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Abstract Stable isotopes of the water molecule (5'%0 and
dD) for groundwater, lake water, streams, and precipitation
were coupled with physical flux measurements to investigate
groundwater—lake interactions and to establish a water balance
for a structurally complex lake. Georgetown Lake, a shallow
high-latitude high-elevation lake, is located in southwestern
Montana, USA. The lake is situated between two mountain
ranges with highlands primarily to the east and south of the
lake and a lower valley to the west. An annual water balance
and (6'%0 and 6D) isotope balance were used to quantify
annual groundwater inflows of 2.5 x 10" m*/year and lake
leakage outflows of 1.6 x 10" m*/year. Roughly, 57% of total
inflow to the lake is from groundwater, and 37% of total out-
flow at Georgetown Lake is groundwater. Stable isotopes of
groundwater and springs around the lake and surrounding
region show that the east side of the lake contains meteoric
water recharged annually from higher mountain sources, and
groundwater discharge to the lake occurs through this region.
However, springs located in the lower western valley and
some of the surrounding domestic wells west of the lake show
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isotopic enrichment indicative of strong to moderate evapora-
tion similar to Georgetown Lake water. This indicates that
some outflowing lake water recharges groundwater through
the underlying west-dipping bedrock in the region.
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Introduction

Understanding the hydrologic budget of lakes is essential for
making both water quantity and water-quality management
decisions (Millham and Howes 1994; Van Oel et al. 2013;
Ameli and Craig 2014; Kummu et al. 2014; Lavoie et al.
2014). Water balances are increasingly important for under-
standing water resources under the stress of drought and/or
climate change (Kebede et al. 2006; Swenson and Wahr
2009; Lei et al. 2013). Often, groundwater inflow and leakage
outflow comprise a substantial percentage of a lake’s water
balance and, in some cases, can strongly influence lake-water
quality (Hagerthy and Kerfoot 1998; Shaw et al. 2013;
Jarosiewicz and Witek 2014; Karan et al. 2014;
Lewandowski et al. 2015; Rosenberry et al. 2015). However,
quantifying groundwater inflows and outflows can be very
difficult for lakes in regions that are topographically and geo-
logically complex due to aquifer heterogeneity, preferred frac-
ture flow, multiple groundwater flow paths (Krabbenhoft et al.
1990; Xiao et al. 2013).

The importance of groundwater in lake-water balances is
often ignored or greatly simplified, and groundwater has re-
cently been referred to as “the disregarded component in lake
water and nutrient budgets” (Lewandowski et al. 2015;
Rosenberry et al. 2015). If groundwater is even considered
in lake studies it is often discussed in general terms as a
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process with no attempt to quantify fluxes (Ojiambo et al.
2001; Schuster et al. 2003; Kebede et al. 2006; Radke and
Howard 2007; Shaw et al. 2013). By measuring surface water
inputs and outputs combined with climate data to estimate
direct precipitation and evaporation, it is possible to solve
for the net groundwater inflow or outflow (i.e. the difference
between groundwater inflow and leakage outflow). A com-
mon approach is to assume leakage outflow from lakes in
negligible or absent and only estimate groundwater inflow
(Corbett et al. 1997; Hagerthy and Kerfoot 1998; Kluge
et al. 2007; Cartwright et al. 2009; Rodellas et al. 2012;
Schmidt et al. 2010; Dessie et al. 2015; Isokangas et al.
2015). However, in the case of a flow-through lake that simul-
taneously gains and loses groundwater, the net groundwater
flux does not reveal if the separate inflow and outflow com-
ponents are large or small (Hood et al. 2006; Lei et al. 2013;
Lee et al. 2014).

Numerical modeling can be used to estimate the flux of
groundwater into and out of a lake, provided sufficient
hydrogeologic data are available (Millham and Howes
1994; Bocanegra et al. 2013; Elsawwaf et al. 2014,
Rudnick et al. 2014). Modeling in the most common ap-
proach for estimating groundwater inflow and leakage
outflow in large lakes (i.e. lakes with total surface area
>500 ha; Bocanegra et al. 2013; Elsawwaf et al. 2014).
Geochemical mass balances provide another useful ap-
proach. Previous studies have used major ion chemistry
(Krabbenhoft and Webster 1995; Nachiappan et al. 2015)
and stable isotopes of water (5'%0 and 8D; Turner et al.
1984; Krabbenhoft et al. 1990; Gurrieri and Furniss 2004;
Turner and Townley 2006; Stets et al. 2010; Sacks et al.
2014; Nachiappan et al. 2015). However, most previous
studies that have employed geochemical or isotopic mass
balances to quantify groundwater inputs and outputs have
investigated lakes (<120 ha; Krabbenhoft et al. 1990;
Millham and Howes 1994; Krabbenhoft and Webster
1995; Hunt et al. 2003; Gurrieri and Furniss 2004; Stets
et al. 2010; Rudnick et al. 2014; Sacks et al. 2014;
Nachiappan et al. 2015).

In this report, stable isotopes of water are used to elucidate
the water budget of Georgetown Lake, a large (1,219 ha),
flow-through mountain lake underlain by complexly folded
and faulted metasedimentary rocks. Oxygen and hydrogen
isotopes are ideal conservative tracers because they are part
of the water molecule itself, not dissolved components subject
to reactive transport processes (Sacks 2002). In the present
study, direct evaporation of water from the lake surface pro-
duces a stable isotopic signal that deviates from local meteoric
water, thereby increasing the sensitivity and precision of the
stable isotope mass balance approach. The objectives in this
report are to (1) create a water balance on a large mountain
lake (1,219 ha) using a stable isotope mass balance approach
to see if groundwater inflows and outflows can be accurately
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estimated, and (2) use stable isotopes of regional groundwater
and springs to establish a conceptual understanding of ground-
water inflow and groundwater outflow to and from the lake.

Study area

Georgetown Lake, Montana, is a relatively high elevation res-
ervoir, at 1,960 meters above sea level (m.a.s.l.). Its surface
area is 1219 ha, and it is located 27.4 km northwest of
Anaconda near the Flint Creek and Warm Springs Creek
Divide in the Clark Fork River drainage (Fig. 1).
Georgetown Lake is a relatively shallow lake, with a mean
depth of 4.9 m and only 10.7 m at its deepest location (Knight
1981). The maximum water volume of Georgetown Lake is
3.83 x 10’ m’. Before the reservoir was created in the mid
1880s, the setting was a large meadow called Georgetown
Flats where cattle grazed and the land was irrigated to grow
hay (Wright 1983). In the 1880s, Georgetown Flats was par-
tially flooded by the construction of the Flint Creek Dam, and
by the 1890s the hydroelectric dam was completed. By the
early 1900s, the dam spillway was raised and Georgetown
Flats became the current Georgetown Lake.

