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" ABSTRACT

' This study characterizes groundwater flow and recharge mechanisms in an upland
fractured bedrock aquifer. From July, 1995 to December, 1996, samples of rain, snow,
meltwater and groundwater were collected on a weekly basis in the upper watershed of
the Browns River, northwestern Vermont. The head of this basin is near the summit of
Mount Mansfield (1339 m asl). The lowest point in the basin is near the town of Underhill
Center (250 m asl). Groundwater was collected from residential wells and springs, most
located between 250 m asl and 450 m asl, with the exception of a spring high on the
slopes of the mountain, at 650 m asl. More than one thousand samples were analyzed for
oxygen isotopic composition (5'30). One hundred samples were analyzed for 8D
(deuterium) composition, and a group of nine groundwater samples, collected in June of
1996, were analyzed for *H (tritium) abundance. ' :

Several trends were observed in the temporal 8'*0 composition of precipitation
and groundwater. Mean annual precipitation &0 values in the basin were depleted by 2.5
per mil (%o) per 1000 m gain in elevation. Annual precipitation 5"0 ranged over 25 %e.
Groundwater 5120 was less variable. Most wells varied annually within 2 %o, with the
exception of the high spring, which varied over a range of 4.3 %o. The mean 80
composition of each well and spring was used to estimate the locations of the upland
recharge zone for each well.

Measurements of 80 in groundwater revealed that the nature of recharge to
bedrock changes with elevation and season. The 8'°0 record for the high spring mimicked
the seasonal variations in precipitation §'80. However, the least depleted measurements
were from samples collected in September, two months after the warmest time of year,
indicating a groundwater residence time in the order of 2 months above the high spring.
The other wells varied significantly in their 8'*0 composition only during the colder
months (late November to early April). During the warmer months, the 8'%0 record in
these wells was very uniform, varying within a range of less than 0.4 % for each well. This
suggests that increased rain interception and soil water uptake by trees and other
vegetation in the basin significantly reduces recharge at lower elevations during the
warmer months. The stable isotopic signature of winter groundwater represents deeper,
well-mixed groundwater recharged at higher elevations. The high spring does not exhibit ‘
this stable period, probably because it is located much higher in the basin than the other
wells, in a relatively sparse coniferous forest typically exposed to colder temperatures.

A system dynamics model was developed in order to quantify the effects of
mechanisms affecting recharge to bedrock temporally and spatially in the watershed. Use
of this model with the 8'%0 records as calibration tools, led to the derivation of equations
describing recharge to bedrock. These equations incorporate all of the mechanisms -
influencing recharge (precipitation, melting, evaporation, vegetative uptake) and describe
changes in the interrelationships of these mechanisms with elevation and season.



ACKNOWLEDGMENTS

This thesis is dedicated to my grandfather, Willard Abbott, who passed away
during the course of my research. One of ihe last things he said to me was, “People are the
stupidest goddamned things on the face of the earth.” This is one of the reasons why the
availability of clean drinking water is now a very important issue to all of us.

I would like to thank all those who aided in and supported my work on this
project. This includes everyone in the Geology Department. Thanks for your interest and
ideas contributed throughout the study. I want to extend special thaﬁks to my project
advisors, Paul Bierman, Andrea Lini and Stephen Wright, and the Chairman of my thesis
defense, David Dougherty from Civil Engineering. Your reliable guidance has been truly
valuable. My apologles to Andrea for all the laboratory equipment that I managed to
break. Also, thanks to Rolfe Stanley, for his direction in the system dynamics modeling,
which turned out to be a major part of this thesis. But I still don’t know who Stella is
(with apologies to Tennessee Williams).

Several people, geologists and others, helped at various times with my fieldwork
and laboratory analysis. These included (in alphabetical order) David Abbott, Linda
Abbott, Darlene Autery, Sarah Bentil, Maureen Carr, Peter Gillingham, Jen Levesque,
Brenda Mahnken, Laura Mallard, Kim Marsella, Kathy McCosh, and David Shaw.

Thanks to Sandra Wilmot, Vermont Agency of Natural Resources, and Tim |
Scherbatskoy, UVM School of Natural Resources, for coordinating the sampling program
in the Mount Mansfield State Forest, and for all members of the Vermont Momtormg
Cooperative for their contributions and for sharing their research in the area. Thanks to
the rangers on Mount Mansfield for helping me find appropriate locations for setting rain
and snow collectors. |

_ Thanks to Jamie Shanley, USGS, Ken Hardcastle, Emery and Garrett
Groundwater, Inc. and many others for sharing their ideas, especially folks at the GSA and
AGU meetings who attended presentations of this work and provided valuable input.

Thanks to Eric Steig and Bruce Vaughn, at the Institute for Arctic and Alpme

Research (INSTAAR) for running the deuterium samples on such short notice. Thanks

also to Waterloo labs for tritium measurements.

i



Many, many thanks to the residents of Underhill for allowing me to install rain and
meltwater collectors in their backyards, or collect groundwater samples every week from
their faucets. I will remember your hospitality and your dogs.

Thanks to Sevee & Maher Engineers, Inc. for not shunning me when I became a
Jong-haired student, and for the advice you provided. But I am not cutting my hair.

“Thanks to Beth Nadeau for emergency printing and software sér?ices.

Thanks to Adrian (and indirectly to Tracy and Andrea) for the song,.

Thanks to Mount Mansfield for not killing me. '

Thanks to my family and friends for their support.

Thanks to Kathy for her love and patience.

Funding for this project was provided by the United States Geological Survey and

the University of Vermont.

It’s been three weeks or more since I've seen the sun

It seems like even longer since I've talked to anyone

Do you think about me when you 're all alone

" Do you see my face in the clouds when you climb a mountain of your own

Everybody's a Wierdo

i



ACKNOWLEDGMENTS TSR OTUT PP URRROTRUIN ii

LIST OF TABLES ........ccoooocoiiirriimiiirircceccsnonons oo sessssssoss e vii

LIST OF FIGURES .......... etereeerenenns e, viii

CHAPTER | |

L INTRODUCTION ..o 1

- Geographic Location and Regional Watershed ....................................... 2

Bedrock Composition and Structure ..... e 4
Surficial Deposits ............... et e et e s ntr s e s e ererntres 6
SOIS 11ttt 7
Vegetation and Trees ...............c..ccovvvenin. e e eba e enrae e T .9
WaterSuppinssues...........................‘.‘ .................................. e 10
Regional Variability of "0 in GroundwWater .............c.ccooovvoroorerrcoesern, 13
Api)lication OF RESUILS .o 14

I.  COMPREHENSIVE LITERATURE REVIEW ..........oo.cccovvrommmrecmrircrninrnes 24
INErOdUCHON ...t 24
Numerical Modeling of Groundwater Flow in Fractured Rock ................... 25
System Dynamics Modeling ...l S 28
Measurement of Stable Isotopes ................................. 29°
Factors Affecting Isotopic Composition of Precipitation ...................c...o..... 31
Effects of Trees and PIants ..........oc..ooooooooviiiioo e 35

TABLE OF CONTENTS

tv



Effects of Infiltration Through Soil and Sediments ..........................coon, 38

Effects of MEIting ........oooviiiii et 39

Effects of Water - Rock interaction and Mixing .........ccoceevvvnieieniinecen s, 40
Radiogenic Isotopes...................‘........ ........................................................... 41

ARTICLE FOR SUBMISSION

TO THE JOURNAL OF HYDROLOGY ..o 51

ADSITACE ... e et 52

INEFOUCHION ..ottt et 53

-Location and Geology of the Study Area...........cc.oooooviivviiie e, 54
Methodofogy ....................... rrerees et eesanrares .................. RSOOSR 55
Results of Pfecipitation ANALYSIS «eeiiiiiiiie e 57
Results of Meltwater Analysis ............c..ccocoo i, USSR 58
Resulfs of Groundwater Analysis ..................... et 59
Results of Radiogenic Isotope Measurements ................ 60
Discussion of Recharge.........c..ocooooiiviiiic e, e, e 61
Discpssion of Grloundwater Age and Flow Rates ..........oooooiiiviii i 63
Summary and Conclusions ...................................................... S 66
Acknowledgments ....................ccconin. .................................. 67

References Cited. ..................... e e, 68



IV.  ARTICLE FOR SUBMISSION
TO SYSTEMS DYNAMICS REVIEW ..o 90
Abstract and Author Biography .......... e 91
OVerview ........cocvevvvivniieicare, e e 92
Review of Isotopic Study ................... e e e 93
Model Description .........coeoeeviveiiniiiiiieeceee, et 98
Upland Recharge Model . 98
Local Recharge Model .............c..ocoooiiiiiii e 101
Groundwater Mixing Model ..o 102
Simulation Results ... 103
Conclusions .......... PP TSNS TY 107
CAcknowledgments ... 108
References Cited ........ e 109
V. SUMMARY AND DISCUSSION OF FURTHER WORK ...............c.o...... 127
COMPREHENSIVE BIBLIOGRAPEY ... 130
'APPENDIX A -DATA RECORD ......................................................................... 144

vi



LIST OF TABLES
3.1 Well characteristics, mean annual §'°0 values, and tritium
abundance in roundwater .................ioiie oo,
3.2 Estimated recharge elevations, groundwater residence times,

and groundwater flow rates at wells and SPIINGS woovieviiieeieeie T

vil



LIST OF FIGURES

1.1 Study area location and regional watershed ... .. 16
1.2 Bedrock fracture orientations ........ ..................... s 17
1.3 Map of soil types in the study basin ... 18
1.4 Groundwater sampling locations ............ JEURIOIOI OO OO 19

1.5 Regional variability of §'°0 in groundwater with

respect to thickness of surficial deposits .........c..coeoiiii 20
1.6 Regional variability of 3'%0 in groundwater with

respect to well yield ... S 21
1.7 Regional variability of 80 in groundvx}ater with

1€SPECt 0 ElEVALION .....ooiiiiiiiiiiii s 22
1.8 Regional variability of 3'°0 in groundwater with

| respect to well depth ........................ .23

2.1 Potential energies for the different isotopic species of

hydrogen and OXYZeI ........ooviiviiriiiiicirie s 44
2.2 The refationship of meteoric water 80 and mean annu‘al

AIT TEMPETALUTS ... iiiiiiii et e 45

. 2.3 Fractionation of oxygen isotopes during condensation

of water vapor (Rayleigh Distillation Model) ... 46
2.4 The relationship of 8D and §'*0 in meteoric water samples .................... 47
2.5 Plot of climatic data from Burlington, Vermont, 1910-1960 ............c...... 48
2.6 Schematic diagram of groundwater mixing ................................... . .. 49

viil



2.7 Reconstructed tritium concentration in recharge

at the Mirror Lake Site ...........ccoooiiiiinii s 50
3.1 Study area location and regional watershed (duplicate of 1.1} ................. 73
3.2 Bedrock fracture orientations (duplicate of 1.2) .......cccooeiiiiiiiiinii, | 74
3.3 Study area and sampling loCatIONS .............coccvieeiieiiiie e 75
3.4 Rain and meltwater sampling devices ..o, 76
3.5 Daily temperature record .......oooooiiiiiiiiiiie e e 77
3.6 Daily precipitation record ............. SRRSO RO s 78
3.7 Precipitation 830 reCords ..........ocoivoremreieeo e 79
3.8 Precipitation 8'%0 correlation with temperature .............cooveevcvvrevecnn.n. 80
3.9 Precipitation 8'*0 correlation between sites ................... e, 81

3.10 The relationship of mean annual precipitation 50

and elevation ................................................................................... 82
3.11 Precfpitation SD versus 80 ..o, 83
3.12 Meltwater and snowpack 8'%0 1ecords .........oooovvovovoeeeseeere! 84
3.13 Groundwater 8186 records .............. s 85
3.14 Groundwater 8D versus 80 e 86

* - 3.15 Plot of climatic data from Burlington, Vermont, 1910-1960

(AUPlCate OF 2.5) .voioiis e 87
3.16 Schematic biagram of Groundwater Mixing (duplicate of 2.6) ............ 88
3.17 Hypothetical decay curved for 3H in recharge compared to

reconstructed recharge *H at the Mirror Lake Site ..............cc...o....... 89

ix



4.1 Study area and sampling locations (duplicate 0f 3.3) ....... [T 112
4.2 The relationship of meteoric water 3'°0 and mean annual
air temperature (duplicate 0£2.2) ........c.oooeiiiiiiiee R 113
4.3 The relationship of mean annual precipitation 8'*0 and
" elevation (duplicate 0f 3.10) ....c..ociieoeeee e e eeser e 114
4.4 Groundwater 8"°0 records generated through isotopic study
(duplicate 0f 3.13) ..o, 115

