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O O SD and "H measurements constrain groundwater recharge
patterns in an upland fractured bedrock aquifer, Vermont, USA
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Abstract

Stahle isotope ratios astred i
able n : 5. measured in groondwater s: e 1efle sl .
Bow patlerns in a 105 . aplnd ;1]&1;1mino;lc\,‘,i‘:mPlim{ ‘mﬂccilme effects of evapotranspiration on bedrock recharge and
. G s watershed in northwestern Ver . Precipitati .
e 101 swreres coca]dongs : CIMOnL. : - ater s¢ :
(11 == 619) were collected weekiy over a 1.5 year period. Precipitati e Precipitation and groundwater smnples
2.5% for every 1000 m of elevati : [ . Precipitation 870 ranges yearly over ~23 per mil {%c), and decreases
e [Or ey clevation gain, reflecting seasenal and altiqudi - o SCrease!
with 5”0 and plot close Lo the Mele?; . ’\;ﬁcuﬁg seasonal and altitudinal temperatare changes. §1 values are well correlated
‘ ric Water Line, indicau S -t ffacts ) -
carly April), eroundwater S0 composition vasies b }IldICdlmgI ne L;E;l;/()) ation effects. In the colder months {late November to
o § aries by as much as 4.3% in respons il o R X
tocil recharge to the bedrock. In the warmer months (1 1 ponse Lo precipitation events, indicating rapid
(within 04%) at the lower elevations in iths (ate April to early November), variation in groundwaler & B0 is :;-m'xl]u'
See) levations in the watershed, reflecting a i C ; s smalie
) shed, a redue : 5 ) .
clevations {iii)()\‘t‘. 00 m ash. groundwater & ]\\‘,O A . & dll(.ll()ll. of infiltration to the bedrock. I—I()\Ve\rey’ al hisher
and colder lemperatares th “‘ - It ) continues to respond Lo precipitation events due 1o the sparse vegetative cover
A tures the result i io“.fc; evapotranspiration rates. Tritium concentrations in groundwater rai i fir
= Ioindicating that groundwater residence times may vary from less than 1 year to i iy c ange from 07 10
Scienee BV A rights reserved. s5 than 1 year to in excess of 30 years. © 2000 Elsevier

Keviveardy: Bedrock; Gr ter i
wivardy: Bedrock; Ground-water: Isotepe-geochemistry; Recharge; Stable isotopes; Vermont

1. Introduction
and timing of recharge to bedrock (Maloszewski and

Zuber, 1982; Alley. 1984; Harte and Winter, 1963).

The stable isotopic composition of water reflects
the temperature to which it was exposed during
condensation {(Friedman and ('Neil, 1977; Hoefsb.
1987). We used stable isotope measurements {oxygeﬁ
and hydrogen) in precipitation and groundwatefto
charapterize patterns of groundwater recharge and
l‘jlow in the upland, fractared phyliite and schist aqui-
hf,r of the Browns River, northwestern Vermont (Fig,
). Large seasonal temperature changes (>5{)°E‘,
i1y ared hicah calinf fd — 100 v 11 thic oafli1ser

In New England, upland bedrock aquifers are rich
sources of clean drinking water. To predict water
supply sustainability or (o uddress contamination
p‘mhlcms in a particular upland basin, a comprehen-
sive understanding of groundwater recharge and flow
l.‘G-i't'.(ll]il‘C(l. Of particuiar importance wre the locations
of significant recharge arcas, as well as the amount
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Fig. 1. Study area and sampt
location P1 was located outside the study area. Contour

(8D) ranged from =52 to —155%«. We found ihat
seasonal changes in evapotranspiration rates affect
the 80 composilion of groundwater at some loca-
tions. Temporal and spatial patterns in 870 and 6D
were used to estimate the location of significant
recharge areas in the basin. Radiogenic isotope
(tritium) measurements in groundwater were also
used to obtain a preliminary interpretation of relative
residence times,