The Georgetown thrust fault underlies Georgetown Lake
and creates a structurally complex geologic setting (Fig. 2).
The Georgetown thrust fault is a low angle, westward dipping
fault that emplaces mid-Proterozoic rocks of the Belt
Supergroup over Paleozoic and Mesozoic sediments. The
fault divides the bed of Georgetown Lake into two distinct
domains (Figs. 1 and 2; Lonn et al. 2003). The eastern portion
of'the lakebed is composed mainly of upper Paleozoic carbon-
ates of the Madison Group and Amsden Formation and the
western lakebed is primarily composed of Proterozoic
metasedimentary carbonates of the Piegan Group locally re-
ferred to as the Middle Belt Carbonates. The metasedimentary
rocks underlying the western lakebed are mainly dolomitic
siltites and quartzites (Lonn et al. 2003). Metamorphism has
altered both geologic regions through the intrusion of late
Cretaceous to early Tertiary granitic and dioritic plutons.
Geologic formations in both domains have undergone exten-
sive folding and faulting. Most of the rocks within the study
area dip 40-60° to the northwest and strike to the northeast
(Lonn et al. 2003). A smaller syncline within the regional
structure forms the plateau that includes Georgetown Lake.

Georgetown Lake is surrounded by mountains that reach
peaks greater than 3,000 m.a.s.l. The lake drainage area is
approximately 12,976 ha (Knight 1981), and it is fed by a
137-km? watershed (EPA 1977). The two largest tributaries
flowing into the lake are Stuart Mill Spring (SMS) and the
North Fork of Flint Creek (FCI; Fig. 1). SMS originates en-
tirely from a spring located approximately 200 m south of the
lake (Knight 1981), whereas FCI originates from the high-
lands to the northeast of the lake with an approximate drainage
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Fig. 1 Site map of the study area with sampling locations for lake inflow
and outflow (red stars), springs and small groundwater-fed creeks (green
triangles), domestic wells (yellow circles), and one small ditch (orange
diamond). Groundwater locations used from Shaw et al. (2013) are not

area of 4,895 ha (Knight 1981). The primary surface water
outflow of the lake is at the dam, which discharges lake water
to Flint Creek. In this study, Flint Creek below the dam is
referred to as Flint Creek Out, and is denoted FCO. A smaller
range of hills (~2,060 m.a.s.l.) separates Georgetown Lake
from the deeper Philipsburg Valley to the west. The floor of
the Philipsburg Valley (~1,680 m.a.s.1.) is substantially below
the elevation of Georgetown Lake (1,960 m.a.s.l.). Annual
precipitation from 1981 to 2010 averaged 66.8 cm. The mean
annual air temperature is 2.4 °C, with highs occurring during
summer months (May—August) and lows occurring during
winter months (November—March).

Georgetown Lake is known for its scenic views, fish-
ing, camping, and other various outdoor activities, and it
is currently the most recreated lake of its size in Montana.
As recreation and housing development increase at
Georgetown Lake, interest and research have increased
in response to degrading lake-water quality (Shaw et al.
2013; Gammons et al. 2014). Previous studies showed
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labeled with sampling IDs. Stuart Mill Spring (SMS) and the North Fork
of Flint Creek (FCI) and Flint Creek Out (FCO) (background image
courtesy of CalTopo 2015)

that most groundwater enters the lake through the eastern
one-third of the lakebed (Shaw et al. 2013). Water in the
western and central portion of the lake becomes progres-
sively anoxic with a strong vertical chemocline through-
out roughly 6 or 7 months of ice-cover (Knight et al.
1976; Garrett 1983; Stafford 2013; Gammons et al.
2014). The well-oxygenated groundwater mixes with an-
oxic water and thus maintains lake-water quality through-
out winter months along the eastern shoreline of the lake
(Shaw et al. 2013). Shaw et al. (2013) speculated that lake
water seeps out through the western two-thirds of the
lake. The groundwater flow-through setting of
Georgetown Lake is supported by two regional potentio-
metric surface maps illustrating a general west-moving
flow of groundwater (Waren and LaFave 2011; Mitchell
2014). Lake sediment thickness has never been deter-
mined, but Shaw et al. (2013) speculate that accumulated
sediments may contribute to a decrease in groundwater
inflows and leakage outflows to and from the lake.
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Fig. 2 Geologic map illustrating the location of Georgetown Lake and
the Georgetown Thrust Fault where Precambrian metasedimentary rocks
are upthrown over Mississippian and Pennsylvanian carbonates. The map

Methods
Lake-water balance
A lake-water balance was created by measuring monthly lake

inflows, outflows, and changes in storage from December
2012 to November 2013. Stream flows at SMS and FCI were
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is modified from Lonn et al. (2003) and the section is taken from Shaw
etal. (2013)

determined by recording monthly staff gage heights, once per
month mid-day, and converting to flow using a previously
calibrated rating curve (courtesy of Montana Department of
Natural Resources and Conservation). To ensure the data rep-
resented the months where it was collected, data were collect-
ed between storm events. Nearby hydrographs for the region
were also followed to ensure field measurements were not
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conducted during an anomalously high or low flowing condi-
tions. FCO flow measurements were obtained from the United
States Geological Survey (USGS) Flint Creek gaging station
near Southern Cross (Station ID 12325500).

Monthly evaporation was calculated using local meteoro-
logical data (average monthly air temperature, dew point tem-
perature, relative humidity, wind speed, and incoming solar
radiation), and incorporated in lake evaporation diagrams pre-
sented by Kohler et al. (1955), where monthly free water
evaporation rates could be estimated. The Philipsburg, MT
station meteorological data were obtained from the Western
Regional Climate Center (Western Regional Climate 2015).
The Philipsburg station is roughly 20 km northwest of
Georgetown Lake at an elevation of 1,606 m.a.s.1.

