of Madison’s drinking water Dane
.County RPC, 1999 . The Eau Claire aquitard is

partially absent in the central part of the county
where a preglacial bedrock valley extends into the

Ž .Mt. Simon sandstone Bradbury et al., 1999 . The
lower bedrock aquifer could be providing a signifi-

Ž .cant source of water to the springs if i the preglacial
bedrock valley underlying the Nine Springs Creek
and its associated wetlands, which is tributary to the
larger erosional valley, also extends into the lower

Ž .Fig. 4. 1999 flow record Jan.–Oct. for the big spring.
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Ž .bedrock aquifer and ii sufficiently negative gradi-
ents exist. If this is the case, the springs could be
especially vulnerable to increased municipal pump-
ing in the region.

Another source could be groundwater discharging
Žfrom the upper bedrock aquifer Wonewoc and Tun-

.nel City sandstones , as long as flow paths or resi-
dence times are sufficiently long to damp any sea-
sonal variations in flow. If this is the case, the
springs could be especially vulnerable to decreased
groundwater recharge due to an increase in the area
of impervious surfaces in a more local area. While
the surficial unlithified aquifer is sometimes used for
domestic water supply in the area, it is unlikely that
it could consistently provide the volume of observed
spring flow.

The purpose of our study is to use geochemical
characteristics and apparent groundwater ages of
sampled groundwaters to test whether the lower
bedrock aquifer or the upper bedrock aquifer is a
more likely source of spring water. Clearly, hetero-
geneities within these bedrock aquifers are critical to
the existence of the springs and may strongly influ-
ence groundwater flow paths to the springs. Future
work will include detailed hydrostratigraphic charac-
terization and numerical modeling of the system.
This geochemical survey is designed to constrain
spring source waters and guide the more detailed
hydrostratigraphic characterization to follow.

3. Methods

3.1. Geochemical analysis

Groundwater samples were first collected in
November of 1997, and sample locations were added
to the quarterly sampling program as new wells were
installed. All sampling locations are shown in Fig. 3.
In order to sample groundwater that is representative
of water flowing through the bedrock aquifers in the
vicinity of the sites, several domestic supply wells
within the watershed were included in the monitor-
ing network. Supply wells were chosen on the basis
of their proximity to the field sites, the availability of
a well construction report and driller’s log on file at
the Wisconsin Geologic and Natural History Survey,
and the limited screened or open interval of the well
Ž . Ž .-15 m Table 1 . Supply well sampling began in
August of 1998 and was also conducted on a quar-
terly basis. Sampling activities continued through
March of 2000.

All samples were analyzed at the Wisconsin State
Ž 2qLaboratory of Hygiene for major cations Mg ,

2q q q.Ca , K , Na by ICPratomic emission spectrom-
Ž y 2y y.etry and anions NO , SO , Cl by automated3 4

colorimetry. Concentrations of total dissolved solids
Ž .TDS were calculated by summing the concentra-
tions of cations and anions for each monitoring point

Table 1
Summary of supply wells

Well Well Approximate Screened Screened or open Minimum and Inferred
Ž . Ž .identification depth m ground surface or open interval m maximum geologic unit

Ž .elevation m amsl elevation of at screened or
open interval open interval
Ž .m amsl

S-1 65 262–265 screened 1 197–201 Horicon
Member, Holy
Hill Fm.

S-2 44 265–268 open 8 221–232 Tunnel City
Group

S-3 42 268–271 open 10 226–226 Tunnel City
Group

S-4 31 274–277 open 11 244–258 Jordan Fm.
S-5 75 308–311 open 13 233–249 Jordan Fm.
WDNR a9 52 259–265 open 11 207–224 Wonewoc Fm.

and Tunnel
City Group
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from each sampling event. The laboratory also re-
ported total alkalinity. However, total alkalinity, as
well as temperature, pH, conductivity, and dissolved
oxygen, were measured in the field at the time of
sample collection. Alkalinity and dissolved oxygen
were measured using Chemetricsw colorimetric am-
poules, which use a hydrochloric acid titrant with a
pH indicator and an indigo carmine method, respec-
tively. The field-measured values are considered
more accurate, but due to the characteristically high
alkalinity of the sampled waters, the precision of the

Ž .colorimetric ampoules was poor "50–100 ppm .
Therefore, laboratory alkalinity values were com-
pared to field alkalinity values to check the accuracy
of the laboratory-measured results. Because the labo-
ratory measured values were considered accurate and
they are also more precise, they were used in the
analyses discussed in this paper. Dissolved oxygen
also tends to be very high in the sampled groundwa-

Ž .ters generally G6 mgrl . The precision of the
dissolved oxygen colorimetric ampoules also de-
creases at high dissolved oxygen concentrations.
Therefore, dissolved oxygen was not used in the
analyses discussed in this paper except to note large
deviations from a concentration of 6 mgrl.

3.2. Summary statistics

Preliminary observations and conclusions were
based on the use of simple summary statistics includ-
ing the sample mean and coefficient of variation for
each analyte at each monitoring point. Comparison
of means was used to assess spatial variations among
monitoring points while the coefficient of variation

Ž .reflected temporal variability Table 2 .
It should be noted that duplicate samples were not

collected as part of the sampling program. Therefore,
we were unable to assess the contribution of analyti-
cal uncertainty to the calculated measures of spatial
and temporal variability. However, the differences in
the magnitude of calculated means that are used to
assess spatial variability are greater than differences
that would be expected as a result of analytical error.
Differences in the magnitude of the coefficients of
variation that are used to assess temporal variability
are also greater than differences that would be ex-
pected as a result of analytical uncertainty.