4.5 Plot of climatic data from Burlington, Vermont, 1910-1960

(duplicate 0F 2.5) oo 116
4.6 Schematic diagram of groundwater mixing (duplicate of 2.6) ................ 117
4.7 Upland recharge model diagram...... AT 118
4.8 Local recharge model diagram .............c..coooooveeimviii e, 119
4.9 Groundwater mixing model diagram ......... e 120
4.10 Temperature record (duplicate of 3.5) ...............c.cooiiviii . 121
4.11 Precipitatién record (duplicate of 3.6)...........ccoovieii i 122
4.12 Results of upland recharge simulation s 123
4.13 Results of local recharge simulation .................cc.oocoieviiveciirieeeen 124
4.14 Results of groundwater simulation for valley well (GW3).................. 125
4.15 Results of groundwater simulation for upland spring (GW1)............... 126



CHAPTER I
INTRODUCTION

Upland bedrock aquifers in Néw England represent; in soﬁg cases, the cleanest
sources for drinkin‘g water supplies. This_ is due to limited devélobment of the Vuplands, and
thus a lower exposure to common pollut}ant sources. In addition, precipitation is typically .
greatef at the higher elevations, providing a larger potential source for recharge to the.
bedrock. In terms of planning for future water supply development, knowledge of the
variability of recharge mechanisms, énd the time scale of groundwater flow through the
aquifers, is needéd. Recent work undertaken in New Eingland that attempts to characterize
groundwafer flow in upland fractured bedroék aquifers includes several projects at the
Mirror Lake Research Station in New Hampshire (Barton, 19§3; Drenkard et al., 1993;
Harte and Winter, 1993; Hsieh and Shapiro, 1993; Shapi'ro and Hsieh, 1993; Shapiro et
al.,, 1993}. These studies and other recent work in New England (Hardcastle et al., 1989;
Mabee et al., 1990) have affirmed that the mechanisms of recharge and flow of
groundwater in these aquifers can be quite complex. This is due in part to the fact that
rocks do not exhibit uniform fracture networks. Therefore, methods that have been
developed to evaluate water resources in unconsolidated materials (i.e., sand and gravel)
are not always applicable. The rate of recharge is difficult to predict, and rates of
groundwater flow through the cbmplex hydrogeologic network created by rock fractures
can vary over many orders of magnitude within a small area.

In the area chosen fpr this study, the upper basin of the Browns River Watershed

in Northwestern Vermont, the rock type, topography, weather pattéms, and vegetative



- distribution produce a regimel of recharge and flow mechanisms unique to New England.
This study is an attempt to characterize the temporal and spatial distribution of recharge to
bédrock through isotopic characterization of precipitation and groundwater. Weekly
samples of rain, snow, meltwater, and groundwater were collected over an 18 month
period in order to ob;erve changes in the stable isotope composition (8180 and 8D) of
water over time. Radiogenic isotope measurements (*F) were also made to infer residence
times of water in the bedrock. This informatibn was incorporated into a system dynamics
model to simulate temporal recharge and flow processes in the basin, using the 50 well
records as a calibration tool. Equations.were developed to describe recharge mechanisrhs
according to eIeyation and season. These equations may be used to model hydrologic
systems in this and similar upland water.sheds, providing a tool for planning of water -
supply development in these settings. .

This study began in June, 1995 under a USGS Vermont Water Resources grant.
Field collection of s'ainples started in July, 1995 and continued through December, 1996.
This chapter contains a detailed description of the chosen study area and a discussion of
issues related to water supply management in this and other similar uplénd watersheds. A
discussion of how results of this work may be applied is also provided.
Geographic Location and Regional Watershed

This section contains a description of the watershed chosen for this study, the

upper basin of the Browns River in Northwestern Vermont (44°30’ latitude and 72°50°

longitude). The approximate area of the watershed chosen for this study is 10.5 km®. The



lowest elevation within the watershed, located just east of the small town of Underhill
Center, is 250 m above mean sea level (asl). The highest point in the basin is near the |
summit of Mount Mausfield (1339 m asl). The north-south trending ridgé of tﬁe Mount
Mansfield, containing the Chin, Nose, and Forehead summits, creates the eastern border of
the watershed. Sunset Ridge, a ridge extending westward from the Chin, is the ﬁoﬁhem
divide. sevérai small, unnamed tributariés drain the upper slopes of the .mo.un‘tain, feeding
into the main branch of the Browns River (Figure 1.1). Near Underhill Center, the Browns
is joined by Clay Brook and Stephensville Brook, which drain the two watersheds lying to
the south, adjacent to the study basin. Downstream from Underhill Center, the' Browns
Rivér flows generally west through Undefhﬂi and Jericho, intercepting several larger
tributaries, including the Creek and Roaring Brook, both flowing from fht_a north. In
Jericho, the Lee River flows from the gast into the Browns River. Downstream from
Jericho, the Browns River turns North aﬁd drains into the Lamoille River near the town of
Fairfax. The Lamoille discharges into Lake Champlain at Mallets féay, southwest of
Milton, Vermont. "

The topography of the study basin is controlled largely by bedrock structure at
higher- eievations.. More substantial sedimént deposifs ét the lower elevations (below 350
hl) control the Iandsca.pe in the valley. Land use in this basin is largely residential with a
few small farms, and Underhiil State Park in the Mount Mansfield State Forest. Most of
the watershed is forested, except for sections above treeline oﬁ the mountain ridges and

summmits, and some land cleared for farming and residential purposes.



Bedrock Composition and Structure

The bedrock in portions of the study area was mapped by Christman (1959) and by
Christman and Secof (1961). Later mapping was begun by Thompson and Thompson
(1991) and is ongoing (Thompson, 1997, pers. comm.). The entire basin lies within the
mapped limits of the Underhiil Formation of the Camels Hump Group (Christman, 1959).
This formation consists of predominanﬂy chlorite-quartz-muscovite to qgal‘tz-albite-
muscovite phyllite and schist, with lenses of amphibolitic and feldspathic greenstone.
Material was originally deposited and cemeneed as ﬁne~gfained graywacke, siltstone and
shale in a Cambrian shelf. Minor amounts of voleanic, calcareous, and carbonaceous
material are incorporated. Principal deformation and metamorphism occurred during the
Taconic Orogen; in the Late Ordovician. Acadian (Middle‘or Late Devonian) deformation
is believed to be minor in the erea (Stanley and Ratcliffe, 1983; Roy and Skehan, 1993).
These rocks thrust from east to west during the Taconic Orogeny and later folded into a
broad anticlinal arch known as the Green Mountaie Anticlinorium. Mafic lava and volcanic
detritus were metamorphosed to gre‘enstones. The bulk of the sediments, greywacke and
siltstones, were metamorbhosed to principally phyllite and schist. The north-south ridge of
Mount Mansfield coincides very ciosely. with the aniticlinorium axis which plunges gently
to the south. Schistosity in rocks west of the ridge dips generally to the west, whereas b
schistosity in rocks east of the ridge dips generally to the east. The anticlinorium is slightly
overturned to the west as indicated by drag folds and fracture cleavage.

The typical schist of the Underhill Formation is light to dark gray, but may appear

in variations of silver-gray or greenish depending upon the amounts of mica or chlorite



present (Christman, 1959). Schistosity is well developed and folded throughout the rock.
Lenses of milky quartz, derived locally during metamorphism, are aligned with the
schistosity. Small scale folding is evident in these lenses. Larger concentrations of quartz
occur in fractured areas and may contain small amounts of bright green chlorite. Garnet. is
present in much of the rock on the upper slopes and summit of Mount Mansfield, an
indicator of higher grade metamorphism in the area of the anticlinorium.

The schistosity is defined by the parallel orientation of mica and chlorite, and is
especially strbngly displayed at outcrops high on ’lshe mountain. Lenses of the original
- bedding are parallel to the schistosity. The average st?ike of schistostty is N10°E, except
along the crest of the anticlinorium where minor folds cause.the sclrﬁstosity planes to
deviate from the general trends. Small and large scale folds also trend approximétely
north-south (Christman, 1969). A spaced cleavage is axial planar to the anticlinorium.
Typically, this feature cross-cuts the earlier schistosity and is only faintly developed in
rocks with well developed minor folds, but- is observed in rocks east of the anticlinorium
as a crinkle lineation on the schistosity surface. Fracture cIeavdge and minor drag félds
along the anﬁclinorium are essentially parallel to the axial planes of the major folds
(Christman, 1959).

The orientation of joints in the rock is of particular importance to the study of
groundwater flow in the bedrock aquifer. Three predominant joint directions were
identified along the north-south ridge of Mount Mansfield by Christman (1959): 1) a
vertical north-south set, 2) a N30°E set dipping 75°NW, and 3) a vertical N80°E set. The

north-south joints form many of the cliff faces, accentuated by the plucking action of



Pleistocene glaciers. Some joints, away from the faces, have been enlarged by downhill
creep or frost action. Sheeting joints parallel to the !and surface and generally parallel to
the foliation in the rock, were also observed in cliff faces.
As part of this study, measurements of fracture orientations were conducted at
outcrops throughout the watershed (Figure 1.2) for the puArpose of supplementing
| Christman’s measurements, Thé same general sets of fracture 0rien£ations observed by
Christman (1959) are evident. However, ﬁo single fracture set is predominant (Figure 1.2).
The variability in fracture directions suggests that there is a high potential for
interconnection of fractures, and, trhus, mixing of groundwater from different original

recharge locations.

Surficial Deposits

Based on striae ineasurements in and near the study area, the most recent glacial
advance moved in a general southeasterly direction (Stewart and MacClintock, 1969).
Striae at the upper elevations of Mount Mansfield, as well as the presence of erratics,
indicate that the Green Mountains were completely covered byr the Laurentide ice sheet in
the Late Pleistocene. Striae measurements in the Lamoille Vélley indicate that the
~ direction of ice movement was modified by topographical features at the lower elevations,
‘especially (during peﬁods of retreat when ice was thinned sufficiently to be confined to
vglleys (Stewart, 1961).

Glaciofluvial and glaciolacustrine deposits of signiﬂéant thickness are generally

Tocated in the valleys and on the lower slopes of Mount Mansfield. Only a thin till cover is



present at higher elevations (Stewart and MacClintock, ‘1969). Valley deposits exist as
kames, kame terraces, eskers, and lacustrine sediments in thé study basin and surrounding
area. Terraces at 350 m asl represent former lake margin deposits during a period of high
lakes dammed by retreating ice in the Champlain Valley lowlands. Based on wéll logs,
giaciolacustrine_ deposits (mostly sands and silts) reach thicknesses of up to 150 m.
Downgradient of the study area, thick deposits of lacustrine clay overlie the till, iﬁdicating
a deep water depositional environment (Connally, 1968).

Iﬁ terms of groundwater flow, recharge to bedrock at the upper elevations may be
more rapid, given the shallow sediment cover, while recharge at the lower elevations must
be transported vertically through what is in some locations a thick and complex
arrangement of unconsolidated fnaterial, prior to reaching the bedrock fractures.
Discharge of bedrock groundwater to the surficial deposits may oceur at the lowest

elevations in the watershed, as suggested by the presence of many springs.

Soils

Moisture conditions in topsoil influence runoff during rain or melting events in the
basin. High soil saturation promotes infiltration directly to bedrock or to sediments
overlying the roc;k. Soil types in the study érea have been mappe‘d by the USDA and SCS
(1974;1981) (Figure 1.3). Soils at the upper elevations of this watérshed are, in some
areas, derived directly from weathering of the schist. At the topographical high points,

some areas are devoid of soil cover. Bedrock outcrops (Rk in Figure 1.3) account for 11



percent of the entire basin area. At other locations lower in the basin, soils are developed
in weathered till, glaciofluvial, or glaciolacustrine sediments.