Precipitation for this study was taken from the Natural
Resource Conservation Service Pederson Meadows
SNOTEL site located approximately 4 km away at an eleva-
tion of about 2,200 m.a.s.l. (NOAA station ID PTNMS).

The following mass balance equation was used for major
inflows and outflows including changes in storage for
Georgetown Lake

P+ S+ G=E+ S+ G (1)
where

Precipitation for the area of the lake
Evaporation for the area of the lake
Surface water into the lake

Surface water out of the lake
Groundwater into the lake

> Groundwater out of the lake

JEN NI

QS

and all variables have units of m*/day (both £ and P were
multiplied by the lake surface area).

Using Eq. (1), the net groundwater flow through the lake
(GnEet) can be determined as follows

GneT = Gi_Go =FE+ SO_P_Si (2)

which provides insight to the short-term and seasonal
changes in groundwater flux into and out of the lake (Sacks
etal. 2014).

Isotope balance

A lake isotope balance was created by measuring or calculat-
ing monthly '®0 and D values for all of the inflows and out-
flows to the lake and combining in an isotope balance. The
isotopic values were expressed using the following & notation

Rsam,
5= [L"le—l} x 1,000 (3)
Rstandard

where R is an isotopic ratio (in this case 180/1°0 or ZH/IH),
subscripts “sample” and “standard” refer to the ratio of the

sample collected and the ratio of standard respectively. The
isotopic abundance ratio is generally small, so each measure-
ment is expressed as per mil (%c). The standard used in this
study is Vienna Standard Mean Ocean Water (VSMOW),
which has a value of 0%o for both 5'®0 and &D.

Isotope samples were analyzed by the Montana Bureau
of Mines and Geology (MBMG) analytical lab using a
Picarro Isotopic Water Analyzer, L2130-i. The samples
were run with at least three of the following standards,
VSMOW, USGS 48, USGS 47, Greenland Ice Sheet
Precipitation (GISP), Standard Light Antarctic
Precipitation (SLAP), and a local standard called Lone
Mountain. The §'°0 values for VSMOW, USGS 48,
USGS 47, GISP, SLAP and Lone Mountain are 0, —2.24,
—19.8, —24.78, —55.5 and —27.1%o0 respectively. The 8D
values for VSMOW, USGS 48, USGS 47, GISP, SLAP,
and Lone Mountain are 0, -2, —150.2, —189.5, —428, and
—201.2%0 respectively. Analytical uncertainty was +1 and
+0.2%o for 8D and '%0 respectively.

Monthly samples of §'*0 and 6D were measured from
December 2012 to November 2013. The two inflows, FCI
and SMS, and the outflow, FCO (Fig. 1), were collected in
10-ml borosilicate bottles with plastic conical lids. Each sam-
ple was filtered using a 60-ml high-density polyethylene sy-
ringe and 0.2-um PES syringe filter. The syringe was triple
rinsed and the samples were also triple rinsed with filtered
water. Specific conductivity (SC) and temperature were also
recorded during every field visit at each surface water site
using an MS5 Hydrolab.

Water isotopes ("0 and D), SC, and temperature
were also collected from 15 wells surrounding the
Georgetown Lake perimeter to determine the
groundwater isotopic composition. Isotope samples from
an additional 17 wells published in Shaw et al. (2013) was
also used as part of this study. Locations for all past and
current well samples are shown in Fig. 1. Seasonal
groundwater sampling was not conducted because the ma-
jority of wells are deep (~25-100 m) and seasonal sam-
pling of SMS showed minimal seasonal variations in
5'%0, 6D and flow (see the ‘Results’ section and Fig. 3).
The domestic well samples were collected from the out-
side hose connection in houses with no treated or softened
water. Samples were taken after approximately three well
volumes had been purged.

In order to do an isotope mass balance, the isotopic com-
positions for both precipitation and evaporation are needed.
Isotopic composition of precipitation was estimated using a
correlation of the isotopic compositions of precipitation versus
temperature established by Gammons et al. (2006) during a
study using 43 precipitation samples at a site roughly 60 km
southwest of Georgetown Lake. Gammons et al. (2006) de-
fined the following relationships of temperature to 5'%0 and
oD
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Fig. 3 Temporal variations in a flow rates (L/s), b 6D (%), and ¢ 5'%0
(%o0) for Stuart Mill Spring (SMS) and Flint Creek inflow (FCI) and
outflow (FCO)

60 = 0.587-19.6 (4)
or
6D = 4.257-151 (5)

where T'is temperature in °C. R* values for Egs. (4) and (5) are
0.67 and 0.66 respectively.

The Craig-Gordon model was used to determine the isoto-
pic composition of water vapor from lake evaporation (Craig
and Gordon 1965). The following equation from Clark and
Fritz (1997) was used to solve for the isotopic value for evap-
oration

@ Springer

Oy = dL—€1-v— Aepiy (6)

where the following terms are as defined:

oL Isotopic value for the lake
Oy Isotopic value for evaporated water vapor
€y Fractionation factor for equilibrium, liquid—water-

vapor exchange

Aepy  Kinetic fractionation factor for evaporation

To solve for Aey,_, the following equations from Clark and
Fritz (1997) were utilized for oxygen and hydrogen isotopes

A0y, = —14.2 x (1-h)%o (7)
or
AEZHbl_V =-12.5x (1*/’1)%0 (8)

where /4 is the relative humidity.

In order to separate and quantify groundwater inflows from
outflows, a lake isotope mass balance, similar to those
presented by Krabbenhoft et al. (1990) and Sacks et al.
(2014), was derived. Known isotopic composition for major
inflows and outflows are multiplied by the quantity of each
major inflow and outflow.