3.3. Cluster analysis

Cluster analysis refers to a set of techniques
designed to classify observations so that members of
the resulting groups are similar to each other and
distinct from the other groups. Hierarchical cluster-
ing, which successively joins the most similar obser-

Ž .vations, is the most common approach Davis, 1986 .
Because groups are simply based on their similarity
to each other, hierarchical cluster analysis can be
useful when abundant data are available and clear
hydrogeologic models have not yet been developed
Ž .Colby, 1993; Suk and Lee, 1999 . While other
multi-variate techniques, such as factor analysis or
principal component analysis, provide more insight
into the underlying structure of a data set, the use of
these techniques might require further analyses to
identify distinct groups. Cluster analysis, on the other
hand, may be thought of as a useful way of objec-
tively organizing a large data set into groups on the
basis of a given set of characteristics. This can
ultimately assist in the recognition of potentially
meaningful patterns. The set of characteristics cho-
sen for inclusion in the cluster analysis is assumed to
include the important distinguishing characteristics
of the entities that are being clustered. It is recom-
mended that the simplest characteristic applicable to
the data set be chosen because this is likely to ease

Ž .interpretation of the final results Everitt, 1993 .
Therefore, we chose local standardized means, while
other groundwater studies have involved the cluster-

Ž .ing of standardized raw data Colby, 1993 , rank-
Ž .transformed data Reeve et al., 1996 , and factor

Žscores estimated through factor analysis Suk and
.Lee, 1999 .

All analytical data were standardized using the
global mean for each analyte. As an example, the
global mean calcium concentration refers to the mean
concentration of all calcium data collected at all
monitoring points during all sampling events. Stan-
dardization is necessary because concentrations vary

Žover a wide range among the analytes Colby, 1993;
.Everitt, 1993 . Standardization ensures that each ana-

lyte is weighted equally later on when computing a
Ž .measure of similarity Davis, 1986 . Because each

monitoring point also has multiple sampling events,
a local mean for each analyte at each sampling
location was then calculated. For example, the local
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Table 2
Mean concentrations and coefficients of variation for analytes within Groups I, II, and III

Sampling location n Nitrate, mgrl Chloride, mgrl Sulfate, mgrl Alkalinity, mgrl Calcium, mgrl

Mean CV Mean CV Mean CV Mean CV Mean CV

Group I
MW2A 10 14.0 0.53 4.9 0.40 31.7 0.46 421.7 0.15 95.4 0.10
MW2B 10 10.3 0.13 11.9 0.22 37.5 0.31 384.7 0.05 93.6 0.06
MW3A 10 11.7 0.31 8.2 0.17 18.8 0.52 306.9 0.13 82.6 0.04
Peat Spring 10 6.1 0.62 21.9 0.17 19.6 0.36 297.1 0.12 77.5 0.08

Group II
Big Spring 10 11.2 0.03 31.1 0.04 27.2 0.11 297.5 0.03 82.4 0.03
Nursery Spring 7 10.4 0.15 23.5 0.13 23.5 0.27 292.3 0.04 80.9 0.04
Syene Spring 7 10.2 0.02 38.3 0.02 23.9 0.35 312.3 0.04 86.7 0.02
MW4B 10 10.9 0.03 32.8 0.05 27.8 0.25 309.0 0.01 84.6 0.03
MW1C 8 10.2 0.04 39.4 0.06 22.3 0.41 310.3 0.07 82.6 0.06
MW5A 8 15.9 0.03 40.8 0.01 41.0 0.05 314.3 0.02 94.5 0.02
MW5B 6 10.5 0.05 37.1 0.01 27.1 0.16 310.3 0.04 85.7 0.02
MW6A 8 10.7 0.02 37.5 0.02 24.9 0.32 312.3 0.04 86.0 0.02
MW6B 8 10.6 0.02 37.2 0.02 24.7 0.33 313.6 0.02 86.4 0.02
S-4 6 10.3 0.04 35.8 0.01 25.7 0.25 312.2 0.04 86.7 0.02
S-3 6 12.7 0.03 33.3 0.03 32.2 0.04 297.5 0.02 88.2 0.03
S-5 5 18.4 0.03 21.7 0.02 25.3 0.45 282.4 0.02 86.2 0.02

Group III
MW7A 8 2.3 0.03 2.8 0.07 4.2 0.67 294.9 0.05 65.8 0.02
MW7B 8 nd – 1.2 0.30 5.5 0.46 320.0 0.05 69.6 0.01
S-1 6 1.2 0.09 1.8 0.07 3.9 0.89 276.7 0.06 62.5 0.02

Exceptions
MW3B 10 13.9 0.09 25.6 0.03 30.4 0.26 322.2 0.05 88.8 0.08
S-2 6 9.5 0.06 21.1 0.13 21.7 0.19 289.3 0.03 79.7 0.04
WDNR a9 6 5.2 0.05 18.7 0.04 20.9 0.24 279.0 0.03 71.7 0.03

CVsCoefficient of variation.
ndsNon-detection.
–sNot calculated.

mean calcium concentration at MW7A was calcu-
lated by summing the standardized data from indi-
vidual sampling events and dividing by the total
number of samples collected at MW7A. It is impor-
tant to note that by choosing the local standardized
mean as the representative summary statistic for the
geochemical data, the cluster analysis did not con-

Ž .sider within-group variation i.e. temporal variation
in analyte concentration at each sample location.