2. Location and geology of the study area

This study was focused on the upland watershed
(10.5 km?) of the Browns River (44°30'N, 72°50'E).
bordered on the east by the north—south rrending ridge
of Mt. Mansfield, the highest of the Green Mountains
e g T e at S i e aemterched rapoe from

ing iocations. Sampling devices were instalied at the locations §
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nown for meltwater and rain collection. Sampling

s are in meters asl.

from 250 ¢m at the highest elevations to 80 em in the
lower portion of the basin (Wilmot and Scherbatskoy,
1994). The dominant tree type changes from a mix of
large deciduous (such as oak and maple) and conifer-
ous (such as fir and spruce) trees in the vailey, to
sparsely distributed and often scrubby conifers on
the mountain siopes, and finally to arctic and alpine
wndra vegetation at the highest elevations on Mount
Mansfield (Bums and Otis, 1916; Connor, 1994},
Soils are generally thin sandy to stony loams at the
upper elevations. Below 350 m asl, the topography
flattens., and more sandy soils are present (USDA,
1974: 1981). The upper portion of the watershed has
a thin cover of i} or colluvium; at lower elevations
(below about 350 m asl), deposits of glaciolacustrine
sediments and tll of up to 150 m in thickness ex1st
(Stewart, 1961; Connally, 1968; Stewart and
MacClintock, 1969},
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cariched and analyzed at the University of Waterloo
(Heomskork o4 al, [993),

4. Rosikts of precipifation analysis

Measod 50 values in rain and newly fallen
shent varied over a rnge of 25%e (—3 to —28%e) at
el Iovations during the sampling pertod (Fig. 2}
Fositive comalalion (77 = 0.47-0.70y was observed
hetween precipigation 80 values and seasonal air

V\ilth increasing elevation (—2.5%c¢ per 1000 m,
rj = (1.96) as a result of the colder temperatures at
higher elevations (Fig. 3¢). Although minimal fractjo-
nation by rainout may occur in the case of a localized
cloudburst, neither the spatial density of rain collec-
tors nor the frequency of collection were adequate to
quantify any such effects. In this setting, the effects of
temperature and elevation dominate any other factors
in controlling the 8 ) composition of precipitation.

Deuterjum values in precipitation are linearly and
nositivelv correlated to 80 values (Fis. 3d). The
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Fig. 4. Meltwaler and snowpack 5!
records from measurements taken

The line described by this equation fits closely to the
Global Meteoric Water Line (MWL) {Craig, 1961}):
5D = 8-5"°0 + 10%, (2)

indicating little or no evaporation prior to or after
collection of the water samples.

5, Results of meltwater analysis

The &'*0 composition of meltwater from the snow
pack is influenced by the §'°0 composition of the
snow pack and by mixing with rain (Fig. 4). Melting
cunnie ~ernered from late November to late May at

i
Jan-1997

%) racords. (M) meltwater samples. (+) cumulative snowpack samples, Daily temperature and precipitation
at Proctor Maple Research Center {600 m asl), Underhill (Cummings, 1997, pers, comm.}.

probably a result of the relatively depleted melting
snow mixing with relatively enriched rainfail {Fried~
man et ai., 1991; Sommerfield et al., 1991; Shanley et
al.. 1994; IAHS, 1995). During the period of highest
melting rates, from late May to early June, the %0
value of meltwater increases sharply, reflecting the
input of large amounts of less-depleted rainfall. 6D
was not measured in meltwater sampies.

6. Results of groundwater analysis

The §'°0 composition of groundwater varies
seasonally in wells and springs. The mean yearly
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reflects the rate of groundwater infiltration and flow
through the bedrock in the arca recharging GW1. The