Pép + Sidsi + Gidgi = E0g=S:050—Go0Go )

0 denotes the corresponding isotope value for each major
inflow or outflow. A steady state isotope mass balance was
used instead of transient because changes in lake-water level
were not significant, and Mitchell (2014) showed that changes
in storage were negligible to the total water balance. The iso-
topic composition of Jg; was determined by averaging the
isotopic composition of all groundwater wells collected from
the Paleozoic carbonate aquifer, which was determined to be
the inflowing aquifer to the lake (Shaw et al. 2013).
Equations (1) and (9) can be rearranged and combined to solve
for both groundwater inflows and outflows. Equation (10)
shows how Eq. (1) is solved for groundwater outflows

G, = P+ S + G—E-=S, (10)

The isotopic composition of Georgetown Lake was ana-
lyzed at 70 locations during winter 2011 (see Shaw et al.
2013), and there is spatial variability of isotopes. Gammons
et al. (2014) also illustrate temporal variations of isotopes
within the lake. Therefore, the isotopic composition at FCO
is assumed to be an integration of isotopic variability within
the lake, and monthly samples at FCO capture the temporal
variations occurring within the lake. Presentation of lake
samples collected in Shaw et al. (2013) is later discussed in
section ‘Comparison to previous studies of Georgetown Lake’
and presented in Fig. 5 in this report. By assuming
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0r.=0Go =050, Eq. (10) can be incorporated into Eq. (9) and
simplified to the following equation

G = (P5P_E5E+Si5Si_(P_E+Si)5L] - (5L_5Gi) (11)

Once G; is calculated the result can be used in the physical
mass balance equation (Eq. 2) to solve for G,,.

Watershed isotopes

Shaw et al. (2013) showed that groundwater inflows to the
lake are predominantly located on the east side of the lake.
Regional springs and small, primarily groundwater-fed creeks
were sampled for 5'%0 and 5D between September and
October of 2013 and compared with the 70 lake samples pre-
sented in Shaw et al. (2013). The same field and analytical
methods were used as explained in section ‘Isotope balance’.
Samples of the springs and streams were collected both within
the site catchment and near the base of the lower valley adja-
cent to the west of the lake (Fig. 1). The purpose of collecting
these regional spring and stream samples is to compare with
groundwater samples and see if there is any insight in where
Georgetown Lake is losing lake water to groundwater re-
charge. The lake has a strong evaporation signal, and regional
groundwater and springs with an evaporated signal may sug-
gest areas where lake water has mixed with groundwater
(Shaw et al. 2013).

Results
Lake mass balance

Monthly inflows and outflows to Georgetown Lake from
December 2012 to November 2013 are presented in Table 1.
Precipitation ranged from 1.0 to 15.7 cm/month. Evaporation
ranged from 1.6 to 19.7 cm/month during months with no ice
cover. Evaporation was assumed to equal zero during months
with ice-cover (November through April). Major surface wa-
ter inflows and outflows show that monthly flow at FCO was
greater than the sum of FCI and SMS (Table 1; Fig. 3). After
dividing through by the lake area, the flows at FCO, FCI, and
SMS averaged 13.6, 3.5, and 3.1 cm/month from December
2012 to November 2013. Annual values for lake inflows and
outflows are found in Table 1.

FCI and SMS flows exhibit natural conditions with low
steady flows during the majority of the year and increased
flows resulting from snowmelt during May—July (Fig. 3c).
Peak inflow from Flint Creek is larger and arrives earlier
(May—June) than SMS and dissipates more rapidly. The lesser,
sustained response to snowmelt at SMS is typical of a large
groundwater spring as opposed to a mountain stream. Flows at
FCO remain elevated between May and September, which is

Table 1 Summary of the total monthly inflows, outflows, and changes
in storage (cm) at Georgetown Lake from December 2012 until
November 2013. SD standard deviation

Date Total inflows Total outflows Net groundwater flow
P FCI SMS E FCO  Gner  Gner
(m/year)  (cm) (em) (cm) (cm) (cm)  (cm)  (m)
Dec-12 58 25 09 0 9.3 0.1 13 x10*
Jan-13 53 25 12 0 106 15 1.9 % 10°
Feb-13 20 25 31 0 112 36 43x10°
Mar-13 43 31 28 00 112 09 1.1%10°
Apr-13 30 31 25 00 139 52 63x%10°
May-13 112 84 27 94 187 6.0 7.3%10°
Jun-13 107 11.1 51 131 187 49 6.0 10°
Jul-13 10 27 47 197 192 304  3.7x10°
Aug-13 56 15 40 134 188 21.1  26x10°
Sep-13 157 09 36 79 164 40 8.1x10°
Oct-13 74 18 36 16 93 -19  —23x10°
Nov-13 30 25 30 00 65 20  25%x10°
Annual 752 42.6 373 426 1638 738  9.0x10°
Average 63 35 31 54 136 62 75%10°
Median 55 25 31 08 126 3.8 4.6x10*
SD 43 30 12 70 45 9.7 12x10°
Maximum 157 11.1 51 197 192 304  3.7x10°
Minimum 10 09 09 00 65 20  25x10°

The difference between groundwater inflows and outflows is also pre-
sented (cm and m® /month)

P precipitation; F'CI Flint Creek inflow; SMS Stuart Mill Spring; £ evap-
oration; F'CO Flint Creek outflow; Gyzrnet groundwater flow

an artifact of Georgetown Lake outflows being controlled by
the dam.

Using the physical mass balance equation (Eq. 2), net
groundwater flow through the lake between December 2012
and November 2013 ranged between —2.5 x 10> and
3.7 x 10° m*/month, with an average value of 7.5 x 10° m¥/
month, with an annual value of 9.0 x 10° m (Table 1).
October through November were the only months that
displayed negative net groundwater flow (Fig. 4a). July and
August had the largest positive net groundwater inflow, which
appears to correlate with the largest month in releases of lake
water at FCO (Fig. 3c¢).

Isotope mass balance

Values of §'%0 and 5D for evaporation, precipitation, surface
water inflows, outflows, and groundwater are presented in
Table 2. The estimated precipitation had the largest variation
in values, with 5'®0 ranging from —11.4 to —22.7%o. The most
depleted values were during winter and the most isotopically
enriched values were during the warmer summer months, sim-
ilar to values observed in other areas of southwest Montana
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Fig. 4 a Net groundwater flow at
Georgetown Lake, with positive
values reflecting greater
groundwater inflows than
groundwater outflows; b percent
inflows, ¢ percent outflows at
Georgetown Lake

Table 2 Isotopic composition for
major inflows and outflows used
in the isotope mass balance. SD
standard deviation
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Date Total inflows Total outflows