Sandy to rocky loams are present at elevations above 800 m asl and lie adjacent to
the outcropping bedrock oﬁ the ridges and summit of Mount Mansfield. These soils, called
the Lyman-Marlow (Ly) and Marlow (Me) loams, typically of only several centimeters in
thickness, and are positioned directly over bedrock or weathered rock. Where the soils are
thin, saturation occurs quickly during rain storms, promoting both rapid runoff ahd
recharge to be&rock where fractures are exposed to the soils (USDA and SCS, 1974;
1981). Below 800 m asl, a large portion of the watershed is dominated by Peru stony loam
(Ps). This soil overlies till and colluvial rock deposits. Like the Lyman-Marlow and
Marlow soils, the water-bearing capacity of the Peru stony loam is limited by its thickness,
as it lies directly over material of somewhat low permeabili{y, except where bedrock
fractures may be exposed (USDA and SCS, 1974). The Lyman-Marlow, Marlow and Peru
soils cover 79 percent of the basin area.

Below 350 m asl, soils overlie deltaic and lake margin deposits. Adams-Windsor
loamy sands (Ad) occupy the tops of the terraces. Colton (Cs) al_ld Stetson (St) loamy to
gravely sands cover the slopes and much of the area near the river. These soils are quite
permeable and produce little runoff under normal storm conditions. Due to the gentle
slopes and productive soils, much of the residential development and pasture land is

located in this part of the basin (USDA and SCS, 1974).



Vegetation and Trees

: Vegetation iype varies with elevation.lThe uppermost ridges_and summits of
Mount Mansfield support a rare arctic tundra plant community common only to the
highest elevations in Vermont, speciﬁcally the summits of Mt. Mansfield (1339 m asl) and
Camel’s Hump (1244 m asl). Red sbruce and balsam fir dominate the high slopes and the
summits of the mountains. Due to the harsh weather conditions, both of these tree types
are reduced to a low scrubby growth near the summits. American mountain ash, white
birch, white ash, hemlock, mountain maple, and choke cherry are also common
throughout the basin except for the ridges and summits (Burns, 1916; Connor, 1994).

Tree types less common, but distributed throﬁghout the basin include red cédar,
poplar, several types of aspen, black cherry, wild red cherry, sugar maple, white mapie,
and red maple. The forests also. support a mixture of several tsrpes of mosses and bushy
undergrowth (Connor, 1994).

Below 300 to 400 m asl, different tree types become p.redominant. These include
white pine, which grows mostly in sandy soils overlying the glaciolacustrine deposits in the
lower valley, Eeech, yellow birch, chestnut oak, red oak, black oak, basswood, tamarack,
and black willow. Othér trees less commonly found at these elevations are butternut,
hickory, and américan ehﬁ. More grasses a;e also found beléw 300 to 400 m asl,
especially in cultiv-ated fields.

A large percentage of the trees on the slopes and summits are the scrubby conifers,
which transpire water from precipitation and soil, mostly during the wér‘mer months of the

year. Given their smaller size and sparse distribution at these elevations, water usage is



lower than that of conifers in the valley (Likens et al., 1977; Likens et al., 1985).. The
lower elevations of the Watershed are dominated by larger coniferous and deciduous trees,
which transpire greater amounts of water than the smaller upslope conifers 'during' thé -
warmer months of late April to early November, especig]ly when leaves are present on the
deciduous trees (Mather, 1964). The seasonal variability in water use by trees and other .
veg.etation in the watershed has significant influence on recharge to the bedrock. The

effects of these mechanisms are discussed in Chapter 3 and 4.

Water Supply Issues .

Groundwater m fractured bedrock 1s a very important water supply in the uplaﬁd
regions of Vermont and other areas of New England. Due to the limited development of
the uplands, water in the bedrock aquifers is generally clean and plentiful. Currently, the
study basin is not an area of particularly high concern relative to water supply availability
or contamination problems. However, as with many similar upland areas, develop'ment has
increased rapidly in the last three decades, and continued —residential as well as recreational
development is predicted (Wilmot and Scherbatskoy, 1994). Therefore, supply and
pollution problems_commdn to water supply development in more settled areas r'nay'
become ﬁoré numerous in the future. Furthermore, although this particular basin may not
be developed to the point where water supply becomes a serious issue for residents,
uplaﬁd recharge areas may in the future be looked upon as sources of clean drinking water

for larger areas. This would greatly increase the demands ori the bedrock aquifer. -
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Perhaps more importantly, other areas of this cotmtry and the world cqntain at
present uéiand regions with much heavier water ‘supply. demands. There is a need in these
areas to define groundwater recharge and flow for the purpose of protecting water
supplies from depletion or pollution. This basin is suitable for the examination of the
ﬁatural recharge and flow process‘es,'.since the groundwater_ supply is not being
~ significantly stressed under present conditions. By observir;g recharge and flow
mechanisms in'tfleir near-natural state, a more aécurate description of the factors affecting
these processes prior to modification by human activity can be determined. |

All of the residents in the study basin obtain drinking water from bedrock wells or
springs (Figure 1.4). Only three of the wells used in this study, GW3, GW7, and GWS, .are
true wells cored deep into bedrock. The depths of these wells range from 53 mto 213 m
(see Chapter 3). The remaining wells, GW1, GW2, GW4, GW5, GW6, and GW7B are
developed springs in the bedrock. Due to its steep slopes,r this pérticular sub-basin
contains a high percentage of springs compared té other basins in the region.

Deep wells are typically cased to bedrock and sealed. The portion of the well in
bedrock is left open due to the strength of the rock material. Well bores intersect fracfures
yielding varying amounts of water. Reported yields of wdls used in this studﬁr vary from
0.25 to 10 gallons per minute (gpm). Well drillers report finding sevéral zones of

‘significant yield along the length of some well bores, indicating that the rock éontains
relatively closely spaced sets of wgter—yielding fractures.

Springs are typicaliy developed by driving a pipe into an existing, water-producing

fracture exposed in outcrop, or by drilling into a highly fractured portion of the rock
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where a épring is located. Some springs are also developed by instez’liing a catch basin in
overburden filling a hollow in the bedrock. The hollow catches water discharging from the
nearby bedrock s.pringu. Springs used for watér supplies discharge water at fairly constant
rates (1 to 5 gpm) throughout thé year. The high spring, GW1, suppiies water for
Underhill Stﬁte Park, a state-operated park in the Mount Mansfield State Forest. This
spring is only used during the summer months (May to Oéstober), while other springs are

- used for water supply all yéar. |

Most residents who part'icipated in this study report no unusual problems with
water supply or availabifity. However, one of the shallow springs, GW7B, occasionall‘y
goes dry. According to the owner, the timing of this spring becoming_.g;’ dry is unpredictable,
as it has become dr& during periods of frequent raiﬁ. This indicates that the spring does
not respond quickly to rain events.

Due to tﬁe abundance of springs, and the accessibility of groundwater by drilling,
all of the residences in the study basin are suppliéd by individual v\‘fells and spri.ngs. Np '
public water supplies are in place. In the nearby town of Underhill Center-, just
downgradient from the watershed boundary, fhere is a water supply which serves fewer
than half a dozeﬁ homes. This is high-yielding bedrock spring which at one time served

~most of the town,

The Jericho-Underhill Water District services 240 residents in the towns of
Underhill and Jericho. The average daily demand is 63,000 gpd (238,000 Leday™).
Originally, this wafer supply system used severa} well points, i:nstalled in various materials.

In 1994, a new high-yielding well was installed in the permeable glacial outwash deposits
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of the Browns River valley near Underhill. This well now serves the entire system.
(Wagener, Heindel & Noyes, 1994). Residents i:ﬁ the area who are not served by the
Water District have individual wells installed in bedrock or surficial deposits. Ninety-four
percent of the resideﬁtial wells in Jericho and Underhill are installed in bedrock, six
percent of these being springs. The remaining wells are instalied in the overburden

~ (Autery, 1996, pers. comm.).

Regional Variability of 5'°0 in Groundwater

As part of a regional study of groundwater chemistry by Darlene Autery
(University of Vermont Geology Department), 140 wells in the Underhill and Jericho area,
including the Upper Browns Basin, wereusampled in May, 1996. 8'*0 analysis was
performed for all of these samples. The §°0 values ranged from -13.4 %o to ~10.5 %o with
an average value of -11.6 %o. No correlation was olabserved between 5'°0 values and the
thickness of surficial deposits, well yield, elevation, or well depth (Figures 1.5, 1.6, 1.7
‘and 1.8, respectively). | |

The research reported in this thesis was focused only on the uppermost sub-basin
of the watershed, above Underhill Center. Furthermore, this study examined temporal
trends as well as spatial variations in groundwater §°0 compésition. However, the
regional sampling round served as a test for large scale spatial trends, and indicated the
regionai range of groundwater 8180 values for compérison with those fo.und in the .t'hesis

study area. The average annual groundwater 8'*0 value in the uppermost basin was also
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-11.6 %o, although values varied over a smaller range than for the regional data (see

~Chapter 3).

Application of Results

As discussed in the introduction of this chapter, there is a need for an improved
understanding of groundwater recharge and flow mechanisms in upland watersheds in
ofder to improve predictive modeling for the purposes of water supply development,
contamination remediation, and resource management. This study adds to the general
understanding of such mechanisms and presents a conceptual model that describes these
mechanisms, as well as their spatial and temporal variability. In addition, equations
describing these processes are developed. It seems that the next feasible step is to couple
these equations with a three-dimensional numerical groundwater flow model, capable of
representing the physical dimensions of this or other upland aquifers. This approach would -
produce a useful tool for future modeling efforts.

This project. has provided an improved conceptual understanding of the timing of
recharge to bedrock in different areas of the watershed. These findings have important
appiicatiqns to management of land use in the basin. Given that the upper elevations of the
watershed are significant zones of recharge to the bedrock, it is necessary to protect them
indefinitely from potentially polluting activities. Furthermore, areas in the vicinity of
drinking water wells and springs also receive recharge during the colder months. Activities
with high pollution potential should therefore be limited or prohibited during these

months. Examples of activities with potential for polluting the groundwater include salting
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of roads in winter, any industrial activities using fuel or other chemicals that may be
sﬁilled, applications of pesticides or herbicides to agricultural fields or lawns or golf
courses, and applicafion of wastewater to agricultural fields or ski slopes during winter
snowmaking. Of course, any of these activities should be controlled at any time of year, as
some coqtanﬁnants may remain in the sol long enough to be recharged, even if applied at |

a time of year when recharge was minimal.
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Study area and regional watershed.
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1" Sheeting Joints

Figure 1.2

Bedrock fracture orientations. Lower hemisphere equal-area projection showing contour
| of poles to fracture planes (1% area plot, 5% contour interval) based on 118 field
measurements at outcrop throughout the basin. Most joints are steeply dipping with the
exception of several sheeting joints (7 = 10) observed in cliff faces.
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Figure 1.3

Map of soil types in the study basin. Information taken from USDA and SCS, Soil Surveys
of Chittenden (1974) and Lamoille.(1981) Counties, Vermont
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Groundwater sampling locations. GW3, GW7, and GW8 are deep bedrock wells. All
‘ others are developed bedrock springs.
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Regional variability of groundwater §'*0 with respect to thickness of surficial deposits.
Samples were collected from 140 wells in Jericho and Underhill, VT in May, 1996 by
Darlene Autery (UVM Geology Department).
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Regional variability of groundwater 8'*0 with respect to well yield. Well yield values are

as reported in drilling fogs. Samples were collected from 140 wells in Jericho and
Underhill, VT in May, 1996 by Darlene Autery (UVM Geology Department).
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estimated from USGS topographical maps. Samples were collected from 140 wells in
Jericho and Underhill, VT in May, 1996 by Darlene Autery (UVM Geology Department).
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Regional variability of groundwater §'°0 with respect to well depth. Well depths are as
reported in drilling logs. Samples were collected from 140 wells in Jericho and Underhill,
VT in May, 1996 by Darlene Autery (UVM Geology Department).
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CHAPTER I
COMPREHENSIVE LITERATURE REVIEW
Introduction

This chapter reviews briefly the theoretical foundations dpon which this research is
based. Traditioﬁal grouﬁdwate:; modeling techniques, as well as recent efforts to model
flow in fractured rock, are reviewed. The measurement of stable isotébes is discussed,
along with a description of the factors contributing to fractionation of the isotopic
composition of precipitation and groundwater. Many references were used that are not
cited individually in this chapter. They are included in the Comprehensive Bibliography at
the end of this thesis.