A two-way cluster analysis was performed on 22
monitoring points and 10 analytes to provide a check
on interpretations of the geochemistry results that we
made on the basis of a more subjective evaluation
using summary statistics in combination with hydros-
tratigraphy. While both analytes and monitoring

points were clustered, the primary purpose of the
exercise was to identify relationships among moni-
toring points. However, by also clustering analytes,
the characteristics of the monitoring point clusters
are more apparent.

Ž .The two-way analysis was performed by i clus-
Ž .tering the sample locations, ii clustering the ana-

Ž .lytes, and then iii creating a two-way dendrogram
or tree diagram to illustrate the results. This was
accomplished using the statistical software Statistica
Ž .StatSoft, 1997 . Cluster analysis requires a measure
of similarity to be computed between every pair of

Ž .objects i.e. monitoring points or analytes , and Eu-
clidean distances are often used for this purpose
Ž .Davis, 1986 . The Euclidean distance between any
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Magnesium, mgrl Potassium, mgrl Sodium, mgrl Conductivity, mmhosrcm TDS, mgrl

Mean CV Mean CV Mean CV Mean CV Mean CV

49.7 0.10 48.1 0.50 4.1 0.41 976.0 0.13 643.3 0.08
51.7 0.04 13.7 0.20 5.7 0.08 924.0 0.07 601.2 0.03
40.7 0.06 0.7 0.29 4.4 0.18 751.4 0.11 473.8 0.11
40.0 0.13 0.7 0.51 6.2 0.12 713.3 0.10 468.7 0.10

43.7 0.02 1.0 0.28 8.1 0.06 797.7 0.06 501.7 0.02
42.3 0.03 0.9 0.15 7.8 0.06 773.0 0.13 480.9 0.04
44.4 0.02 1.0 0.16 13.7 0.04 829.2 0.12 530.0 0.02
45.5 0.02 1.3 0.15 7.7 0.06 867.7 0.17 519.1 0.01
45.9 0.04 1.8 0.38 10.3 0.07 847.4 0.10 522.3 0.05
47.5 0.02 1.3 0.17 12.3 0.04 912.4 0.08 566.5 0.01
44.2 0.02 1.3 0.12 13.0 0.00 838.9 0.09 528.7 0.02
44.4 0.02 1.0 0.24 13.4 0.04 853.8 0.07 529.6 0.02
44.4 0.02 1.1 0.14 13.4 0.04 840.8 0.08 530.6 0.01
44.0 0.01 0.9 0.17 13.5 0.04 820.2 0.10 528.5 0.02
44.2 0.02 1.2 0.07 9.4 0.04 845.8 0.10 517.7 0.01
44.2 0.01 0.8 0.32 4.7 0.03 788.3 0.13 483.2 0.03

34.0 0.02 1.1 0.16 2.9 0.05 573.6 0.13 407.3 0.04
36.1 0.02 1.1 0.18 3.2 0.03 581.7 0.09 436.3 0.05
32.7 0.02 1.0 0.08 2.7 0.04 538.9 0.05 381.8 0.05

47.5 0.06 2.3 0.99 9.0 0.06 901.9 0.15 539.1 0.03
40.5 0.02 1.0 0.11 5.5 0.08 753.8 0.06 467.5 0.03
38.0 0.02 1.5 0.07 5.6 0.06 634.8 0.11 439.7 0.01

given pair of either monitoring points or analytes is
equal to the geometric distance in multidimensional

Ž .space Everitt, 1993 :

1r2p
2d s x yx 1Ž . Ž .ÝA B Ai B i½ 5

is1

where ds the Euclidean distance, A and Bsany
given pair of monitoring points or analytes, xs local
standardized mean concentration, and psnumber of

Žvariables 10, the number of analytes when cluster-
ing monitoring points; 22, the number of monitoring

.points when clustering analytes .
Calculating the distance between all possible pairs

of monitoring points and analytes results in two

matrices of Euclidean distances. The first matrix
includes the Euclidean distances between the moni-
toring points and the second matrix includes the
Euclidean distances between the analytes. It should
be noted that if data were not standardized, the
calculated distances would be influenced most
strongly by the variables that have the greatest mag-

Ž .nitude Davis, 1986 . The distance matrices are use-
ful for initially determining similarity between all of
the variables and for illustrating the relative similar-
ity in the final dendrogram. However, a linkage rule,
or clustering method, is necessary to determine hier-
archical clusters. Ward’s hierarchical clustering
method was chosen for this purpose. It aims to
minimize the loss of information at each step in the
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clustering process. Information loss is defined in
Ž .terms of an error sum-of-squares ESS criterion.

Given g clusters, the procedure sequentially reduces
Ž .the number of clusters to gy1 by considering the

loss of information associated with the union of all
� Ž . 4 Ž .possible g gy1 r2 sets Ward, 1963 . The error

sum-of-squares for each initial cluster is given by:
n qi

2
ESS s x yx 2Ž .Ž .Ý Ýi i jk i k

js1 ks1

where ns the number of objects grouped together in
Ž . Ža cluster 2 , qs the number of variables the num-

ber of analytes when clustering monitoring points,
the number of monitoring points when clustering

.analytes , x s local standardized mean analytei jk

concentration, x smean analyte concentration ofi k

objects grouped together in a cluster.
The total ESS can be evaluated as the sum of

multiple separate sums of squares.
g

ESS s ESS 3Ž .Ýtotal i
is1

where gsnumber of sets evaluated.
After variables are combined into initial clusters,

the ESS for each subsequent cluster is computed by:

2< <ESSs m ym r 1rn q1rn 4Ž . Ž .U V U V

where U and Vs two clusters combined to form a
Ž .new cluster, n sn s the number of analytes 22U V

Ž .or monitoring points 10 in U and V, respectively,
msa vector that contains an average concentration

Ž .for each of the n analytes or monitoring points ,
calculated on the basis of the two previously merged

Ž . Žmonitoring points or analytes Ward, 1963; Suk
.and Lee, 1999 .