P FCI SMS E FCO

(month- 8D %0 D 80 8D 5'%0 D %0 D 5'%0
year) (%o) (%o) (%o) (%o) (%o) (%o) (%o) (%o) (%o) (%o)
Dec-12 -174 227 -134 -17.6 -140  -18.8 -236 =310 -118  -145
Jan-13 -173 227 -136  -18.1 -140 -184 -238 319 -120 148
Feb-13 -170 222 -137  -184 -141  -18.7 -240 325 -122 -15.1
Mar-13 -162 211 -138  -18.6 -141  -18.38 -237 327 -123  -15.1
Apr-13 -151 -19.7 -136  -18.1 -141  -189 -240 333 -123 -149
May-13 -130 -16.7 -136 182 -140  -18.6 -233 -329 -129  -16.5
Jun-13 -112 143 -136  -183 -140  -18.7 -221 -313 -121  -15.1
Jul-13 -91 —11.4 -137 -184 —140 185 217 324 -121  -15.1
Aug-13 -97 —12.2 -137  -18.5 -141  -18.8 =215 318 -118 -142
Sep-13 —114  -145 -136 -18.0 -140 -18.7 =217 -30.1 -117 -142
Oct-13 -149  -193 -137  -185 -141  -18.9 -226  -30.7 -116  -14.0
Nov-13 -159  -20.7 -143 193 -142  -19.0 -231 315 -118 142
Average -140 -18.1 -137 -183 -141  -18.8 -229 318 -120 1438
Median -150  -195 -137 -184 -141  -18.8 -232 319 -120 1438
SD 30 4.1 2 0.4 1 0.2 10 1.0 4 0.7
Maximum  -91 -11.4 -134  -17.6 -140 -184 215 -30.1 -116  -14.0
Minimum  -174 227 —143  -19.3 -142 -19.0 -240 333 -129  -16.5
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(Gammons et al. 2006; Abdo et al. 2013). Shaw et al. (2013)
show that FCO is isotopically similar to Georgetown Lake and
appears to be an integration of lake-water chemistry sampled
spatially around the lake. As a result, the lake was assumed to
be identical to FCO values for this study, and FCO was the
most isotopically enriched water sampled with mean 5'0 and
8D of—14.8 and —120%o respectively. Evaporated water vapor
was the most isotopically depleted, with mean &'%0 and 5D of
—31.8 and —229%o respectively. Precipitation, FCI and SMS
had 5'®0 and 8D values in between evaporation and FCO
values (Table 2).

Results from the isotope mass balance combined with the
physical mass balance (Eqgs. 10 and 11) were used to deter-
mine gross groundwater inflows and outflows to Georgetown
Lake. Annual groundwater inflow to the lake was estimated to
be 207.7 cm/year (2.5 x 107 m’/year) using §'%0, and
279.1 cm/year (3.4 x 107 m*/year) using 6D values (Table 3).
Total mean groundwater outflow was 133.8 cm/year
(1.6 x 107 m?/year) using 5'%0 and 205.3 cm/year
(2.5 % 107 m*/year) using 8D. The oxygen isotope analysis
(6"%0) has an analytical precision of +0.2%o, whereas the deu-
terium isotope has an analytical precision of +1%.. For this
reason, the isotopic mass balance results using 'O were
considered the most reliable and were the results that were
analyzed throughout the rest of the analytical portion of this
study. In comparison with all of the inflows to Georgetown
Lake, and using the oxygen isotope results, approximately
57% of the total inflow to the lake is a result of inflowing
groundwater (Fig. 4b). Total annual groundwater outflows are
roughly 64% of the total groundwater inflows, and roughly
39% of the total outflows measured in the water balance.

The isotope mass balance equation results were
recalculated with uncertainty ranges in the water budget terms
(Table 4). Evaporation was both increased and decreased by
10 and 20%. Precipitation was only decreased because the
SNOTEL site where the precipitation data came from is at a
higher elevation and would more likely exhibit more

Table 3  Physical and isotopic mass balance values and isotope mass
balance results for groundwater inflow and outflow

Type of flow Parameter Flow
(m3/year)
Inflows Precipitation 9.1 x10°
FCI 52x10°
SMS 4.5x10°
Outflows Evaporation 8.1 x10°
FCO 2.0x 107
Calculated groundwater flows G; (5'%0) 2.5% 107
G, (5'%0) 1.6 x 107
G; (3D) 3.4x107
G, (5D) 2.5%107

Table 4  Sensitivity analysis of the isotope mass balance

Parameter change in water Increase Total G;  Total G,  Gj % of
and isotope balance with the or (m3 /year) (m3/year) total
percent increase/decrease  decrease inflow
Original 2.53x107 1.63x10" 57%
Precipitation 10% ! 2.59x107 1.60x 10" 59%
Precipitation 20% 1 2.65%107 1.57x107 61%
Evaporation 10% 1 2.12x107 1.30x 107 53%
Evaporation 10% 1 2.94x107 1.97x10" 61%
Evaporation 20% ! 1.71x 107 9.64x 10° 47%
Evaporation 20% 1 336x 10" 2.30x107 64%
Surface water inflows 10% 1 2.63%10" 1.63x107 59%
Surface water inflows 10% | 243x107 1.63x107 55%
Surface water inflows 20% 1 2.73%107 1.64x 107 62%
Surface water inflows 20% | 233x107 1.63x10" 53%

The arrows indicate an increase or decrease in each parameter

precipitation than the lake area (NOAA SNOTEL site
PTNMS). Surface water inflows were both increased and de-
creased by 10 and 20%. The sensitivity analysis showed that
the isotope mass balance was most sensitive to the amount of
evaporation. When evaporation was changed by +20%
groundwater inflows ranged between 47 to 64% of total in-
flows, which corresponds to a decrease of 10% and an in-
crease of 7% from the results presented in this study.
Changes in precipitation and surface water inflows resulted
in percent groundwater inflows varying by less than or equal
to 5% variation.

Watershed isotopes

Water isotope results (5"%0 versus 8D) for all surface water,
springs, and groundwater are presented in Table S1 of the
electronic supplementary material (ESM). Lake-water sam-
ples presented in Shaw et al. (2013) are also used for compar-
ison of inflow and outflow samples used in this study.
Individual lake-water chemistry samples are in the supple-
mentary material of Shaw et al. (2013). Surface water inflows
(FCI and SMS) and outflows (FCO) plotted with lake samples
show a distinct separation in grouping (Fig. 5a). FCO and lake
samples are isotopically similar and deviate significantly from
the GMWL suggesting the samples have undergone signifi-
cant evaporation. FCI and SMS (labeled as SW Inflow) are
isotopically depleted and generally plot on or near the GMWL
suggesting a meteoric water source with little to no
evaporation.