This study uées many of the techniques addressed herein. However, the approach
used in this study is urlique; in that it combines the use of a system dynamics model of
groundwater recharge and flow with temporal stable isotope records and radioactive
isotope measurements generated through the /sampling program. No attempt is made to
represent the precise geometry of the bedrock aquifer, nor to represent the fracture
network within the aqﬁifer. Instead, 2 model of the spatial and temporal variability of
recharge mechanisms is developed, thereby cre;zting a useful tool for examiningrthe
interaction of several processes within the basin system, Determining the direct age of
'ground\a}ater in the aciuifer is complex and requires multiple approaches. However, an
attempt wa§ made to estimate groundwater ages using measurements of tritium, combined

with the stable isotope data. The results of this work are discussed in Chapters 3 and 4.
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Numerical Modeling of Groundwater Flow in Fractured Rock
Numerical groundwater modeling codes have been developed based on various
forms of the groundwater flow equation, which is expressed in simplest terms as the Darcy

flow equation (Darcy, 1856):

Qx=- kx.@, V= Ox / e - (2"1)
ox
where '
qx = specific discharge or flow in the direction of flow (x)

k, = hydraulic conductivity of medium

- oh = hydraulic gradient
ox

V. = linear velocity of groundwater flow

n. = effective porosity of medium

This simple, one dimensional equation can be modified to account for aquifer flow
in three dimensions and combined with the principal of mass conservation to obtain

(Anderéon and Woessner, 1992):

8(T,8h) + 3 (T,3h) + 3 (T,0h) = S.0h - R* e
x ox &y Oy oz oz ot |

where
T = transmissivity = vertically averaged hydraulic conductivity/aquifer thickness

S, = specific storage in aquifer

25



R* = gink/source term representing recharge (+) or pumping ()
Note that recharge is incorporated as a general term representing the balance of recharge

to and losses from the aquifer.

Additional equations may be developed to account for mechanical dispersion of
fiow, chemical diffusion, radioactive decay, or other geochemical reactions. Soﬁrce terms
must be added to the advection-dispersion equations to incorporate geochemical processes
(Anderson and Woessner, 1992). Since this study deals predominantly with thé mechanics
of groundwater recharge and flow (i.e., the bulk fluid physical processes), a detailed

" discussion of transport an& geochemical modeling is not included.

Comrﬁon computer codes for flow modeling in ﬁse today can be divided into two
major groups, the analytical element models and the numerical models (Andérson and
Woessner 1992). Both are based on similar governing equations. However, analytical

“element models (e.g., TWODAN, QUICKFLOW) solve analytically and with -
superposition, the flow equations between known boundary conditions, assuming
conditions of homogeneous aquifer properties and one or two dimensional flow (Strack,
1987, 1988). Numerical models (e.g., MODFLOW, AQUIFEM, PLASM) may be set up
to incorpqrate aquifer heterogeneity in two or three dimensions (Konikow and |
Bredehoeft, 1978; Pinder and Voss, 1979; Prickett, 1979; Townley and Wilson, 1980,
1990). Properties are most commonly input on a finite element or finite difference grid to
represent the geometric distribution of materials comprising the aquifer. Additional

equations are incorporated to represent the boundaries of the problem (i.e., streams or
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groundwater divides) and initial conditions for the simulation. Sets of algebraic equations
are developed by approximation of the part§a1 differential equations governing flow and
boundary conditions. The resultaﬁt equations are solved for fluid head values at each grid
node or cell (Anderson and Woessner, 1992).

Groundwater. models have been applied with some success to problems
considering flow through porous media (i.e., sands and gravels). High dégrees of
heterogeneity in a medium complicate the flow model, adding computational
requiréments, as well as introducing error. Perhaps a larger problem with modeling in
heterogeneous environments is the difficulty in obtaining precise measurements of aquifer
properties in the detail needed to produce an accurate numerical representation of flow
(Salhotra and Nichols, 1993). Flow in fractured rock aquifers is even more problematic,
given the complexity of fracture networks and the difficulty in measurement of aquifer
properties. Flow in rock similar to the schist in the study area tends to be controlled
predominantly by fracture directions, fracture interconnectivity, and gradient. Various
methods have recently been developed to improve the description of fractured rock
aquifer properties though field measurements (Mabee et al., 1994; Hardcastle, 1995).
These methods all incorporate some degree of uncertainty, of course, siﬁce the full
complexity of the fracture network is always hidden from view.

In terms of modeling flow in these aquifers, attempts have been made to generate
complex numerical representations of aquifer fracture networks (LaPointe and Hudson, -
1985; Long et all., 1985; Roleau and Gale, 1985, 1987, Chiles,l 1989; Defshowi\tz and

Eistein, 1989; Cacas et al., 1990; Kulatilake and Wathugala, 1990). These models typically
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combine solutions of equations for flow along a single fracture with an artificial generation
of the fracture network based on stochastic principles. These efforts have met with some
success. However, rigorous calculations and extensive computer time are typically

required (Neuman and Roleau, 1994).

System Dynamics Modeling

System dynamics modeling can be applieci t0 many systems in a wide range of
disciplines. Comléuter codes developed for system dynamics simulation (€., STELLA
and VENSIM) allow the user to develop a graphical representation of the conceptual
model of a system, incorporating all significant processes working in the system. The uéer
then enters equations to describe the actions of each mode! component and relationships
among components. -

The advantage of the system dynamics approach is that a mode! of almost any
dynamic system can be developed according to the study being performed and the data
generated by the study. A graphical user interface allow simple modification of model
components and their interrelationships. System dynamics models, as used here, are
especially useful in interpreting processes within complex systems for which conventional
numerical modeling codes have not been developed explicitly or which require excessively
detailed and unavailable information.

As with any modeling technique, in order to produce a valid, unique solution, any

model must be able to solve for all unknowns, without unjustifiable assumptions being
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made. In this respect, the system dynamics mode! may be used to guide additional data
collection in order to improve the capabilities of the modslj

When a mode! has been developed for a particular system, some factors inthe -
model may be varied within reasonable ranges until observations.in the field can be
matcheci. Ideally, a model can be verified by an indepéndent test. In some cases, this is
accomplished by simulating a stress on the sy-stem, such as a pumping test that may be,
performed in the field. In the case of this study, simulated temporal changes in
groundwster 50 are matched with actual measurements. When an independent test has
been successfully carried out, the model may be applied for predictive purposes.
Interpretatiohs of model results should consider the limitations of the model and

uncertainties inherent in any simulation of a natural system.

‘Measurement of Stable Isotopes

This study utilized measurements of stable isotopes of oxygen and hydrogen. The
number of neutrons in an atom distinguishes.the different isotopes of an element. The
stable isotope measurement describes the ratio of heavy to light isotopes in a gives
substance. For example, oxygen exists naturally in three stable isotopic forms, 180, 10,
and 0. The isot.opic ratio, *0/**0 is used as a quantification of the ratio of heavy to light
oxygen isotopes in a substance. The numerical designation of the isotope refers to the total
number of neutrons and protons in the nucleus of the oxygen atom. The stable forms of

hydrogen are 'H and [ or D (deuterium). The ratio of heavy to light hydrogen atoms,
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21/'H, is also expressed as D/HL Tritium (H or T), is the unstable, radioactive form of
hydrogen (Urey, 1947; Faure, 1986).

The lighter oxygen and hydrogen isbtopes are far more abundant than the other |
stable forms. 0 is estimated to account for 99,76 percent of all oxygen atoms. "His
estimated to account for 99.98 percent of all hydrogen atoms (Bigéleisen and Mayer,
1947; Broecker and Oversby, 1971). Therefore, the absélute ratio of heavy to light atomé
in the measuremént of a given safnple is an extrérnely small number, Furthermore,
variations in the isotopic composition of substances, the measurements on which this study
is based, are typically in the parts per thousand or parts per hundred range. In order to
make measurements easier to cOmpare, it i§ most convenient to express these
measurements relative to a stanciai‘d. For the measurements in this project; the standard
known as Vienna Standard Mean Ocean Water, VSMOW (Hagemann et al., 1_970), was
used as a reference. The actual ratio of O to 160 in this standard is 2.0052 x 10 and

D/His 1.5576 x 10™* (Hagemann et al., 1970). Relative isotope values are expressed as

follows:
5150 = [(*0/°0)Sample - (*0/°0)VSMOW] x 10° (23)
(®0/*0)VSMOW
and .
- §D = [(D/H)Sample - (D/H)VSMOW] x 10° | | (2-4)
(D/H)VSMOW

Units for 8'%0 and 8D are parts per thousand, or per mil (%o).
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The isotopic composition in water is obtained by mass spectrometric analysis of
CQO, gas that hés been isotopica}ly equilibrated with the water sample at a controlled
temperature of 25°C. CO, is removed from the sampié headspace usiﬁg Cryogenic
separation techniques z;nd then analyzed (Taylor, 1973; Wong et al., 1987, Socki et lal.,
1992). A frac{ionation factor, 0., is used to quantify the difference in isotopic composition
between a liquid and a gas in equilibrium. The value of 6186 for a water sample may be

calculated using the following relationship:

o = 8'*0Sample + 1000 _ , (2-5)
530Gas + 1000 . .
where

o = fractionation factor for H0/CO, = 1.0412 @ 25°C (O’ Neil et al, 1975)

For 8D determination, watef is reduced to Hpusing a vacuum line and uranium
furnace. The Ha ga;s can be then transferred directly to measurement in the mass
spectrometer (Krishnamurthy and Deniro, 1982).

Mechanisms affecting the isotopic composition of Watér samples are discussed
.below. These changes in $1%0 and 8D, also referred to as isotopic fractionation, make

isotopic measurements a usefill tool in the study of hydrologic processes.
Factors Affecting Isotopic Compositién of Precipitation

The mass of an atom of a given element is determined by the number of neutrons

and protons in the atom. ‘Therefore, different isotopes of an element have different masses.
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The thermodynamic properties of a moiecule depend on the cotlective mass of the atoms
incorporated in the molecule. The energy ofa molecule in a gas (e.g., water vapor in a
cloud) depends on the interactions of electrons as well as the translational, rotational, and
vibrational components of the atoms in the molecule (White, 1984; Kyser, 1987) For
oxygen, vibrational energies are most important in terms of fractionation. Rotational
energy is also 1rnportant for the behavwr of hydrogen (White, 1984, Kyser, 1987). The
vibrational frequency of a water molecule is inversely propomonal to the square root of its
mass (Kyser, 1987). Therefore, different ‘isotopic epecies have different potential energies
in molecules with the same chemical formela (e.g., H,0) (Figure 2.1) .

A water molecule composed of lighter isotopes has a higher vibrational frequency
and Hence a higher potential energy than a molecule containing heavier isotopes (Figure
2.1). Bonds formed by the lighter isotopee are weaker, causing the lighter molecules to be
more reactive or more easily dissociated than the heavier molecules (Kyser, 1987). During
a phase change of water from liquid to gas (e.g., evaporation), lighter molecules will more
likely enter the gas phase than heavier molecules. Therefore, the lighter molecules will
preferentially evaporate in larger nﬁmbers than molecules made up of the heavier isotopes.
Conversely, when water condenses from vapor, heavier molecules will more likely form
precipitation, while lighter molecules will tend to remain in the vapor phase. The heavier
isotopes, 30 and D, will thus be concentrated in the liquid phase, since they tend to

constitute the heavier molecules. This effect is known as isotopic fractionation.
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Isotopic fractionation in 2 sysfem is largely temiperature dependent. The
fractionation factor, o, approaches unity with iﬁcreasing temperature {Friedman and
O’Néil, 1977; Hoefs, 1980). In other words, fhe difference in the behavior of water
molecules of different mass lessens at higher temperature. This tem'perature dependence
allows the interpretation of isotope fractiongtion in terms of environmental temperatures.