Finally, a dendrogram is created. The dendrogram
illustrates the groupings made at each successive

Ž .stage of the clustering process Everitt, 1993 ; the
branches of the dendrogram are scaled to represent
the normalized Euclidian distances between mem-
bers of each cluster.

3.4. Tritiumrhelium 3 analysis

A selected number of monitoring points were
Ž .sampled for analysis of tritium 3H and its stable

Ž .decay product helium 3 3He for purposes of

groundwater age dating. The 3Hr3He dating method
extends the usefulness of the mid-1960s tritium
groundwater inputs to cases where radioactive decay
and dispersion have significantly reduced the amount

Ž .of 3H in groundwater Solomon et al., 1992 . In this
study, the apparent ages calculated by the 3Hr3He
method place constraints on our conceptual model of
groundwater flow.

Groundwater samples were collected from 10
monitoring points including MW3A, MW3B,
MW4B, MW5A, MW5B, MW7A, MW7B, the big
spring, the nursery spring, and the peat spring. In
addition, a small spring on the north side of Nine
Springs Creek was sampled. This spring was not
included in the cluster analysis because the limited
number of geochemical samples precluded the calcu-
lation of meaningful summary statistics.

Tritium samples were collected from the monitor-
ing wells using a Waterra inertial pump, which
consists of a footvalve connected to a length of
polyethylene tubing. When oscillated up and down in
the well, the pump produces a flow of water. Prior to
collecting the samples, two to three well volumes of
water were purged from the monitoring wells. Spring
samples were collected by fully submerging sample
bottles in the spring pool as close to the point of
discharge as possible. Before filling and capping,
bottles were rinsed with sample. Samples were col-
lected in 250 ml glass bottles with tight sealing caps,
and were submitted to the University of Utah Noble
Gas Laboratory for analysis of tritium by the tritium
in-growth method.

Dissolved gas samples were collected in copper
tubes that were cold-welded using refrigeration
clamps. After purging a monitoring well, a copper
tube was attached to the discharge end of the plastic
tubing. Water was then pumped through the plastic
tubing and the in-line copper tube for several min-
utes to minimize bubble entrapment within the cop-
per tube. Refrigeration clamps on either end of the
copper tube were then tightened, and the ends of the
copper tube capped. Samples were collected in a
similar manner from the springs; however, water was
drawn through the plastic tubing and in-line copper
tube using a hand-held vacuum pump. Samples were
submitted to the University of Utah Noble Gas Labo-
ratory for analysis of dissolved gases by mass spec-
trometry.
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The 3Hr3He dating method was first proposed
Ž .by Tolstikhin and Kamensky 1969 and has proved

Žuseful in many groundwater studies e.g. Torgersen
.et al., 1979; Solomon et al., 1992, 1993 . When

Ž ) .measurements of tritiogenic 3He 3He , which re-
sults exclusively from the decay of 3H, are made in
association with 3H, the measurements can be used
to calculate the time since the water was isolated

Ž .from the atmosphere. The 3Hr3He age t is3Hr3He

calculated by:

3He)

y1t sl ln q1 5Ž .3H r3He 3H ž /3H

where l is the decay constant for tritium.3H

Helium isotopes in groundwater, including both
Ž .3He and helium 4 4He , come from several different

sources. In order to compute 3He) , these additional
sources and the 3Her4He ratio in the atmosphere
must be taken into account. The total dissolved 3He
is the sum of atmospheric 3He, 3He) , and nucle-
ogenic 3He. The total dissolved 4He is the sum of
atmospheric and radiogenic 4He. In this study, 3He)

was computed using the following equation derived
Ž .by Solomon et al. 1992 :

X
)3He s R 4He yR a 4He y4HeŽ .Ž ts0 m sol m sol

4HemXxq4He 1qa y1 6Ž ..sol ž /ž /4Hesol

where R s3Her4He ratio at the time of sam-ts0

pling, R s3Her4He ratio of water in isotopicsol

equilibrium with the atmosphere, 4He smeasuredm

4He, 4He s4He resulting from equilibrium solu-sol

bility with the atmosphere, a Xsairrwater fractiona-
Ž X .tion factor a s1.012 at 108C, Weiss, 1971 .

This equation assumes that samples are supersatu-
rated with respect to atmospheric nitrogen and he-
lium, resulting from bubble entrapment inside the
copper sampling tubes. In addition, one sample was
analyzed by a different equation, also derived by

Ž .Solomon et al. 1992 , which assumes samples are
undersaturated with respect to atmospheric nitrogen
and helium:

) w3He s R 4He y R 4HeŽ .Ž ts0 m sol sol

X xr a 4He y4He r4He q1 . 7� 4Ž . Ž ..sol m m

Ž .Eq. 7 assumes that gas stripping by CH andror4

CO occurs at the water table and that no radiogenic2

Ž4He is present in the groundwater sample Solomon
.et al., 1992 .

4. Results and interpretation

4.1. Geochemical results and summary statistics

The geochemical results show that waters sam-
pled cannot be distinguished on the basis of their
major ion facies alone. Due to the high carbonate
content of both the unconsolidated glacial deposits
and the sedimentary bedrock units in the area, all
waters sampled are a calcium–magnesium bicarbon-
ate type. A Piper diagram of the March 1999 analyti-
cal results, which is representative of all the sam-
pling events, is shown in Fig. 5.