The isotopic composition of groundwater for 15 domestic
wells surrounding Georgetown Lake combined with 17 previ-
ous well samples presented by Shaw et al. (2013) are plotted
in Fig. 5b with lake samples for comparison. In general,
groundwater samples are clustered near the GMWL with
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Fig. 5 Water isotope values (0D -110
and 5'%0) for a major inflows a
(SW Inflow) and outflows (SW -115 A
Outflow) in comparison with the
lake, b domestic well samples -120 -
located west (GW west) and east OSW Inflow
(GW east) of the Georgetown -125 A
Thrust Fault in comparison to the - #SW Outflow
lake, and ¢ spring and baseflow § -130 - =Lake
small tributary samples located [a) o=
west (west springs) and east (east ©w -135 H = —GMWL
springs) in comparison to lake <o
samples. The Global Meteoric -140 -
Water Line (GMWL) is shown for
reference (Craig 1961). Ditch -145 A
water (labeled Ditch) carrying
Silver Lake water is also shown -150 T T T
(b and C) _110
b
-115 4 -
1120 - T ey
- B - F1il =Lzl
-125 A1 - T @ GW west
% -130 - 0'%\ GW 9 OGW east
w -135 - a 9 < Ditch
140 - (O] —GMWL
-145 -
'150 T T T
-110
115 { © .
. < I gy
120 e ey | - Lake
-125 A -__x' = A SP west
$ -130 - - ASP east
o ¢ Ditch
@ -135 - #&
S1 —GMWL
-140 -
-145 -
-150 T ] 1
-20 -18 -16 -14 -12
5180 (%o)

relatively depleted values in comparison to lake samples.
Groundwater samples collected east and west of the
Georgetown Thrust Fault are labeled GW east and GW west
respectively. The majority of groundwater samples are isoto-
pically depleted relative to lake samples and plot near the
GMWL; however, a few samples (4—6) appear to plot along
a local evaporation line (LEL) that trends toward the lake
samples. All but one of these groundwater samples along this
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apparent LEL are from wells sampled along the west side of
the lake. The one GW east sample plotting along the apparent
LEL (GW-9) is a shallow well (~2 m) placed in alluvium near
a small ditch where Silver Lake water is sometimes routed to
Georgetown Lake. Ditch water plots very near GW-9 (labeled
as “ditch” on Fig. 5b,c). The evaporative signal in GW-9 may
be attributed to local recharge of ditch water to shallow
groundwater. Isotopically enriched well samples on the west
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side of the thrust fault were collected from relatively deep (e.g.
~100 m depth) domestic wells located at homes with lakeside
or very close to lakeside properties.

Isotope results for springs and small groundwater fed
creeks (Fig. 1 for locations) show varying amounts of mixing
between depleted meteoric values close to the GMWL and
evaporated lake samples (Fig. 5¢). In particular, separation
of springs sampled to the west and east of the Georgetown
Thrust Fault are plotted on Fig. 5c¢ (labeled SP west and SP
east respectively). SMS and spring S1 are the only two springs
located to the east of the thrust fault, and were sampled several
times. Generally, they have isotopically depleted chemistry
with little evaporation, but spring S1 appears to sometimes
receive water from a ditch connected to Silver Lake (labeled
S2 on Fig. 5c). Although FCI samples are presented with
surface inflows and outflows (Fig. 5a), the isotopic composi-
tion of FCI is also significantly depleted and during much of
the year could be classified as a low-flowing groundwater-fed
creek. Springs and groundwater-fed creeks sampled west of
the Georgetown Thrust Fault were generally sampled only
once or twice, and consistently show varying degrees of evap-
oration (Fig. 5c). Generally, the west side springs tend to be
more isotopically enriched and have evaporated signatures
more similar to the lake than on the east side.

Discussion
Summary of the water balance for Georgetown Lake

Results from this study combined with results from Shaw et al.
(2013) and Gammons et al. (2014) can be used to develop a
conceptual understanding of groundwater flow to and from
Georgetown Lake (Fig. 6). Both net groundwater and

-\ Flint Creek,,
-2.0x107 m?

Flint Creek;,

Gl\/\é"”iy N +5.2x106 m3
-1.6x10’m
R
P
I ew,
N +2.5x107 m?
S
a3
Thrust Vv
[ — “ Stuart Mill Spring
0 1 2 km +4.5x10° m3

Fig. 6 Schematic illustrating annual flow volumes for inflows, outflows,
and changes in storage during the 2012/2013 water year. Arrows show the
directions of flow, with subsurface flows illustrated by hashed lines

estimates of groundwater inflows and outflows to and from
the lake show that groundwater inflows (2.5 x 107 m3/year)
are nearly twice as high as groundwater outflows
(1.6 x 10" m® /year). Shaw et al. (2013) show that groundwater
inflows occur through karst carbonates located to the east of
the Georgetown Thrust Fault. Due to the karst nature of
groundwater flow in the area, groundwater inflow most likely
enters the lake through many submarine springs discharging at
fractures and/or karst voids instead of a spatially continuous
specific discharge that may be expected from unconsolidated
alluvium. An unpublished map showing spring locations prior
to creating Georgetown Lake confirms that there are several
springs along the east side with varying amounts of flow (not
quantified). Some are listed as “large” flows. §'*0 and D
from groundwater sampled along the east side of the lake are
isotopically depleted and plot on the BMWL suggesting a
meteoric source of water with little to no evaporation
(Fig. 5). While groundwater inflow rates may seem large in
comparison to surface-water inflows, the total surface and
groundwater flow rates fall well within the expected incoming
precipitation for the entire catchment that drains to
Georgetown Lake. SMS is treated as surface water in this
study because it discharges to ground surface above the lake,
but it is an example of the types of the magnitude of karst
spring flow that may occur within the lake system, and its
magnitude is nearly the same as FCI (Fig. 4).

Two seepage meters coupled with minipiezometers
installed from August 17 to September 24, 2011 measured
groundwater discharge fluxes of 339.1 and 23.8 g/m*/day
and vertical hydraulic gradients (directed upwards) of roughly
0.03 and 0.01 respectively (Shaw and White, unpublished
data), which also suggests inflow of groundwater to the lake
along the eastern shore. However, with only two seepage me-
ter estimates, the spotty nature of groundwater flow to the
lake, and limited knowledge of the water table near the lake,
it is nearly impossible to make reasonable Darcy flux calcula-
tions to support the calculated groundwater inflows from the
isotope balance.