Since continental précipitation originates as evaporated ocean water, samples of
continental precipitation have léwer or more depleted 8'°0 values than the VSMOW
standard. In the study basin, the dependence of 5**0 on temperature is seen in the seasonal
records of precipitation, where water is most d.epleted in "*O during the colder winter
month§ and least depleted in the summer. Also, mean annual 880 is lower at the upper

_elevations of the watershed tﬁan at lower elevations, a function of temperature gradients
within the basin (Figure 2.2). This relationship between 8'0 and temperature has been

described (on a global scale) by Dansgaard (1964) using the equation:

§%0 = 0.695 T -13.6 %o ' | (2-6)
where
%0 = mean annual 580 value for precipitation

T = average annual surface air temperature in °C

Other factors, such as altitude and the proximity of a location to the origin of the

vapor source and the nature of the vapor source itself, also govern 5'%0 values in
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. precipitation at individual locations (Yurtzen, 1975; Gat, 1981; Friiz et al., 1987,
Rozanski et al 1993). The change in §'0 fractionation between hquld and vapor with the
depletion (physical) of the vapor source (Flgure 2.3) was described by Raylelgh in 1899

as:

RUR, = £ | R
where
R, = ¥0/"°0 of remaining vapor
R, = 0/"°0 of driginal source
f= fraction of vapor remaining
o. = fractionation factor (liquid water to vapor)

This relationship has become known as the Rayleigh Distillation Model (Rayleigh, 1964).

Based on large numbers of analysis of meteoric waters (unevaporated
precipitation), a linear relationship between 50 and 8D has been established which is

described by the equation (Faure, 1986):
8D = 8861%0 + 10 (%o) | S (2-8)

This relationship is presented graphically as the global meteoric water line (MWL)
(Figure 2.4). If water samples have been subjected to significant evaporétion, the 8D vs.

§'%0 relationship no longer plots on this line. This is due to the non-equilibrium kinetic
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effects that occur during evaporation into unsaturated. air, causing the fractionation of
hydrogen and oxygen isotopes to occur in different proportions (White, 1984).
Evaporated samples typically plot to the right of the MWL, indicating greater enrichment
of *0 than of D. Therefore, the relationship between the 8D and &80 values for a given
water sample may be used as a diagnostic indicator of the ksample’s history. Specifically,
indications of evaporative effects in rain samples may indicate that the collected water was
partially evaporated before measurement (i.e., a quality control test). In groundWater
samples, evaporative effects may have occurred during the recharge process.
Measuréments of 8D and 80 in groundwater may be used to determine if recharge is

subject to evaporation during the infiltration process.

Effects of Trees and Plants

Preferential removal of 160_ by plants during photosynthesis of CO; causes an
addition of *0 isotopes to the atmosphere. Animal respiration adds to this effect (Dole et
al., 1954). Oxygen released during photosynthesis has a weighted average 380 of +0.5%o
(i.e., enriched) (Garlick, 1969). Hydrogen fractionation during photosynthesis also results
in the preferential use of the light isotope (Cifuentes, 1993). Although these are important
effects in the global distribution of oxygen, they have little effect on the isotopic
composition of ;echarge to groundwater.

In this study, the most significant effect upon the groundwater isotopic signature
appears to be that of water interception and uptake by trees in the basin. However, the

effect on the isotopic composition of groundwater is not one of isotopic fractionation.

35



Instead, interception and uptake by trees and plants during the \ﬁarmer months prevents a
signiﬁcaﬁt portion of the precipitation from infiltrating to groundwater. This results in a
reduction of the influence of individual rain events on the groundwater $'%0 and 8D
31gnatures Vegetative transp1rat1on and evaporation effects, especially in the valley forests
during the warm months are capable of transferrmg a significant portion of prec1p1tation
back to the atmosphere, thereby removing it from the recharge flux (Saxton and
McGuinness, 1982). These effects have been shown to be important in the behawor of -
many hydrologic systems (McGuinness and Harold, 1962, Knisel et al., 1969; Parmele,
1972; Woolhiser, 1973). In fact, several studies in the northern forests of the United
States have shown that significant inﬁltration through SQll is unlikely to occur durmg the
summer due to high ;vapotranspiration (Likens et al, 1977; Dugan and Peckgnpaugh,
1985; Likens et al., 1985).

Interception of falling precipitation by the leaves of trees promotes high rates of
gvaporation of cuticular transpiration (evaporation at the plant cuticals). Transpiration is
evaporation occurring within the plant structure. When plants uptake water, evaporation
oceurs from the walls of the plant cells to the adjoining intercellular spaces. Water vapot
then escapes through the plant stomata of lenticels. Transpiration is controlled by soil |
moisture and permeability, as well as air temperature and relative humidity.

Potential evapotranspiration (Ep) 18 uséd to estimate the combined use of water by
trees and evaporation for a given area (Thorﬁthwaite, 1954). This quantity is expressed as

fgllows:
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By = f(Re, Adsrom | 29
where | '
R, = available energy
A, = ease with which water is carried from the surface by turbulent transfer
S, = vegetation characteristics inth particular reference to the surface resistance due to
the stomatal characteristics of the plant leaves
o = oasis effect (ability of plants to draw water from surrounding area)

m = moisture situation (water supply available to plant)

This expression is highly dependent upon air temperatures, as well as the
predominant vegetation and soils in a given location. A plot of 50 years (1910-1960) of
precipitation, soil moisture and potential evapotranspiration measurements compiled for
Burlington, Vermont (C.W. Tlhornthwaite Associates, Laborétory of Climatology, 1964)
(Figuré 2.5) indicates th.at evapotranspiration (E,) is negligible from the months of
December to March. E, increases in late March or early April to a peak in July, decreasing
again to a negligible amount in November. Although precipitation is relatively high during
the warmer months, soil moisture remains much lower than during the rest of the year.
This indicates that a much smaller percéntage of precipitation is available for infiltration to
groundwater from April to November. Since this plot was developed from data in the
lowlands of the Champlain valley, a plot produced for the Mansfield basii; might look

slightly different. It seems reasonable to expect lower E, rates during the warmer months,
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especially at the highest elevations, given the lower temperatures and dominance of

smaller, more sparsely distributed trees which use less water.

Effects of Infiltration .’I‘hrough Sqil and Sediments

As rainwater infiltrates through soils and sediments overlying bedrock, it may
encounter a number of mechanisms that have the potential to cause isotopic fractionation.
In areas where climatic conditions are conducive to signiﬁcant evaporation, 8'*0 in soil
water tends to be higher than that of mean annual precipitation due to preferential
evaporation of light wéter (White, 1995). Since evaporation does not océur in the
Mansfield basin during the colder mgnths and is not high relative to more arid regions
even in the summer, soil water evaporation is likely not an important mechanism for
fractionation of infiltrating water in thfs setting.

Biologically mediated reactions in some soils may preferentially use heavy
hydrogen isotopes, resulting in points which plot to the left of the MWL (White, 1995).

" This effect was not observed in the Mansfield basin, based on D/H measurements in
gréundwater.

A third effect of soils and sediments overlying bedrock is the mixing of infiltrating
water from different recharge events. The path that infiltrating water takes on its way to
bedrock is ;iependent upon the arrangement of soil grains. Soil composition also influences
* the rate at which water can travel. In complex depositional settings, the permeability of
soils may vary signiﬁcantly over small areas. Therefore, water entering the soil may not

proceed at a uniform rate or along uniform paths to bedrock. This results in the mixing of
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waters which originated from different rain events. Therefore, water that has a larger
residence time in the soils and sediments is more likely to become isotopically mixed

©

(McDonnell et al., 1991; Datta et al., 1996).

Effects of Melting

anw is typically lighter in 8"®0 than rain, given its colder formation temperature.
However, isotopic fractionation may occu.r during the melting process from evaporation
and sublimation of portions of the snow pack as well as redistribution of melting snow in
the pack. Early melting tends to produce more isotopically depleted meltwater than the
later stages of melting, since the loss of °Q from evaporation and sublimation may
increase over the time that the snow pack rerhains in place (Friedman, 1991). The
composition of melt may vary over .the melting period as these effects become more -

- prominent (ﬂooper and Shoemaker, 1988; Moore, 1989; Maule and Stein, 1990).
Therefore, it is most appropriate to samﬁie meltwater (when melt is occurring) in addition
to snow when constructing a record of the '*0 of fecharge to groundwater. Recent
studies in North America have shown that meltwaters readily infiltrate in forested settings
in the absence of ground frost, contributing significantly to groundwafer recharge
(Bottomley et al, 1986). Measurements of soil and groundwater in a study area in
northeastern- Vermont, indicate that melting snow and winter rains may significantly
modify the isotopic composition of soils and shallow groundWater (Shanley et al,, 1995).
Early in the winter, this effect results in a slight lowering (~1 %o) of 80 value for the

soils and shallow groundwater, since the water in storage in the soil may have entered the
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soil in the warmer months. However, as the year progresses, the direction and magnitude
of each change in groundwater isotopic composition is dependent upon the §'°0 of

individual rain or melt events (Shanley et al., 1995).

Effects of Water - Rock Interaction and Mixing

In bedrock groundwater, isotopic fractionation may occur under g_éothermal
conditions (Taylor, 1974; Zuber et al., 1995)..However, in the case of the aquifer studied
in this thesis, the largest effect on the isotopic composition of groundwater flowing in the
rock is caused by physical mixing of different water masses. This includes convergence of
waters flowing in fractures systems‘ frorﬁ different recharge locations and possibly having
different recharge times, as well as contribution through shallow fractures of local
infiltration from storms during the colder months. Others have found that mixiﬁg effects
have strong influence on the isotopic composition of groundwater in fractured bedrock
| aquifers (Nordstrom et aI:, 1985; Wenner et al., 1991, Garlick, 1996) .

A conceptual diagram of the mixing process in bedrock is shown in Figure 2.6. A
measurement taken at a particular point in the aquifer may reflect the contributions of
several sources. In a well drilled through the bedrock, the temporal 8'°0 signature reflects
changes in contribution over time from one or more deep flow zones, as well as from
inﬁltration in the vicinity of the well from recent storm events. Since water infiltrating
quiékly near the well is not significantly mixed with other groundwater, it has the potential
to modify the groundwater 5'*Q signature measured in the well following storms (Turner

ef al., 1984: Maule and Stein, 1996).
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Radiogenic Isotopes

Measurement§ of the abundance of *H (tritium) were used in this study to obtain a
first approximation of the age of groundwater samples. Tritium is i)roduced naturally by
the interaction of_cosmic radiation with atmospheric oxygen and nitrogen. Global
-variations as well as seasonal variations are caused by phang_es in atmospheric circulation
between the troposphere and the stratosphere whicﬁ is a major reservoir for tritium (Davis
and Murphy, 1987). Prior to nuclear testing, tritium abundance in precipitation was 2 to
24 tritium nucleii per 10_18 stable hydrogen nucleii, or 2 to 24 tritiﬁm units (TU) (Schlossér
et al, 1988). Detonation of thermonuclear deviceé in the atmosphere, beginning in the
early 1950s, caused an increase in the levels of *H in precipitation to a peak of 50 to 100
TU in the Southern Hemisphere, and 500 to 10,000 TU or more in the Northern
Hemisphere in the early 1960’s (Schlosser et al, 1988). This period is referred to as the
“bomb peak” of atmospheric tritium levels. Tritium has a half life of 12.43 years
(Unterweger et al., 1980). The amount of tritium remaining in a samplé of water of a

certain age at a time (t) after recharge can be modeled as follows (Schlosser et al., 1988):
*H(r) =*H(n)e™ (2-10)

where

*H(f) = tritium concentration at time ¢

*H(#) = tritium concentration at the time of infiltration

A= tritium decay constant = 0.0558 year™
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Tritium concentrations in the atmospheré ﬁave undergone rapid reduction since the
cessation of most above-ground nuclear testing. A temporary increase was seen in the late
1970’s during the French and Chinese testing. By 1987, tritium levels in precipitation had

decreased to 25 TU in central Europe (Schlosser et al, 1988) and remain 5 to 20 times
lower in the Southern Hemisphere. Tritium fnay still be produced locally thréugh ternary
 fission of uranium-235 and plutonium-239 in nuclear reactors, as well as in factories for
luminous instrument dial manufacture (Davis and Murphy, 1987).