The magnitude and temporal variation of individ-
Ž y. Ž y.ual ions, primarily nitrate NO and chloride Cl ,3

proved to be more useful in distinguishing between
possible source waters, groundwater flow paths, and
residence times. Preliminary observations and con-
clusions were based on the use of simple summary
statistics including the sample mean and coefficient

Ž .of variation Table 2 in combination with our under-
standing of the hydrostratigraphy. On the basis of the
geochemical analytical results and the use of these
simple summary statistics, three AgroupsB of waters
were identified. Table 3 presents the geochemical
characteristics of the groups and identifies the sam-
pling locations that define each group. The distin-
guishing geochemical characteristics of each group
Ž .defined relative to the other two groups of waters
are also discussed below.

4.1.1. Group I
Group I consists of monitoring wells MW2A,

MW2B, and MW3A, and a small spring or seep
called the peat spring. This group shows temporal

Žvariability in nitrate concentrations CVs0.13–
.0.62 and, relative to the other groups, somewhat

Žhigher variability in chloride concentrations CV)
. Ž .0.17 . In some cases MW2A and MW2B , potas-

sium concentrations are elevated. Sodium concentra-
tions tend to be low and somewhat more variable
Ž .CVs0.08–0.41 than at other sampling locations.

ŽAlkalinity also tends to be more variable CVs
.0.05–0.15 .
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Fig. 5. Piper diagram showing the results of the March 1999 groundwater sampling event. All waters sampled are a calcium–magnesium
bicarbonate type.

Positive vertical gradients exist between MW2A
and MW2B and both wells are screened in sandy till.
MW2A is screened across the water table, while

MW2B is approximately 11 m deep. MW3A is also
screened in sandy till. MW2A and MW2B are lo-
cated in a field that was farmed through the 1997

Table 3
Characteristics of geochemical groups based on the use of summary statistics

Group I II III Exceptions

Monitoring MW2A, MW4B, MW1C, MW5A, MW7A, MW7B, S-2,
points MW2B, MW5B, MW6A, MW6B, S-1 WDNR a9,

MW3A, peat S-3, S-4, S-5, big spring, MW3B
spring nursery spring, Syene

Road spring
Characteristics Ø Variable Ø Elevated, but consistent Ø Low and

y y y yNO and Cl NO consistent NO ,3 3 3
2y 2qSO , Ca ,4
2q qMg and Na

y yØ Low and Ø High and consistent Cl Ø Low Cl
qsomewhat variable Na

qØ Somewhat Ø High and consistent Na Ø Lower TDS and
variable conductivity
alkalinity
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agricultural season, and an actively farmed field is
located less than 150 m upgradient and to the south.
MW3A and the peat spring are located downgradient
of MW2A and MW2B, approximately 60 and 90 m
to the north, respectively. The high and temporally
variable nitrate and potassium concentrations ob-
served in these wells are probably a result of sea-
sonal fertilizer application, while the variable chlo-
ride concentrations may be a remnant of seasonal
road salt application. The high nitrate and chloride
concentrations; the general variability in analyte con-
centrations observed in MW2A, MW2B, and MW3A;
and the materials in which the wells are screened

Ž .suggest that i groundwater travels along short flow
Ž .paths andror has short residence times and ii prob-

ably has traveled primarily through the unlithified
aquifer. The water discharging to the peat spring
probably travels along similar flow paths.

4.1.2. Group II
Group II consists of monitoring wells MW4B,

MW1C, MW5A, MW5B, MW6A, and MW6B; sup-
ply wells S-3, S-4, and S-5; and the three larger
springs: the big spring, the nursery spring, and the
Syene Road spring. The geochemical characteristics

Ž .of this group include elevated generally )10 mgrl ,
Ž .but relatively consistent generally CV-0.05 ni-

Ž .trate concentrations and high generally )20 mgrl
Ž .and consistent generally CV-0.06 chloride con-

centrations. In addition, sodium concentrations tend
to be higher than concentrations detected at other

Ž .monitoring points and consistent CV - 0.07
throughout the sampling period.

All of the monitoring wells in this group are
screened in areas with negative vertical gradients.
MW5A and MW6A are screened in till while the
other monitoring wells are screened at the top of the
dolomitic sandstone bedrock surface. The supply

Ž .wells S-3, S-4, and S-5 are drilled to various depths
in the bedrock; however, all supply wells are screened
within the upper bedrock aquifer. From the well
construction reports, it appears that S-3 is open to the
Tunnel City Group, and S-4 and S-5 are open to the
overlying Jordan Fm., which is described as fine to

Žmedium grained, thick-bedded quartzarenite Ostrom,
.1970 . The high nitrate and chloride concentrations

at these locations are probably due to the application
of agricultural fertilizers and road salt, but it is likely

that either flow paths or residence times are longer
than those for Group I because temporal variations in
nitrate and chloride concentrations are not apparent
in these quarterly samples. We conclude that Group
II is representative of water that is traveling through
or has traveled through the upper bedrock aquifer.
Therefore, the water discharging to the big spring,
the nursery spring, and the Syene spring may have
also traveled through the upper bedrock aquifer.