Silver Lake may recharge some of the shallow Quaternary
alluvium located between Silver and Georgetown Lakes and
that water may later discharge to Georgetown Lake (Figs. 1
and 2). Shallow groundwater located between Georgetown
and Silver Lake shows isotopic enrichment similar to Silver
Lake water chemistry, and could be from direct seepage in-
flow of Silver Lake, which sits at a slightly higher elevation
than Georgetown Lake (Garrett 1983; Fig. 5bc).

While groundwater outflow from Georgetown Lake is less
than total incoming groundwater flow to the lake, it was a
magnitude roughly 75% of the total surface water outflow
measured at FCO (Fig. 6). Shaw et al. (2013) suggested that
groundwater outflow occurs through the bedding and frac-
tures located on the western side of the Georgetown Thrust
Fault over the western approximately two-thirds of the lake.
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Not all of the groundwater wells located along the western
perimeter of the lake show similar evaporated water as
Georgetown Lake, a handful of the western wells do have a
similar evaporated isotopic signature (Fig. 5). It may be that
this evaporated signature is a result of Georgetown Lake water
recharging groundwater at discrete fracture zones. White
(2012) showed similar water quality and major ion concentra-
tions in at least one of the wells located near the southwestern
portion of the lake which strongly suggested lake water re-
charges groundwater in some portions of the lake. The west-
dipping rock, lower valley to the west of the lake, and regional
potentiometric surface map (estimated by Waren and LaFave
2011) support a westward flow of groundwater away from the
lake. Furthermore, all springs and small tributaries located
near the eastern edge of the lower valley (west of the lake)
show some evidence of evaporation relative to local meteoric
water, which strongly suggests that Georgetown Lake pro-
vides some recharges of groundwater to the west of the lake.
Regional groundwater mixed with Georgetown Lake water
appears to discharge lower in the valley as springs or baseflow
to small creeks flowing from the hills situated between
Georgetown Lake to the lower valley to the west. No other
literature used for this study was found to use regional iso-
topes to illustrate leakage outflow locations.

During sampling, flows were sometimes measured at some
of the springs and creeks. Spring S8 flow was approximately
6.1 x 10°> m*/year (1.98 x 102 m*/s) in September, and spring
S4 flows were 6.2 x 10° m3/year (2.0 x 1072 m%/s) and
3.1x10° m*/year (1.1 x 102 m?/s) for July and September
respectively (Fig. 1 for locations). The combination of flow
from these two springs results in 11% (using July S4 flows)
and 5% (using September flows) of the total calculated
groundwater outflow from Georgetown Lake (Table 3), which
is well within the total lake outflow budget. Unaccounted flow
could be supplying regional groundwater to the semiarid, ag-
ricultural valley to the west without discharging as discrete
springs. A more comprehensive study should be conducted
to advance and test this idea, but it would be complicated by
rugged terrain and limited wells available for testing.

Groundwater underflow exiting below the dam may also
account for a substantial amount of groundwater outflow from
Georgetown Lake. The dam is located in a tight canyon that
may very well be underlain by coarse-grained sediment and a
dense fracture network below the sediment.

Sources of uncertainty

Results from the sensitivity analysis show that the isotope
balance is most sensitive to evaporation. Evaporation esti-
mates for this study may also have more uncertainty because
of the lack of direct estimates taken from Georgetown Lake.
Instead, empirical relationships taken from temperature data
were used in this study. Temperature data were collected from
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the Philipsburg station located ~20 km from the lake and at
roughly 300 m lower elevation. The higher elevation of the
lake would result in cooler temperatures (less evaporation),
but the lake nearly always has a strong breeze relative to
surrounding lower valleys. The elevated wind would result
in an increase in evaporation which would counteract the cool-
er temperature. In previous studies at certain times of the year
lake water displays a strong isotopic evaporation signal, espe-
cially the western portion of the lake which has no inflows
(Shaw et al. 2013; Gammons et al. 2014).

Precipitation taken from SNOTEL sites at elevations
~240 m higher than the study site would suggest that the
precipitation rates may be slightly lower than what was used
in this study. If evaporation is higher and precipitation lower
than values used in this study, a higher groundwater inflow
rate to Georgetown Lake would result. When evaporation is
increased by 20% and precipitation decreased by 20% ground-
water inflow relative to total inflow increases by 7 and 4%
respectively. The calculated groundwater inflow rate (m*/
year) increases by ~30 and 4% when evaporation is increased
and precipitation is decreased respectively.

Using the regression that was developed between average
daily temperature vs. isotopic composition of rain and snow
for Butte, MT, developed by Gammons et al. (2006), to esti-
mate the isotopic composition of precipitation may also add
uncertainty in the isotope mass balance. However, other sites
in southwest Montana appear to have the same or a similar
meteoric water line as the regression developed by Gammons
(Abdo et al. 2013; Thomson 2016). The similarity of Butte’s
precipitation with that of other nearby regions in Montana
suggests that the use of the Butte temperature vs. isotope re-
gression may be adequate for this study, but collection of
precipitation in the Georgetown Lake watershed would be
more accurate.

The use of a steady-state isotope balance at Georgetown
Lake also requires some caution. Monthly inflows and out-
flows clearly show temporal variation (Table 1; Fig. 3), but in
general the total lake volume remains essentially constant. Net
groundwater flow also changes significantly throughout the
study period, and even shows groundwater outflows exceed-
ing groundwater inflows during the months of October and
November 2012 (Fig. 4). Mitchell (2014) showed that chang-
es in monthly lake stage values were small in comparison with
other inflow and outflow measurements. Mitchell (2014) also
showed that these small changes in lake storage resulted in
negligible changes on a lake-water balance, suggesting that a
steady-state isotope balance is appropriate for this study and
may even decrease overall uncertainty.

Isotope balances require an isotopically well-mixed lake.
While this is true at Georgetown Lake during months with no
ice cover, a chemocline gradually forms throughout the pe-
riods of time with ice covering the lake (Gammons et al.
2014), and isotopic values of lake water also vary spatially
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by the end of the “ice-on” period (Shaw et al. 2013). This may
result in error to the isotope balance conducted, but the use of
FCO as 9 is assumed to be the most accurate method for
integrating the isotopic variations within the lake.
Considering the uncertainty that exists in the isotope balance,
the classification of Georgetown Lake being a high ground-
water inflow lake likely remains.