PR LR

foi CiW L mibmics but appears to lag the seasonal
semperahire curve, The least depleted 850 values
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Fia. 6. Groundwater & "0 versus 8D. & "G and A2 measurements
‘.n'z from wells GWI (660 m asl), GW3 (G80m ashy, m.ui GW35
(360 1 ash). Equation of Meteoric Water Line (dashed) is: 6D =
88 0 4 10 (Craig, 1961

without a high degree of mixing prior t© reaching
GW 1. Measured groundwater 8D and 50 values
piot very close to the precipitation values {discussed
carlier) and the MWL (Fig. 6}, indicating that gl:ound»
water has not been modified isotopicalty during or
since yecharge,

g In most ch the wells, with the exception of G\fl\gl,
the groundwater exhibits a near?y c.onlstam 8 ‘tO
signature (1o = 0.2%¢) from mxdnApnl to mid-
November, indicating a thoroughly mixed ground-
waler system not subiect fo s a}teration. by
individual rain events. More substantial ﬂuct.uatlons
(lo=0.2-0.5%) in the 870 composition of

Table 1

Well characteristics, mean annual 510 values, estimated recharge elev

sroundwater in these weils occur during l}}c colder
;)()illlls (late November to carly April}. The 8§70 values
for GW} vary over a larger range {lo-mﬂ.?T/:\rc)
throughout the year. However, the variance in & 0
at GW1 is somewhat lower duging the sumimer.
The arithmetic mean annual 50 values differ
stightly among the sampling sites, ranging from
121 to —11.2%¢ (Table 1). The spring located at the
highest elevation (GW1) exhibits the most deplel'c%d
mean annual 8'°0 composition and the well Jowest in
elevation (GW8) exhibits the least depleted mﬁean
annuad 8 °0. However, no consistent relationship (™ <
0.1) between sampling site elevation and the mean
annual 80 value was observed. In addition, no signif-
icant correlation (r2 < (11) was observed between
mean amnual & 30 values and the physical characteris-
tics of the wells, such as well depth or yield. Unlike
precipitation, the 5'%0 values in groundwater do jnot
correlate well with air temperature changes (7 <
0.13. This is due to the lag in time that occurs betwe_en
recharae and arrival of groundwater at a well or spring
and © mixing that occurs during travel wi(hi.n the
bedrock. Groundwater &0 records are only shghﬂy
correlated between wells (r2 = {).3), again due to varia-
tions in groundwater travel time and ‘mixing. Bz_is.ed on
these findings, it appears that the 870 composition of
groundwater in each weil responds uniguely to seasonai
changes. Furthesmore, it appears that the degree of
mixing between local recharge and deep groundwalter
is temporally and spatially variable and dependent
upen the nature and interconnection of bedrock
fractures at each location.

ations and trilium concentrationg for groundwater sampling locations

5t 1996 ritium
i 54 & Mean Estimated mean June ‘
simple fosarion De!)lh sz:}‘l:;m an:uuﬂ 870 recharge conceniration
o (m asl} {%e) elevation (m asl) {TLH
15.8(£1.3)
GwWl1 Spring 670 —/1 2‘1 8;]}].2 PR
W2 Spring 440 nfa ki ! =1
g?’\’; ﬂ}? 380 ~11.9 735 _],(;;’(.: i_; i;;
G\\v';l Spring 380 — 1 1}1 Zf;(; }5:9 e
Spring 360 ~11.6 > 2012
GW5 SIS 310 —11.5 553 15.2(=1.2)
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Trigum concentralions in proundwater may be used
wsghicators of groundwater age by comparison with
hiiozienl récords of elevated tritium fevels in preci-
pitation, which resulted from atmospheric thermonuc-
Bean lestingg s the carly 19505 (o late 1970s (Schiosser
et sl PO Bosenberg and Plummer, 1993), Tritium
vilues gnped  widely  among  the  groundwater
sampling Jocatons i this study, All the samples
conGiined ritham concentrations of 6.7 TU or greater,
indicating that inost of the water was recharged within
the Tast 10 - 50 years (i.e. since the start of atmospheric
tiermonuclear testing). However, considering that
sulistindial mixing may oceur within the groundwater
systen, the lowest valoe measured (6.7 TU at GWT)
iy indicate recharpe prior to the early 1950s of some
prodsidwater, which has since mixed with younger
wilsa, The highest valve measuwred (26,7 TU  at
W L nuy dndicate a recharge date of about 1965,
Based o matching with historical fritium curves and
cinisileration of tritiony decay rades {Schlosser et al.,