4.1.3. Group III
Group III consists of monitoring wells MW7A,

MW7B, and supply well S-1. None of the springs
that were monitored have characteristics that are
similar to this group. The geochemical characteris-

Ž .tics of this group include very low -2.3 mgrl
Ž .and consistent CVF0.09 nitrate concentrations

Žthroughout the sampling period and low -2.8
.mgrl mean chloride concentrations. In addition,

mean sulfate concentrations were somewhat lower
Ž .-5.5 mgrl throughout the sampling period at
these locations. Sodium concentrations are consis-

Ž .tently CVF0.05 less than 3.2 mgrl throughout the
sampling period. Mean concentrations of calcium

Ž .and magnesium are consistently lower CVF0.02 ,
and TDS concentrations in general are consistently
Ž .CVF0.05 lower than other sampling locations.
The lowest conductivity measurements recorded in
groundwater samples were also collected from
MW7A, MW7B and S-1, and MW7B has low dis-

Ž .solved oxygen concentrations 2–4 mgrl compared
to approximately 6 mgrl at all other sampling loca-
tions.

MW7B and S-1 are screened in fine sandy lacus-
trine material that fills the preglacial bedrock valley
below Nine Springs Creek. MW7A is screened in the
overlying sandy till. The negative vertical gradient
between MW7B and MW7A ranges in magnitude
from only 0.001 to 0.005. The low nitrate and chlo-
ride concentrations might represent background lev-
els of these constituents in more regionally derived
groundwater, i.e. water that is representative of that
flowing through the lower bedrock aquifer or the
sandstones comprising the Elk Mound Group. Kam-

Ž .merer 1984 reports geometric mean concentrations
of 0.8 and 3.3 mgrl for nitrate and chloride, respec-
tively, in the Elk Mound Group sandstones. It is

Ž .likely that either i fertilizer or road salt sources do
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Ž .not exist in the recharge area or ii elevated concen-
trations of nitrate and chloride, resulting from heavy
use of fertilizers and road salt beginning in the
1930s, have not yet reached these locations due to
long flow paths andror residence times.

4.1.4. Exceptions
Exceptions to the groups defined above include

monitoring well MW3B and supply wells S-2 and
WDNR a9. Monitoring well MW3B is screened in
till, near the top of the bedrock surface at the Gun-
flint Trail site. It is located in an area where vertical
groundwater gradients alternate between negative and
positive, depending on the season andror individual
storm events. Therefore, it is not surprising that the
groundwater shows some characteristics that are con-

Žsistent with Group I elevated and somewhat variable
.nitrate concentrations and some that are consistent

Žwith Group II elevated, but consistent chloride con-
.centrations .

Ž .The supply wells S-2 and WDNR a9 are open
to bedrock at somewhat lower elevations than the
other supply wells. While detailed geologic logs are
unavailable for the supply wells, S-2 is probably
completed in the Tunnel City Group based on the
elevation of the open interval. The sampling results
from this well are very similar to the characteristics
of Group II, with a few exceptions. For example,
groundwater shows lower, but still consistent, nitrate
concentrations.

WDNR a9, which is a flowing well, is open to
the Tunnel City Group and the underlying Wonewoc
Fm., which is described as fine to medium grained,

Ž .thick-bedded quartzarenite Ostrom, 1970 . The
groundwater discharging from this well has lower
nitrate, chloride, and sodium concentrations than
those detected for Group II; however, the concentra-
tions are higher than those detected for Group III.
The water discharging from WDNR a9 may be a
mixture of these two groups of waters.

4.2. Cluster analysis

While the use of summary statistics and our
knowledge of the hydrostratigraphy resulted in three

Ž .groups of monitoring points plus several exceptions
with similar geochemical characteristics, cluster
analysis offers a secondary, objective test of the

groupings. Specifically, we were interested to see if
the cluster analysis would identify a similar number

Ž .of clusters of monitoring points 3 to 4 and if so,
whether groups and clusters consisted of similar
members. The two-way tree diagram, or dendro-
gram, that was generated by the cluster analysis is
shown in Fig. 6. The linkage distances shown on the
tree diagram are normalized Euclidian distances that
represent the relative similarity between the clusters
of sampling locations and analytes. Large differences
in the levels of fusion into clusters can be used as a
means to distinguish the number of clusters resulting

Ž .from the analysis Everitt, 1993 . The first level
where there appears to be a consistently large dis-
tance between levels of fusion of monitoring points
occurs at approximately 40% of the maximum link-
age distance. The four resulting clusters are labeled
A–D in Fig. 6. The relatively low normalized dis-
tance between the four clusters emphasizes their
geochemical similarity, but also shows the utility of
the method in identifying subtle geochemical charac-
teristics that might not be recognized by only review-
ing the summary statistics.

By clustering the analytes in addition to the moni-
toring points, the subtle characteristics of each of the
four monitoring point clusters are more easily identi-
fied. Furthermore, the results could be used to guide
a sampling program in a similar hydrogeologic set-
ting if resources were limited. Sodium and chloride
are clustered together as are potassium and alkalin-
ity. The remaining analytes also form a general

Ž .cluster. Because chloride specific ion electrode ,
Ž .alkalinity colorimetric ampoules , and conductivity

Ž .electronic field meter are all easily measured in the
field, these three parameters might be good choices
as broad indicators of geochemical similarity.

The monitoring point clusters are labeled A, B, C,
and D in Fig. 6, which also shows the characteristics
of each cluster in terms of mean standardized analyte
concentrations. Table 4 summarizes the character-
istics of each monitoring point cluster.