Comparison to previous studies of Georgetown Lake

Previous methods used to estimate annual groundwater inflow
to Georgetown Lake prior to this study did not consider
groundwater outflows. In other words, the net groundwater
inflow was solved and since outflow was assumed to be zero,
net inflow was taken as actual inflow. Two estimates for the
1974 water year gave net groundwater values of 50 and 55%
of'total inflows (Knight et al. 1976; Garrett 1983, 1984). Three
attempts for the 1975 water year consistently showed lower
net groundwater gains with values of 38, 40, and 42% (Knight
et al. 1976; EPA 1977; Garrett 1983, 1984). Garrett (1983,
1984) also showed that the net groundwater gain for the
1982 water year was 43%.

The current study improves on past studies by (1) illustrat-
ing monthly variations in net groundwater gains (Fig. 4a), and
(2) separating both groundwater inflow to Georgetown Lake
and leakage outflow from the lake. The current study shows
actual groundwater inflow was 57% of total inflows and net
groundwater inflow was 32%, which falls just below the EPA
(1977) estimate for the 1975 water year. In a previous attempt
to separate groundwater inflow and outflow to Georgetown
Lake (White 2012), CI" and specific conductivity mass bal-
ances yielded estimates of 24 and 31%, respectively, for total
inflows from groundwater. However, the estimates of White
(2012) are considered less reliable, as they were based on
sampling conducted in March and April 2011 when the lake
experiences a relatively strong chemocline under ice cover.

Comparison to other lakes

While the isotope mass balance approach is useful for quanti-
fying groundwater inflows and outflows, there may be
uncertainty in estimating exact groundwater flow rates and/or
percentages of the total water balance. Sacks (2002) used a sim-
ilar isotope mass balance approach and categorized lakes into
three groups based on the influence of groundwater. They are
low, medium, and high groundwater input lakes which have
percent groundwater inflows relative to total inflows of <25,
25-50, and >50% respectively. Based on these ranges,
Georgetown Lake would be considered a medium to high
groundwater input lake. Groundwater outflows are volumetrical-
ly lower than groundwater inflows and also reflect only
39% of the total outflows from Georgetown Lake (Fig. 4).

Rosenberry et al. (2015) tabulates over 100 separate lake
studies where groundwater inflow to lakes and leakage out-
flow from lakes are quantified and compared with lake size.
They show a general relationship with lake size and percent
groundwater inflow or leakage outflow. Generally, the percent
of total flow into or out of the lake as groundwater decreases
as lake size increases. They show that no lake with an area
greater than 100 ha had more than 35 and 40% groundwater
inflow to lakes and leakage outflow respectively. Rosenberry
etal. (2015) argues that the majority of groundwater inflow or
leakage outflow occurs along the lake perimeter and as lake
area increases, the surface area to perimeter ratio decreases.
The percent groundwater inflow to Georgetown Lake nearly
doubles the maximum expected values presented by
Rosenberry et al. (2015). The high percent of groundwater
inflow might be explained from the discontinuous nature of
karst hydrology on the lake with numerous springs
discharging to the lake (Garrett 1983; Shaw et al. 2013).
Leakage outflow from Georgetown Lake is 39% of total out-
flows, which is at the high end of what Rosenberry et al.
(2015) show for a lake the size of Georgetown Lake. The
nature of leakage from Georgetown Lake through fractures
and bedding planes of the underlying metasedimentary rocks
is different from karst voids that have the potential to create
large springs, which may keep outflow rates within the
expected range.

The large fluxes of groundwater inflow and leakage outflow
to and from Georgetown Lake are important quantities to
know for the entire water balance. Shaw et al. (2013) and
Gammons et al. (2014) suggest that groundwater through flow
may be very important for buffering lake-water quality to
near-optimal levels for the fishery, while preventing the entire
water column from going anoxic/suboxic in winter.

Conclusions

This report presents a groundwater—surface water investiga-
tion of Georgetown Lake that (1) quantified groundwater in-
flows and outflows to and from the lake and classifies the
relative role of groundwater inflow to the lake, and (2) ad-
dresses the location and processes that control groundwater
inflow and outflows to and from the lake. The use of isotopes
was crucial for accomplishing both major objectives.
Combining an isotope balance with a water balance using
physical measurements of surface water inflows and outflows
provided reasonable estimates of groundwater inflows and
outflows rather than simply estimating net groundwater in-
flow rates. The physical mass balance approach showed that
groundwater inflow is greater than groundwater outflow year-
round except for the months of October and November. The
isotopic mass balance showed that groundwater contributes
approximately 57% of the total inflow into Georgetown
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Lake, and the lake can be categorized as a medium-high to
high groundwater inflow Lake. Uncertainty in precipitation
and evaporation measurements suggest that groundwater in-
flow rates may actually be elevated with total inflows relative
to total inflows increasing by 7% for evaporation and 4% for
precipitation.

The use of water isotopes from groundwater and springs to
help characterize where and how groundwater inflow and out-
flow occur through the lake is particularly useful. In the case
of Georgetown Lake, springs and groundwater sampled where
groundwater is known to discharge to the lake showed no
evaporation. The lake, on the other hand, had a strong evapo-
rated isotopic signature. Some of the groundwater samples,
and several of the springs located downgradient from the lake
where groundwater was expected to discharge showed partial
or significant evaporation similar to Georgetown Lake. The
setting is too complex to definitively identify lake water
recharging groundwater to the west of the lake, but the west
dipping metasedimentary rocks underlying the lake may pro-
vide a conduit for lake water to exit and recharge groundwater.

Considering, (1) the large amounts of groundwater inflows
and outflows relative to the total water budget for the lake, (2)
current water quality issues with nutrients and anoxia (Shaw
et al. 2013; Stafford 2013; Gammons et al. 2014), and (3)
current pressures for expanding subdivision around the lake,
management considerations based on the amount and loca-
tions of groundwater inflow and outflow might be considered
during planning. For example, septic systems located on the
east side of the lake where groundwater flows to the lake
might result in providing a nutrient source, or domestic wells
placed on the west side of the lake where lake water appears to
recharge groundwater might result in drinking water with el-
evated nutrients and/or pathogens.
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