Busenberg and Pluzﬁmer (1993) developed a record of volume-weighted yearly *H
concentrations from 1956-1962 for the Mirror Lake Research Station in New Hampshire
(Figure 2.7). This plot was generated using precipitation data and reconstructed
atmospheric *H from the Mirror Laker site (Busenberg and Plummer, 1993). The “peak” in
recharge *H concentrations in 1963 was 295 TU,’ according to this plot. Recharge *H -
concentrations during the last 10 years (1986-1996) have ranged between 15 and 20 TU.
Given the similar setting and close proximity of the Mirror L.ake site to the Mansfield
basin, the *H curve shown in Figure 2.7 is assumed to be representative of °H
concentrations in recharge for this study. |

Numerousr‘studies have used the bomb peak in precipitation as a marker for
determining groundv;rater ages and travel rates (e.g., Suess, 1969; Gaspar and Oncescu,
1972; Atakan et al., 1974, Hufen et al., 1974; Vogel et al., 1974; Poland and Stéwart,
1975; Hobba et al., 1979; Nordstrom et al., 1985). To use this technique effectively, the

groundwater flowpath must be well understood, and an accurate record of atmospheric
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tritium abundance generated for the study area. This is not possible for the Mount
Mansfield basin. However, as discussed in Chapter 3, tritium abundance measurements in

groundwater can lead to fairly good approximations of groundwater residence times.
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Figure 2.1

Potential energies for the different isotopic species of hydrogen and oxygen. Potential
energy is related to interatomic distance of molecules. The zero-point energies of the
different.isotopic species of diatomic hydrogen and oxygen determine the tendency of each
species to dissociate. From Kyser (1987).
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From Dansgaard (1964).
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Figure 2.3

Fractionation of oxygen isotopes during condensation of water vapor (Rayleigh
Distillation Model, 1899). From Rayleigh (1964). '
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The relationship of 8D and 5'%0 in meteoric water samples. This figure was developed
using measurements of samples worldwide. The linear best fit shown here is known as the
meteoric water line (MWL), From Faure (1986).
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Figure 2.5

Plot of climatic data from Burlington, Vermont, 1910-1960. Produced using data from
C.W. Thomthwaite Associates, Laboratory of Climatology (1964).
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Figure 2.6
Schematic diagram of groundwater mixing. This figure illustrates the combined

contribution of water to a well by shallow (local recharge) and deep (distant recharge)
fractures. '
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Reconstructed *H concentrations in recharge at the Mirror Lake Site. Adapted from
Busenberg and Plummer (1993).

50



CHAPTERIII
ARTICLE FOR SUBMISSION TO THE JOURNAL OF HYDROLOGY

Stable and radioactive isotope measurements describe temporal

recharge and flow mechanisms in upland fractured bedrock aquifer,

Vermont, USA
Michael D. Abbott, Andrea Lini, Paul R. Bierman, and Stephen F. Wright

Department of Geology, University of Vermont, Burlington, VT 05405-0122, USA

51



Abstract

Precipitation and groundwater _samples, collected weekly over a 18 month period
froma 10.5 km” upland watershed in northwestern Vermont, were analyzed for 6180, oD,
and *H composition, Differences in seasonal temperatﬁre and elevation are reflected in the
5'%0 composition of precipitation, which ranges yearly over ~25 per mil (%o). Mean
annual 80 of precipitation decreases by 2.5 %o per 1000 m of elevation gain. All
preoipitatioﬁ and groundwater samples analyzed for both 5130 and 8D composition plot on
or near the meteoric water line.

The 80 of groundwater collected from seven residential wells within the basin
varies 2 %o yearly, with the exception of a spring 1ocated 300 m higher in elevation than
the other wells. This spring shows a yearly variation of 4.3 %o (107 = 0.9 %o). In the
warmer months (late April to early November), the 80 signature in the wells remains
constant (within 0.4 %o, 16 =0.2 %), while in the colder months (late November to early
April), the 6“80 composition varies in response to precipitation events by as much as 2 %e,
excepting the high spring, in which 5180 varies throughout the yeér.

Flow in deep bedrock appears well mixed, exhibiting a steady isotopic
composition. The 8'°0 variation detected in wells and springs during the colder months is
likely caused by a decrease in e{fapotranspiration near the wells, which allows influx of
local recharge following precipitation events. During the warmer months, local recharge to
bedrock in the valley, where most of the wells are located, appears to be greatly reduced.

Measurements of *H indicate that the age of groundwater at most of the samphng

' locations is Jess than 5 years. Two of the deep bedrock wélls contain groundwater that
may be between 21 and 34 years old, based on comparison with records of historicé,l
tritium deposition. These ages suggest fravel rates of 0.2 meday™ to 9.6 meday™ for

groundwater flow in the fractured bedrock.
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Introduction

In New England, upland bedrock aquifers are rich soufces of clean drinking water.
ﬂowever, groundwater recharge and flow systematics in the fractured bedrock of steep
alpine environments differ significantly from other. geohydrologic systems. To model‘ '
groundwater flow in this tybe of setting, for the purpose of predicting water sﬁpply
sustainability or to address contamination problems, a comprehensive understanding of
récharge and flow is required. Of particular importance in the development of such a
model is the location of significant recharge areas, as well as the amount and timing of
recharge to bedrock (Maloszewski et a_l., 1982; Alley, 1984; Harte aﬁd Winter, 1993).

We used stable and radiogenic isotopic measurements in precipitation and
grqundwater to develop a conceptual model of groundwater recharge and flow in the
upland, fractured phyllite and schist aqtiifer of the Browns River, northwestern Vermont
(Figure 3.1). Large seasonal temperature changes (~50°C annually) and steep relief in this
setting produce significant annual variations in the stable oxygen isotopic composition (-3
to -28 %e0) of ﬁrecipitation. We found that some of these changes are preserved in
groundwater. The temporal changes iﬁ 80 and 8D can be used to estimate groundwater
flow rate, and to determine the location of sigpiﬁcant recharge areas (Love et al., 1994;
Datta et al. 1996). Measurlements of tritium (*H) can be used to refine intérpretations of
groundwater residence time in the bedrock (Vogel et al., 1974; Allison and Hughes, 1975;
Hedenquist et al., 1991). Using several isotopes as interpretive tools constrains our

understanding of groundwater recharge and flow- in this upland setting.
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Locaiion and Geology of the Study Area

The upland watershed (10.5 km®) of the Browns River (44°30°N, 72°50°E) is
bordered t,‘o the east by the north-south trending ridge of Mt. Mansfield, the highest of the
* Green Mountains (Figure 3.1). Elevations in this watershed range from 300 m asi in the
town of Underhill Center, to 1330 m asl near r.the summit of Mt. Mansfield. The dominant
tree type changes ﬁom a mix of large deciduous (oak and maple) and coniferous (fir and
spruce) trees in the valley, to sparsely distributed and often scrubby fir and sprucé on the
mountain slopes, and finally to arctic and alpine tundra vegetation at the highest elevations
on Mount Mansfield (Burns, 1916; Connor, 1994). Soils are generally thin sandy to stony
loams at the upper elevations. Below 350 m asl, the topography ﬂatténs, and mofe sgndy
soils are present (USDA and SCS, 1974; 1981). The upper portion of the watershed has
thin till or colluvial cover underlying soils, while at lower elevations (below 350 m asl),
deposits of glacioiacustrine sediments and till may reach thickness of upto 150 m
(Stewart, 1961; Connally, 1968; Stewart and MacClintock, 1969).

Urbanization in the basin is limited, consisting of 12 year-round and 3 summer -
residences and a recreational areé (Underhiﬂ State Park) that operates only in the summer
months. The ‘small town of Underhill Center lies just downgradient from the study basin.l
Residents in the basin draw groundwater from drilled bedrock wells or 'springs for their
water supply. Bedrock well yields range from less than 4 liters*min™ (1 gpm) to ~ 40
litersemin™ (10 gpm). This area was chosen for study because it is typiéal of many upland
areas in New England which are facing new challenges in managing water resource ;

development as residential populations increase.
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The watershed is underlain by chlorite-quartz-muscovite phyllite and schist
(Christman, 1969, Thompson and Thompson, 1991). A few. lénses of amphibolitic
greenstone are also found. The rock exhibits a strong bedding schistosity and folding
oriented north-south along the axis of the Green Mountains (Christman, 1969). Brittle
fractures exist in the form of steeply dipping joints as well as sheeting joints observed‘in .
cliff faces. Spacing of joints varies widel.y from 1 or 2 cm to greater than 1 m at most
outcrops. Weathering along foliation surfaces is seen in ouicrop on the exposed ridges
above treeline, but is not evident with depth in relatively recent cuts or in less exposed
areas at lower elevations. Fracture orientation measurements taken at outcrops throughout
the basin indicate that there are several groupings of predominant joint directions afnong
the steeply dipping joints, particularly north-south, N80°E, and N30°E sets (Figﬁre 3.2).
However, no orientation is predominant, suggesting that thefe is a high potential for
interconnection of fractures. When considering the added effect of the sheeting joints and
| weathered foliations (at the upper elevations), it appears likely that recharging
groundwater will experience rﬁixing during transport in the bedrock. Such mixing ‘wﬂl
homogenize the isotopic sig'nature of any groundwater with significant residence time in

the bedrock aquifer.

Methodology
Samples of precipitation were collected weekly from July 1995 to December 1996
at nine locations representative of the elevation distribution in the studied basin (Figure

'3.3). Several locations were also sampled downgradient from the basin. Rain samples were
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collected in insulated bottles through a funnel (Figure 3.4a). Melt‘samples were collected
in lysimeters set at the ground surface (Figure 3.4b). Snow samples were obtained by‘
coring the weekly snpwfall, theﬁ allowing the samples to melt in sealed containers.
Cumulative snow pack éample‘s were also obtained by coring at stations P6 and P8, ‘

Nine exiéting residential wells were included in t_his study. Untreaté'd groundwater
'samp'ies were collected weekly from seven of the wells (Figure 3.3) from October, 1995 to
December, 1996. Two of the wells (GW2 and GW7b) were not included in the weekly

sampling program, but were sampled on several occasions during the study. Samples were
collected directly from an outside or inside tap after system purging. Three of fhé wells,
GW3, GW7, and GW8, are deep uncased bedrock wells (53, 213, and 83lmeter-s,

- respectively). GW8 is located in the town of Underhill Center, downgradient from the
study area. The remainder of the wells are developed bedrock springs. The high-elevation
si;r‘ing, GW1, is used as a water supply for Underhill State Park on Mount Mansfield. Two
additional springs, GW2 and GW7b, were sampled occasionally during the study.

All collected samples (#=1021) were analyzed for 6‘80‘at the University of
Vermont Environmental Stable Isotope Laboratory. Samples were equilibrafed with CQZ
£as and extracted using standard cryogenic sebaration techniciues (Taylor, 1973, Wong et
al., 1987, Socki et al., 1.992). Measﬁrements were performed using a VG SIRA Series II
Isotope Ratio Mass Spectrometer, and normalized to values obtained for .standards.
Standard deviation for the ﬁeasurement of standards (n¥129) relative to Vienna Standard

Mean Ocean Water (VSMOW) was  0.12 %.
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Seventy-five biweekly sami)leé from groundwater sampling locations GW1, GW3,
and GWS5, and twénty«ﬁve biweekly samples from precipitation and xnéitwater collection
at P6 (600 m asl.) were anaiyzéd for 8D éomposition. Analysis was performed at the
Institﬁte for Arctic land Alpine Research (IN STAAR_), Center for Geochronology,
University of Colorado using uranium furnace reduction under vac-uum (Vaughn, 1994).

Samples wére collected for *H analysis from all the wells and spriﬁgs in June,

1996. Tritium samples were electrolytically enriched and analyzed at the University of

Waterloo (Heemskerk et al., 1993). .

Results of Precipitation Analysis

© The %0 composition of brecipitation varies in response to seasonal temperature
changes and temperature gradients controlled by elevation changes within the basin. The
basin experiences strong seasonal temperature variations (Figure 3.5), whereas the amount
_ of precipitation remains fairly constant throughout the year (Figure 3.6). The §'°0 values
measured in rain and newly fallen snow varied over a range of 25 %o (-3 %o to 28 %o) at
most locations during the sampling period (Figure 3.7). The data have a strong seasonal
. signal which reflects the seasonal temperature changes. A‘correlation (R = 0.47-0.70) is
observed: betweeﬁ records of 5'*0 in precipitatién and temperature values (Figure 3.8).
Records of 8180 in precipitation are also well correlated (R* = 0.78-0.94) between’
sampling locations (Figure 3.9). The mean annual '*0 composition of precipitation
debréases with increasing elevation (-2.5 %o per 1000 m, R*=0.96 ) as a result of the

colder temperatures at higher elevations (Figure 3.10). Although fractionation by rainout
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" may occur in the case of a localized cloudburst, neither the spatial density of rain
collectors nor the frequency of collection were adequate to quéntify any such effects. We
suspect that, in most cases, the effects of temperature and elevation override any other .
factors in determining the §'°0 compositioﬁ of precipitation.