4.2.1. Cluster A
Cluster A is composed of monitoring wells MW2A

and MW2B, and is characterized by nitrate, sulfate,
calcium, magnesium, conductivity, total dissolved
solids, alkalinity, and potassium concentrations that
tend to be higher than the mean. Sodium and chlo-
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Fig. 6. Dendrogram resulting from the two-way cluster analysis.

ride concentrations are lower than the mean. MW2A
and MW2B are both members of Group I, discussed
earlier.

4.2.2. Cluster B
Cluster B comprises the majority of the monitor-

ing points and two major springs, the big spring and
the Syene Road spring. All of the monitoring points
in Cluster B, with the exception of MW3B, are
members of Group II discussed above. MW3B is
considered an exception to Groups I, II, and III, with
characteristics of both Groups I and II. Analyte
concentrations tend to be within one standard devia-
tion of the mean. The cluster analysis revealed,
however, that potassium and alkalinity are consis-
tently below the mean.

4.2.3. Cluster C
Cluster C groups MW7A, MW7B, and S-1 to-

gether. MW7A, MW7B, and S-1 are all members of
Group III discussed above. Within this cluster, ni-
trate, chloride, calcium, magnesium, sulfate, sodium,

conductivity, and total dissolved solids are lower
than one standard deviation below the mean. The
cluster analysis also reveals that potassium concen-
trations are lower than the mean, but are within one
standard deviation of the mean.

4.2.4. Cluster D
Cluster D consists of WDNR a9, S-2, MW3A,

the nursery spring, and the peat spring. In general,
analyte concentrations are lower than the mean.
WDNR a9 and S-2 were considered exceptions to
the groups defined above. MW3A and the peat spring
are both members of Group I. The distinguishing
characteristics of Group I are the variability of ni-
trate, chloride, potassium, and sodium concentra-
tions. As previously mentioned, the mean was cho-
sen as the representative summary statistic for each
analyte at each monitoring point for the cluster anal-
ysis. Therefore, the cluster analysis did not consi-
der within-group variation in analyte concentration
at each sample location. On average, the analyte
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Table 4
Characteristics of monitoring point clusters

Cluster A B C D

Monitoring points MW2A, MW4B, MW1C, MW7A, MW7B, S-1 S-2, WDNR a9,
MW2B MW3B, MW5A, MW3A,

MW5B, MW6A, nursery spring,
MW6B, S-3, S-4, S-5, and peat spring
big spring, Syene Road
spring

y 2y q y y y q qCharacteristics Ø NO , SO , Ø Na and Cl are Ø NO , Cl , Ø Na , K ,3 4 3
2q 2q 2q 2qCa , Mg , greater than the mean Ca , Mg , alkalinity,

2y q 2q 2qconductivity, SO , Na , Ca , Mg ,4

total dissolved conductivity, conductivity,
2ysolids, and total and SO are4

alkalinity, and dissolved somewhat less
qK are greater solids are less than the mean

than the mean than the mean
q y q qØ Na and Cl are Ø Alkalinity and K are Ø K is slightly less

less than the mean slightly less than than the mean
the mean
Ø Most other analytes are
close to the mean

concentrations may be somewhat lower at these loca-
tions; however, the variability in analyte concentra-
tions is thought to be a more distinguishing charac-
teristic of the geochemical results. The nursery spring
is a member of Group II. It does tend to have
somewhat lower nitrate and chloride concentrations
than the other members of Group II; however, the
concentrations are relatively consistent, higher than
those of Group I, and much higher than those of

Ž .Group III Table 2 . Finally, MW3A is a shallow
water table well screened in till, whereas WDNR a9
is a flowing well open to sandstone bedrock, and is
approximately 52 m deep. For all of these reasons,
we believe that Cluster D is an artifact of the cluster
analysis method and that it cannot be justified hydro-
geologically.

4.3. Tritium and helium 3 results

The apparent ages calculated by the 3Hr3He
method are shown in Table 5. Seven of the ages

Ž . Ž .were calculated using Eqs. 5 and 6 , because the
samples were supersaturated with respect to atmo-
spheric nitrogen and helium. The age for the nursery

Ž . Ž .spring was calculated using Eqs. 5 and 7 because
the sample was undersaturated with respect to atmo-
spheric nitrogen and helium. Ages could not be

calculated for MW7A and MW7B because very little
or no tritium was present in the samples.

The shortest residence times were calculated for
Ž . Ž .the nursery spring 1.5 years , MW3A 3.3 years
Ž .and the peat spring 8.5 years . However, we believe

that the age calculated for the nursery spring is
probably unreliable. The high level of CO detected2

in the sample in association with its undersaturation
with respect to atmospheric nitrogen and helium
suggest that gas stripping probably occurred. The

Žspring pool at the nursery spring is shallow -0.3
.m , and the points of discharge are numerous, but

relatively small. Therefore, it is likely that the sam-
ple that was collected is not representative of water
discharging directly from the spring.

MW3A is a shallow well that is screened in till.
Both MW3A and the peat spring are members of
Group I, which we concluded are representative of
groundwater that probably travels through the un-
lithified aquifer along short flow paths andror has
short residence times. The 3Hr3He ages support
these conclusions. The residence time associated with
the peat spring is higher than that for MW3A be-
cause it is a point of discharge.