P Mast of the samples analyzed exhibited tritium

copieairations ol lwiween 14 and 17 TU, which
seneiilly mulches the composition of modern preci-
prifation (Luble 1),

1. Blsgngsion aof recharge

asireinents of the &0 composition of ground-
widel, spécilically the stable summer and erratic
seinier values, suppest hat recharge o bedrock from
precipifalion cvents occurs in sigaificant amounts
andy dhiraig the colder months when evapotranspira-
o vy Jow. Supposting our observations are
Sy (P10 19600 of precipitation, soil moisture,
aid poleiitial eviipotranspiration measurements com-
ped T Burlinglon, Vermont {C.W. Thornthwaite
Labortory  of - Climatology,  1964).

wiifes,

his

1 Cadataandicae that evapotranspiration (E,) is
weptiphle fram fhe months of December to March.
Fy iiksmses i late March or early April to a peak

i July, then decreases oo a negligible amount in
Flovimber. Altiodgh precipitation is relatively high

coabiviig the warmer months, soll moisture remains

We believe that the steady &'°0 signature observed
in most of the wells and springs from late April to
early November is governed by well-mixed ground-
waler flowing in deeper, interconnected fractures, In
the colder months when evapotranspiration does not
prevens recharge, infiltration occurring near the wells
during each storm or meiting event results in altera-
tion of the &'°0 composition of the sampled ground-
water (Fig. 5). During the warmer months,
groundwater recharge in the valley, where most of
the wells are located, is virtually shut off by vegetative
extraction of water from the vadose zone in overbur-
den soils. This results in a reduction of the influence of
individual rain events on the groundwater §'°0 and
a1 signatures. Vegetative transpiration and evapora-
tion in this region, especially in the valley forests
during the warm months, are capable of transferring
up to 70% of the yearly precipitation back to the atmo-
sphere, thereby removing it from the recharge flux
{Saxton and McGuinness, 1982). Such effects are
important in the behavior of many hydrologic systems
{(McGuinness and Harold, 1962; Knisel et al.,, 1969,
Parmele, 1972; Woolhiser, 1973). Several studies in
the northern forests of the United States have shown
that significant infiltration through soil is unlikely to
occur during the summer due to high evapotranspira-
tion {Likens et al., 1977; Dugan and Peckenpaugh,
1985; Likens et al., 1985). In contrast to recharge
processes in the lower portion of the basin, the
watershed near GW1 has a sparse forest of smaller
trees and is typically exposed to lower temperatures,
allowing recharge to occur throughout the year.

8. Delineation of recharge areas

Assuming that groundwater in a well or a spring is
well mixed, the arithmetic mean annual 8 '*0 value of
each groundwater sampling location provides an
approximation of the spatially and temporally
weighted mean elevation of upland recharge to the
well or spring (Table 1). Based on a best-fit linear
interpretation of the relationship for mean annual
80 of precipitation vs. elevation (Fie. 3¢). the
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Underhill Center

Fig. 7. Delineation of recharge
transitional zone (hatch pattern) {750-800 m asly.

where ¥is the spatially and temporally weighted mean
recharge elevation (meters asl) and X the mean annual
§'%0 in groundwater (%¢).

Several factors may complicate the use of a mean
annual 80 value as an indicator of recharge eleva-
tions. Groundwater fiowing from the highest portion
of the well or spring’s recharge arca (lowest mean
50 values) may become mixed with water
recharged at lower elevations (higher mean 870
values) along the flowpath. The relative proportions
of recharge contributed from different elevations
within the recharge area determine the mean 850
value recorded at the weli, Furthermore, the ground-
water recharge appears to be dominated by cold
season  (lower §'%0) infiltration. Therefore, the
above eguation may overestimate recharge elevations.