Deuterium values in precipitation maintain a linear relationship with §"%0 values
- (Figure 3.11). The equation for the best-fit line through the points representing D vs.

8180 values is:
8D="7.7+8"0+114 (3-1)

All points shown in Figure 3.11 lie close to the Meteoric Water Line (MWL) (Faure,
1986). There is no indication of evaporation prior to collection of the water samples,

suggesting that the rain collectors were efficient in preventing evaporation,

Results of Meltwater Analysis

The §"*0 composition of meltwater from the snow back is influenced by the 80
composition of the snow pack and by mixing with rain. Plots -of meltwater 5180 during
melting events océurring from late November to late May for four of the sampling
locations, F4, P6, P7, and P8, are presented in Figure 3.12. Tﬁe plots fbr P6 and P8 also
include 830 values for weekly cumulative snow pack samples collected at those stations.
Melt 520 values range from -8 to -18%. In 11 out of 14 cases, meltwater samples have a

less depleted 8'°0 composition than the snow pack, a result of mixing with rain events
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(Friedman et al., 1991; Sommerficld et al., 1991; Shanley et al,, 1994; IAHS, 1995).
.During the period of highest melting rates, from late May to early June, the 8"%0 value of

meltwater increases sharply, reflecting the input of large amounts of spring rainfall.

Results of Groundwater Analysis

The §'*0 composition of groundwater varies seasonally in thé wells_ar{d springs.
The mean yearly variation in the §°0 composition of all wells and springs is 2 %o (Figu're
3.13), with the exception of the high-elevation spring GW1. The yearly %0 variation in
GW1 is 4.3 %o. The 5'°0 curve for GW1 mimics fhe seasonal temperature curve, which is
included in Figure 3.13. However, the least ;lepleted $'30 values in GW1 were recorded 2
months aﬂér peak temperature values. Similarly, the most depleted 30 values were
reqorded 2 months after the lov\./est temperatures in the winter. This may reflect the speed
of groundwater infiltration and flow through the bedrock in the area recharging GW1.
This spring apparently has a high percentage of contribution from recent water, perhaps
infiltrating in the area close to the well or recharging hiéher énd preserving seasonal
changes (i.e., little mixing) prior to reaching GW1.

In most of the wells, with the exception of GW1, the groundwater exhibits a very
constant 8'°0 signature (¢ < 0.2 %9) from mid-April to mid-November, indicating
thorough mixing of the groundwater. More substantial fluctuations (1o = 0.2 to 0.5 %o) in
the 8'*0 composition of groundwater in these wells occur during the colder months (late
November to early April). The 5'°0 values for GW1 vary over a larger range (16 = 0.9

%o), which remains consistent throughout the year (Figure 3.13).
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' The mean annual 80 values differ slightly among the wells, ranging from -12.2
%o (GW1) to -11.3 %o (GW8) (Table 3.1). No consistent reiationship (R? < 0.1) between
well elevation and the mean annual 80 value was observed. Furthermore, no
relationships (R? < 0.1) were observed between mean annual 8'°0 va!ﬁes_ and the physical
_characterisfics of the well, such as well depth or yield. Unlike precipitation, the 50
values in groundwater do not correlate well with temperature changes R?*<0.1).
Groundwater 880 records are only slightly correlated between wells (R” < 0.3). Based on
~ these findings, it appears that the §'°0 composition of groundwater in each well may
respond uniquely to seasonal changes.

Deuterium values were plotted against 8'°0 in groundwater (F igure 3.14). They
plot very close to the precipitation values, indicaﬁng that groundwater has not been

modified isotopically since recharge, and is probably of Holocene origin.

Results of Radiogenic Isotbpe Measurements:
Tritium abundance measurements provide only a general estimate for the age of

groundwater. Due to mixing that may occur within the bedrock system, it is likely that °H
- values represent an integration of values for éeveral recharge times. The *H ébundance
measured in all of the springs and one of the wells (GW8) is ~15 TU (16 = 0.5 TU) (Table
3.1). Oﬁe of the deep wells, GW3, has a H abundance of 26.7 + 1.9 TU, and the deepest
well, GW7, has a °H abundance of 6.5 + 0.7 TU,

| Recharge *H concentratiqns-during the last 10 years (1986-1996) have ranged

between 15 and 20 TU (Busenberg and Plummer, 1993). Therefore, the samples with *H
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-values close to 15 TU may represent recent recharge. The other samples (GW3 and GWT)
must have been recharged at an earlier time. However, all samples contain water of post-

1950 origin.

Discussion of Recharge

Measurements of the 510 composition of groundwater suggest that recharge to
bedrock from precipitation events occurs in significant amounts only during the colder
months when evapotranspiration is very low. A plot of 50 years (1910-1960) of
precipitation, soil moisture, and potential evapotranspiration measurements compiled for
Burlington, Vermont (C.W. Thornthwaite Associates, Laboratory of Climatology, 1964)
(Figure 3.15) indicates that evapotrénspiration (E,) is negligible from the months of
December to March. E, increases in late March or early April to a peak in July, then
decreases to a negligible amount in November. Although precipitation is relatively high
during the warmer months, soil moisture remains much lower than during the rest of the .
ye'ar. This indicates that a much smaller percentage of precipitation infiltrates to
groundwater from April to Novehlber, than during the remainder of the year.

We believe that the 8'°0 signature observed-in most of the wells and springs from
late April to early November is governed by well mixed groundwater flow in deeper, well-
connected fractures. During the colder months,vinﬁitration near the wells enhances the
effect of individual'étorm or melt events on the 510 composition of the sample;d :
groundwater (Figure 3.16). During the warmer months, groundwater recharge in the

valley, where most of the wells are located, is virtually shut off by vegetation. In contrast, -



the watershed near GW1 has a sparse forest of smaller trees and is typically exposed to
lower temperatures, allo\;ving recharge to occur throughout the year.

The mean annual §'*0 value of each groundwatm: sampling location (Table 3.1)
provides an approximation of the elevation of upland recharge to the well or spring. Based‘
on the a best-fit linear interpretation of the relationship between mean annual 310 for
precipitation and eleva;tion (Figure 3.10), the following equation can be used to estimate

recharge elevations:
Y = .398 « X - 4003 (3-3)

where
Y = recharge elevation, meters asl

X = mean annual 8*0 in groundwater, %o

The value for Y obtained by this calculation represents the spatially weighted mean
elevation of recharge (Table 3.2). Groundwater flowing from the highest portion of the
well or spring’s recharge area (lowest mean 3'°0 values) may become mixed with water
recharged at lower elevations (higher mean 580 values) along the flowpath. The relative
proportions of recharge contributed from different elevations within the recharge area
determine the mean §'°0 value recorded at the well. Therefore, in order to use Y to
estimate ground\-ivater flow distances (Table. 3.2), we must assume that most of the

recharge contributing to the well occurs near the elevation represented by Y.
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Discussion of Groundwater Age and Flow Rates

The combination of stable and radiogenic isotope measurements k)bjtained in this
study enabled us to deveiop an interpretation of groundwater flow rates in the study Easin.
The seasonal stable isotope signature of precipitation recharging bedrock is réﬂected in
groundwater that dischérges relatively quickly, as in the case of the high spring (GW1).
This water appears to discharge two months after recharge to the bedrock. Ho.wever,
‘groundwater samples from most of the wells and springs did not exhibit seasonal
;r,ignatures, indicating that water becomes well mixed as it travels through the bedrock.

Busenberg and Plummer (1993) developed a record of volun_le-weightedr yearly 3H
concentrations from 1956-1962 for the Mirror Lake Research Station in New Hampshire
(Figure 3.17). Given the similar setting and close proximity of the Mirror Lake site to the
Mansfield basin, the *H curve shown in Figure 3.17 is assumed to be representative of H
concentrations in recharge for this study.

Superposed on the plot of historical tritium concentrations in recharge are three
hypothetical curves: A, B, and C (Figuré 3.17). These curves Wc;,re generated using a
triti__um half-life of 12.43 years (Unterweger et al., 1980) to calculate the decay of tritium

in recharge from an assumed initial concentration in precipitation (Rose, 1993):
T* =Te™ ' | (3-2)

where
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T* = decay-corrected tritium concentration in groundwater at / years
T, == initial tritium concentration at 7 = O years
A = decay constant (0.0558/year)

= time in years

Curve A in Figure 3.17, which represents decay to a final ’H concentration in
groundwater of 27 TU (GW?3), intersects the reconstructed historical *H curve at 1962
and again at 1963, on either side of the 1963 “peak™ of 295 TU. This indicates that a
portion of the groundwater in GWé has resided in the bedrock aquifer for a period of 31
to 34 years. |

Curve B in Figure 3.17 represents decay to a final ‘H concéﬁtration of 15TU |
found in wells, GW1, GW2, GW4, GWS3, GW6, GW7B, and GW8. This curve intersects
the historical *H curve at 1961, 1966, and at 1991, These samples could have been
recharged between 30 and 35 years ago, or recently (within the past 5 years). Based on
stable isotope data, as discussed above, it is likely that most éf the water discharging in
GWT1 has resided only several months in the bedrock. The other springs may alsé contain
young water. The well GWS8 has a much higher yield than GW3 and GW7, indicating that
it is in an area of very conductive fractures, which implies a high flux of water through the
rock. Therefore, it is possible that all of the springs and the well with tritium
concentrations of 15 TU contain water recharged within the last 5 years.

Curve C in Figure 3.17 represents decay to a final *H concentration of 7 TU

(GW7). This curve intersects historical *H at 1959, 1961, 1973 and 1975, indicating that
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the water is between 21 and 37 years old. Tt is also possible that the water is even older
(pre-1956) and has been mixed with younger waters of higher *H concentration.

| The estimated age of gréundwater is assumed to be equal to the residence time of
groundwater in the bedrock. Using the residence time for each of the groundwater
sampling locations (Table 3.2), the flow of groundwater through the bedrock aquifer can

be estimated:

where
V, = velocity of water through fracture network in a downgradient direction (merday™ )
d = distance of flow from the minimum elevation of recharge to the well or spring (m)

. r = estimated residence time (days)

Calculated groundwater flow rates for GW3 and GW7 range from 0.2 meday™ to
0.4 meday™. For other wells and springs, calculated flow rates range from 0.2 meday to
9.6 meday ' (Table 3.2). These estimates indicate that flow fates in the fractured rock may
vary over more than an order of magnitude. We suspect that this is a fanction of the

spacing and interconnectivity of the fractures along the flow paths to each well.
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Summary and Conclusions

Results of this study indicate that the timing of recharge to the bedrock
groundwater system is controlled largely by the effects of evaporation and plant uptake in
the basin. Recharge to groundwater occurs at appreciable rates only at the higher
elevations of the upland basin where evaporation and transpiration rates are low (due to
harsh weather conditiqns), and duriﬁg the colder fnonths of the year throughout the basin.‘

The age of groundwater in the fractured rock varies from less than one year to
over 30 years. Flow rates range from 0.2 m*day™ to greater than 9 m'day"", and are
dependent upon the depth of flow and the density of fractures. Water moves most rapidly
(up to 9 mrday™) in the shallow bedrock.

The results of this study bave implications regarding the protection of the bedrock
as a groundwater source. Because recharge to bedrock occurs nearly continuously
throughout the year at the upper elevations of the watershed, it is logical to protect these
areas from contamination by limiting or prohibitiﬁg activities with high pollution potential.
In the lower portions of t.he watershed, recharge occurs in significant amounts during the
colder months. Therefore, activities such as salting of roads and land application of

wastewater should be reduced or prohibited in any areas close to wells or springs.

66



'Acknowledgments

Research was funded in part by the U.S. Geological Survey under a 1995 Vermont
Water Reséurces Institute Grant and USGS Grant # HQ96GR02702-01 m 1996. A
stipend for summer research was provided by the University of Vermont in .1 996, We
thank B. Drimmie (University of Waterloo) for tritium measurements, and E. Steig and B.
Vaughn (INSTAAR) for deuterium measurements. Thanks to D. Dougherty (University of

Vermont) for his review of this paper.