Residence times for MW3B, MW4B, MW5A,
MW5B, the big spring, and the nursery spring range
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Table 5
Results of 3H, He, CO , and N analyses, and calculation of 3Hr3He ages2 2

)Location Tritium samples 4He 3He R 3He t N COts0 3Hr3He 2 2
3 3 3Ž . Ž . Ž . Ž . Ž . Ž .cm rkg TU TU years cm rkg cm rkgTU q y Sample date

MW3A 8.54 0.43 0.43 8r20r99 16:00 6.64ey05 3.93eq01 1.47ey06 1.75eq00 3.3 21.27 0.0248
MW3B 10.29 0.51 0.51 8r20r99 15:30 5.83ey05 4.71eq01 2.00ey06 1.17eq01 13.4 18.15 0.0439
MW4B 12.90 0.65 0.65 8r20r99 14:20 6.25ey05 4.78eq01 1.89ey06 9.66eq00 9.8 20.90 0.0189
MW5A 12.78 0.64 0.64 8r21r99 13:00 7.16ey05 6.51eq01 2.26ey06 1.64eq01 14.5 22.82 0.1009
MW5B 10.42 0.52 0.52 8r21r99 12:30 6.59ey05 5.24eq01 1.98ey06 1.12eq01 12.8 21.58 0.0107
MW7A 1.02 0.06 0.13 8r21r99 11:00 NA NA NA NA NA NA NA
MW7B 0.00 0.14 0.27 8r21r99 11:15 6.46ey05 2.60eq07 NA NA NA 20.38 0.0075
Big spring 10.99 0.55 0.55 8r19r99 14:30 6.01ey05 4.56eq01 1.88ey06 9.36eq00 10.7 18.85 0.0206
North spring 9.99 0.50 0.50 8r19r99 11:30 6.74ey05 5.53eq01 2.04ey06 1.23eq01 14.1 13.92 0.0392
Nursery spring 11.60 0.58 0.58 8r19r99 17:00 2.72ey05 1.61eq01 1.46ey06 1.05eq00 1.5 13.01 1.0656
Peat spring 11.42 0.57 0.57 8r19r99 16:00 9.75ey05 6.92eq01 1.76ey06 7.14eq00 8.5 32.01 0.0144

NAsnot available.
Ž .Eq. 6 was used to calculate ages for MW3A, MW3B, MW4B, MW5A, MW5B, big spring, north spring, and peat spring.
Ž .Eq. 7 was used to calculate ages for the nursery spring.
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from 9.8 to 14.5 years. With the exception of MW3B,
all of these monitoring points are members of Group
II, and all of the monitoring points are members of
Cluster B. We concluded that Group II might be
representative of water that flows through or has
flowed through the upper bedrock aquifer rather than
just the unlithified aquifer. The 3Hr3He ages sug-
gest that groundwater ages for these monitoring
points are indeed greater than those for MW3A and
the peat spring, which is probably an indication of
longer flow paths.

Very little or no tritium was detected in the
samples collected from MW7A and MW7B. These
wells are members of Group III and Cluster C, which
are considered to be representative of regionally
derived groundwater with long flow paths andror
residence times. The apparent groundwater ages sup-
port this conclusion. It is likely that the groundwater
at these monitoring points was recharged prior to, or
only shortly after, the initiation of nuclear weapons
testing in the 1950s and 1960s.

5. Conclusions

We believe that our conceptual model of the
monitoring points in Group I being representative of
water that travels primarily through the unlithified
aquifer along short flow paths andror that has short
residence times is valid, and that the results of the
cluster analysis and age dating support this interpre-
tation. The variability in analyte concentrations was
initially an important factor in grouping the sampling
locations in Group I together. Because the cluster
analysis was based on local mean analyte concentra-
tions, it was unable to capture this within-group
variability. However, the results of the cluster analy-
sis still predominantly agreed with the conclusions
based on the use of both the sample means and
coefficients of variation. This reinforces the assump-
tion that for purposes of this study, the local stan-
dardized mean was an adequate choice for a charac-
teristic of the entities that were clustered. While
Cluster A contains some of the monitoring points in
Group I, it did not identify MW3A and the peat
spring. However, on the basis of the 3Hr3He ages,
the groundwater samples from these two locations do
represent young water.

The majority of the sampling points and springs
were grouped and linked together in Group II and
Cluster B. It is likely that the characteristics of the
sampled waters represent water that travels through
or has traveled through the upper bedrock aquifer.
The high, but consistent concentrations of nitrate and
chloride suggest flow paths that are longer than those
for Group I because the temporal variability in ana-
lyte concentrations is not apparent. 3Hr3He ages
support this conclusion, as ages range from approxi-
mately 10 to 15 years.

Group III and Cluster C contain monitoring wells
MW7A, MW7B, and S-1. We conclude that these
monitoring points are representative of more region-
ally derived groundwater with longer residence times
andror groundwater that has traveled along longer
flow paths. Group III may be representative of water
that has flowed through the lower bedrock aquifer, or
at least the Elk Mound Group sandstones. The appar-
ent lack of tritium in the samples collected from
MW7A and MW7B supports these conclusions.

ŽRelatively short groundwater residence times -
.15 years and the apparent lack of regionally derived

groundwater input to the springs suggest that the
water discharging to the larger springs travels pri-
marily through the unlithified and upper bedrock
aquifer as opposed to the lower bedrock aquifer.
Water discharging to some of the smaller springs and
seeps may only flow through the unlithified aquifer.
This implies that both the larger springs and the
smaller seeps are particularly vulnerable to reduced
discharges caused by the reduction in groundwater
recharge that is expected to accompany urbanization.
It also calls for a more detailed characterization of
heterogeneities within the upper bedrock aquifer in
order to better quantify impacts to the springs. As
seen in the elevated nitrate and chloride concentra-
tions, spring water quality has already been compro-
mised due to past agricultural practices and mainte-
nance of roads. Further development is likely to
exacerbate water quality degradation, thereby ham-
pering wetland restoration and preservation efforts.
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