Tlam woatarchad can he cenarated into two eeneral

Seasonal
™ Recharge

Zone \’
I

areas. Potential year-round recharge zone (8001330 m asl), seasonal recharge zone
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Mount Mansfield
x 1338 m

Potential
™ Year—round
Recharge

Transitionol Zone

Meters

cé ﬁ& %00 10&2 ;5;1 00

(250750 m asl), and

by the interpreted recharge elevations of wells and
springs used in the study. The portion of the watershed
above 800 m asl is interpreted fo be the year-round
recharge zone for a well or spring Jike GW-1, which
has an interpreted recharge clevation of 815 m asl.
The portion of the watershed below 750 m asl is inter-
preted to be the seasonal recharge zone. The seasonal
recharge zone encompasses the interpreted recharge
zones of all the other groundwater sampling locations,
which exhibit 8'*0 records indicative of seasonal
recharge and have interpreted recharge clevations of
450-735 m asi. The portion of the watershed between
the two recharge zones {750-800 m ash) is considered
to be a transitional zone between the year-round and
seasonal recharge zones. A more spatially dense
sampling program could identify the precise bound-
aries of each zone.

MY Ablott et @l S dowrnal of Mvdvalogy 228 (200605 101112 1

*-"\_"'fii'l' ac) s L R which represents about 366
aib e cibye hasin area, However, this area supplies
u-.\:?nn;;v fo the groundwaler system at least sporadi-
cally oira yearronnd basis while recharge only oceurs
i !?u' fower basin for 5 months out of the year,
Purthermone, e average annual precipitation i1'1 the
_;u*n;'-gm.lmi recharge zone (np 16 2530 om per yvear) is at
feavat twice tiat of the rest of the basin, Based on these
general relationships, e Tollowing equations can ha
developed 1o deseribe recharge (0 groundwater as o
fupction of idiliration rates and the duration of the
reclurge season al a o particular location in the
withorshed:

Ko = (03040 e

Hinew o ULOAA G2V (5.1 (3%

whire N vo he reaharge o bedrock in vear-round
ecliange 2one (1,711, R the recharee 1 bedrock in
sanab fechaipe zone (.71), 4 the total basin arca

1 and ds he masimuom inhitation rate (o soils
Hunthon ol preapitilion sales): assume that infilira-
¥"ixiia B the dotvee portion of the watershed is about haif
el an the upper basin, based on relative precipitation
paten 11,41

This pereent of totad recharpe in the basin that
swsies 40 e potediad year-round recharge zone can
saiiaed ay folows:

s R 36A L0, 36A 1

EALLOEA I ] 1604

Rt {6)

Phersione, the potentind year-round vecharge zone,

poeiing only 36% of the otal watershed
caevonnt Tor 3% of the annaal recharge to
shivick wuifer, sugpesting that the upper eieva-
thii ol s watershed ds o significant source of
woithy of specid prolection against any
pedngiil contamiating activilies, -

i

B By and conclusions

bedrock groundwater system is controled by the
effects of evaporation and plant uptake. whic"ﬁ are
functions of elevagon, Most of the recharge to
hedrock groundwater cocurs during the colder montls
o the year (Jate November o early Apnil) when

i

3

ipotranspiration rates are low. Mowever, recharee

15 more likely to oceur in significant amounts through-
citt the year o the higher elevarions (above ah:)ut
00 v ashh whess evaporation and transpiration rates
are relatively fow even during the warmer months.
In. terms of water supply evaluanon. the upper
porton of the walershed (above 800 m ash ma\.-' be
considered a potenidal vear-round recharpe ome in
which a relai izh percentage of the pi'c.cipil'a{'km
'i_h_;'x{ falls exch year vecharges groundwater. Below
P30 m asl, only the precipitaton falling (or melting)

o

vely

n_iuring__! the colder monihs of the vear is recharged.
li?i-i.‘%r‘(i on a simple waler balance analysis, the polien—
N ear-round recharze zone provides about 73% of
the nmual recharge to the basin. This study provides
stieng additionad evidence Tor the import‘az{ce of New
England’s wpiand areas as sovrces of significant
recharge to bedrock aquiters. }
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thompson, 1991), The rock exhibits a strong bedding
sehintontty wnd folding orfented north—south along the
axin ol the Gireen: Mountain Anticlinorium (Christ-
i, 1959 Hidttle fractures exist in the form of stee-
ply dipping joints ax well as sheeting joints observed
I CEfaces, The spacing of joints varies widely from
For 2 emto greater than 1 m at most outcrops. Weath-
aring along foliation surfaces is seen in outcrop on the
exposed ndges nbove treeline, but is not evident with
depth in relutively recent cuts or in less exposed areas
at lower eleviations, Fracture orientation measure-
ments taken at outerops throughout the basin indicate
the presence of three major fracture sets: (1) north—
nouthy (2) NEO'E; and (3) N30°E. However, no single
fracture sel in predominant, suggesting that there is a
ligh  potential  for  interconnection  of  fractures.
Considening the added effect of the sheeting joints
and weathered foliations (at the upper elevations), it
(v likely that recharging groundwater experiences
some degroe of mixing with groundwater recharged
during entlier precipitation or snowmelt events during
(ransport 1 the bedrock, Such mixing has the poten-
(il o homogenize the 1sotopic signature of ground-
Water that renides in the bedrock aquifer for several
monthe or tlonger, The highly metamorphosed nature
ol the phyllite and sehist results in low matrix poros-
Iy Theretore, for the purpose of this study, we have
anstined that groundwater flow is fracture-dominated
and that the effect of matrix diffusion is minimal.

Lithandzntion in the basin is limited, consisting of
abont 12 yoar-round homes, three summer residences,
and e recrentional area (Underhill State Park) that
aperates only i the summer months. The small
fown of Underhill Center lies just downgradient
P the study basin (Fig, 1), Residents in the basin
dinw proundwater from drilled bedrock wells or
beddiock springs for their water supply. Bedrock well
yields range from less than 6 X 1075 m¥/s (about
I ppin (o about 6% 10" m*/s (10 gpm). This area
Wi ehasen for study because it is typical of many
upland wrens in New England that may face new chal-
Ieigen i managing water resources as residential
populations increase,

weekly from July 1995 to December 1996 at six loca-
tions (P4-P9) representative of the elevation
distribution in the upland basin (Fig. 1) and at three
locations (P1-P3) slightly downgradient from the
basin (not shown in figure). Rain samples were
collected through a funnel into I liter glass bottles,
which were insulated to minimize evaporation. Snow-
melt samples (n = 40) were collected at four locations
(M4, M6, M7 and M8) in lysimeters set at the ground
surface. Snow samples (n = 54) were obtained at four
locations in the basin (P4, P6, P7 and P8) and one
downgradient location (P1) by coring the recently
fallen portion of the snow pack, then allowing the
samples to melt in sealed containers. Cumulative
snow pack samples (n = 29) were also obtained by
coring the entire snow pack at stations P6 and PS.

Untreated groundwater samples (n = 311) were
collected weekly from seven wells (Fig. 1) from Octo-
ber 1995 to December 1996. Two additional wells
(GW2 and GW7b, which is located at the same resi-
dence as GW7) were not included in the weekly
sampling program, but were sampled on several occa-
sions during the study. Samples were collected
directly from an outside or inside tap after system
purging. Purging time was determined by stabilization
of temperature, specific conductance and pH in a
separate study (Autery, pers. Comm, 1996). Three
of the wells, GW3, GW7, and GWS, are deep uncased
bedrock wells with depths of 53, 213, and 83 m,
respectively. GW8 is located in the town of Underhill
Center, downgradient from the study area. The
remaining groundwater sampling points are devel-
oped bedrock springs. The high-elevation spring,
GW1, is used as a water supply for Underhill State
Park on Mount Mansfield.

All samples (n = 619) were analyzed for §'0
composition at the University of Vermont Environ-
mental Stable Isotope Laboratory. Samples were equi-
librated with CO, gas and extracted using standard
cryogenic separation techniques (Taylor, 1973;
Wong et al., 1987; Socki et al., 1992). Measurements
were performed using a VG SIRA Series II Isotope
Ratio Mass Spectrometer, and normalized to values
f)btained for standards. The standard deviation of
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