67



Refe;‘ences Cited

Alley, WM., 1984, On the freatment of evapotranspiration, soil moisture accounting and
“aquifer recharge in monthly water balance models: Water Resources Research, v. 20,
p. 1137-1140. :

Allison, G.B., and Hughes, MW, 1975, The use of environmental tritium to estimate
recharge to a South-Australian aquifer: Journal of Hydrology, v. 26, p. 245-254.

Bentley, HW., 1978, Some comments on the use of chlorine-36 for dating very old
groundwater, in Davis, S.N., ed., Workshop on dating old ground water, Union
Carbide Corporation, Nuclear Division.

Burns, G.P., and Otis, C.H., 1916, The Trees of Vermont: Burlington, Vermont, Free
Press Printing Company, 244 p.

Christman, R.A., 1959, Geology of the Mount Mansfield Quadrangle Vermont: Vermont
Geological Survey Bulletin, p. 1-75.

Climatology, C.W.T.AL.of, 1964, Average Climatic Water Balance Data of the
Continents: Part VII United States, Publications in Climatology: Centerton, New
Jersey, National Science Foundation, p. 615.

Connally, G.G., 1968, Surficial geology of the Mount Mansfield 15 minute quadrangle,
Vermont: Montpelier, Vermont, Vermont Geological Society.

Connor, §., 1994, New England Natives: Cambridge Massachusetts, Harvard University
Press, 274 p. :

Datta, P.S., Bhattacharya, S.K,, and S K. Tyagi, 1996, 180 studies on recharge of phreatic
aquifers and groundwater flow-paths of mixing in the Delhi area: Journal of
Hydrology, v. 176, p. 25-36.

Dole, EJ., 1923, A study of the relative importance of air temperature and relative
humidity on the transpiration behavior of coniferous evergreen trees more particularly
of primus strobus [406 thesis]: Burlington, Vermont, University of Vermont.

Dugan, J.T., and Peckenpaugh, J.M., 1985, Effects of climate, vegetation and soils on
consumptive water use and ground-water recharge to the central midwest regional
aquifer system, mid-continent United States, USGS.

Friedman, 1., Benson, C., and Gleason, J ., 1991, Isotopic changes during snow

metamorphism, ir Taylor, HP., O'Neil, J.R., and Kaplan, LR, eds., Stable Isotope
Geochemistry: A Tribute to Samuel Epstein, The Geochemical Society, p. 211-222.

68



Harte, P.T., and Winter, T.C., 1993, Factors affecting recharge to crystalline rock in the
 Mirror Lake area, Grafton County, New Hampshire, in Morganwalp, D.W., and
Aronson, D A, eds., U.S. Geological Survey Toxic Substances Hydrology Program
Technical Meeting: Colorado Springs, Colorado, USGS.

Hedenquist, J.W., Goff, F., Phillips, F.M., Elmore, D., and Stewart, M.X., 1991,
Groundwater dilution and residence times, and constraints on chloride source, in the
Mokai geothermal system, New Zealand, from chemical, stable isotope, tritium, and
36Cl data: Journal of Geophysical Research, v. 95, p. 19365-19375.

Heemskerk, A.R., Johnson, J. and Drimmie, R.J., 1993, Tritium Analysis,
Environmental Isotope Laboratory Technical Procedure 1.0 Rev 3.0: Waterloo
Ontario, University of Waterloo, 28 p.

TIAHS, 1995, Biogeochemistry of Seasonally Snow-Covered Catchments, in 'Tonnessen,
K.A., Williams, M.W ., and Tranter, M., eds., Assembly of the International Union of
Geodesy and Geophysics, Volume 228: Boulder, Colorado, IAHS.

\Likens, G.E., Borman, F.H., Eaton, J.S., and Johnson, N.M., 1977, Biogeochemistry of a
forested ecosystem: New York, Springer-Verlag, 146 p.

Likens, G.E., Borman, F.H., Pierce, R.S., and Eaton, J.S., 1985, The Hubbard Brook
valley, An Ecosystem Approach to Aquatic Ecology -- Mirror Lake and its
Environments: New York, Springer-Verlag, p. 516,

Love, A.J., Herczeg, A.L., Leaney, F.W., Stadter, M.F | Dighton, J.C., and Armstrong,
D., 1994, Groundwater residence time and palaechydrology in the Otway Basin, South
Australia: 2H. 180 and 14C data: Journal of Hydrology, v. 153, p. 157187,

Maloszewski, P., and Zuber, A., 1982, Determining the turnover time of groundwater
systems with the aid of environmental tracers: 1. Models and their applicability:
Journal of Hydrology, v. 57, p. 207-231.

Rose, 8., 1993, Environmental tritium systematics of baseflow in Piedmont Province
watersheds, Georgia (USA): Journal of Hydrology, v. 143, p. 191-216.

Shanley, I.B., KendaH, C., Smith, T, and Wolock, D., 1994, The effect of catchment scale
and land use on the relative contributions of shallow flow paths to stream discharge
during snowmelt: Water Resources Research, v. preliminary submission.

Socki, R.A., Karlsson, HR., and Gibson, E.K.J., 1992, Extraction technique for the

determination of oxygen-18 in water using pre-evacuated glass vials: Analytical
Chemistry, v. 64, p. 829-831.

69



Sommerfield, R.A,, Judy, C., and Friedman, 1., 1991, Isotopic changes during the
formation of depth hoar in experimental snow packs, in Taylor, H.P.,:O'Neil, J.R., and
Kaplan, 1.R., eds., Stable Isotope Geochemistry: A Tribute to Samuel Epstein, The
Geochemical Society. p. 205-210.

. Stewart, D.P, 1961, The glac:al geology of Vermont: Montpelier, Vermont Development
Department

Stewart, D.P., and MacClintock, P., 1969, The Surficial Geology and Pleistocene History
of Vermont Vermont Geologxcal Survey.

Tamers, M.A., Ronzoni, C., and Scharpenseel, H.-W., 1969, Naturally occurring chlorine-
36: Atompraxis, v. 15, p. 433.437,

Taylor, HP.J., 1973, 018/016 evidence for meteoric-hydrotherrnai alteration and ore
deposition in the Tonopah, Comstock lode, and Goldfield mining districts, Nevada:
Economic Geology, v. 68, p. 747-764.

Thompson, P., and Thompson, T., 1991, Bedrock Geology of the Camels Hump-Bolton
Mountain Area, North-Central Vermont: Vermont Geological Survey Special Bulletin,
p. 1-32.

Unterweger, M.P., Coursey, B.M., Schima, F.J., and Mann, W.B., 1980, Preparation and
calibration of the 1978 National Bureau of Standards tritiated-water standards:
International Journal of Applied Radiation Isotopes, v. 33, p. 611-614,

USDA, SCS, Station, V.A.E., and Conservation, V.A.of E., 1974, Soil Survey of
Chittenden, Vermont, USDA.

USDA, SCS, Station, V.AE., and Conservation, V.A.of E., 1981, Soil Survey of
Lamoille County, Vermont, USDA.

Vaughn, B., 1994, Stable isotopes as hydrologic tracers in South Cascade Glacier [M.S.
thesis], University of Colorado.

Vogel, J.C., Thilo, L., and Dijken, M.V, 1974, Determination of groundwater recharge
with tritium: Journal of Hydrology, v. 23, p. 131-140,

Wong, W.W., Lee, L.L., and Klein, P.D., 1987, Deuterium and oxygen-18 measurements

on mxcrohter sarnples of urine, plasma saliva and human milk: American Journal of
Clinical Nutrition, v. 45, p. 905-913, :

70



Table 3.1

Well characteristics, mean annual 5'*0 values, and trittum abundance in groundwater.

- ‘Well Depth Well Elevation Mean *H
(meters)  (metersasl)  Annual §°0 (TU)
R N

GW1 spring 676 -~ -12.15 15.8 (1.3)
GW2 spring 440 n/a* 15.9 (+1.3)
GW3. 53 380 1192 267 (+1.9)
GW4 spring 380 -11.35 - 14.6 (21.2)
GW5 spring 360 -11.60 15.9 (+1.2)
GW6 spring 330 -11.48 15.2 (£1.2)
GW7 213 310 11,79 6.5 (£0.7)
GW7b spring 310 n/a 14.7 (£1.2)
GWS 83 . 270 -11.25 15.4 (+1.2)

* The number of "0 measurements for GW2 and GW7b were insufficient for the
calculation of mean annual 8'%0 values.
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Table 3.2

Estimated recharge elevations, groundwater residence times, and groundwater flow rates
at wells and springs.

Well Estimated Mean Minimum Flow Estimated Estimated
Recharge Elevation Distance Residence . Flow Rate
(meters asl) (meters) Time (m*day™)
S .4 1)
GW1 830 700 0.2-5 0.4-9.6
GW2 n/a* n/a 1-5 n/a
GW3 740 2500 31-34 0.20-0.22
GwW4 520 1700 1-5 0.9-47
GWS 620 2400 1-5 1.3-6.6
GWs 560 2300 1-5 1.3-6.3
GW7 690 3000 21-37 0.22-0.39
GW7b n/a n/a 1-5 n/a
GWS 480 1800 1-5 0.8-49

* The number of 3"*0 measurements for GW2 and GW7b were insufficient for the
calculation of estimated recharge elevations. :
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Study area and regional watershed.
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Sheeting Joints

Figure 3.2

Bedrock fracture orientations. Lower hemisphere equal-area projection showing contour of
poles to fracture planes (1% area plot, 5% contour interval) based on 118 field measurements -
at outcrop throughout the basin. Most joints are steeply dipping with the exception of several

' sheeting joints (n = 10) observed in cliff faces. '
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Figure 3.3
Study area and sampling locations. Groundwater samples were collected at residences.

Sampling devices were installed at the locations shown for meltwater and rain collection.
Countours are in meters asl. '
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Figure 3.4
Rain and meltwater sampling devices. Rain collectors were installed in soil to prevent

“evaporation. Above treeline, samplers were set in insulated containers. Meltwater was
collected from the buried plastic jug in order to avoid disturbing the snowpack above pan.
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Daily temperature record. From measurements taken at Proctor Maple Research Center
(600 m asl), Underhill (Cummings, 1997, pers. comm.).
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Figure 3.6

Daily precipitation record. From measurements taken at Proctor Maple Research Center
(600 m asl), Underhill (Cummings, 1997 pers. comm.). '
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Precipitation 5'°0 correlation between sites. §"*0 measurements are from stations P7
(900 m asl) and P4 (270 m asl). Equation of linear best fit is: Y = 0.8X - 2.9, R* = 0.94,
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is: Y = -398X - 4003, R‘Z— 0.96.

82



50

Meteoric Water Line ~
e

= >
O . : . ”~ 4
% "50 ] L3 v
»
> ¥ o
>  -100 2
o : ’ ® -
.5 ¢
e ./
I ..
& -150 .
S / e .
2o ” ’
200 - e
=250 z i I ; I
—30_ -25 -20 ~15 -10 -5

3'%0 at Station P6 (%o, VSMOW)

Figure 3.11

Precipitation 6%0 versus 8D. 8'*0 and 8D measurements are from station P6 (600 m asl).
Equation of Meteoric Water Line is: 8D = 85'*0 + 10 (Faure, 1986).
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Meltwater and snowpack 8"°0 records. W = meltwater samples.
+ = cumulative snowpack samples.
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Groundwater 8'%0 versus 8D. 80 and 8D measurements are from wells GW1 (660 m asl), |
' .GW3 (380 m asl); and GW5-(360 m asl).
Equation of Meteoric Water Line is: 8D = 830 -+ 10 (Faure, 1986).
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Plot of climatic data from Burlington, Vermont, 1910-1960. Produced using data from C.W.
Thornthwaite Associates, Laboratory of Climatology (1964).
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Schematic diagram of groundwater mixing. This figure illustrates the combined contribution
of water to a well by shallow (local recharge) and deep (distant recharge) fractures.
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Figure 3.17

Hypothetical decay curves for °H in recharge compared to reconstructed recharge *H at the
Mirror Lake Site, Historical *H curve is adapted from Busenberg and Plummer (1993).
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CHAPTER IV
ARTICLE FOR SUBMISSION TO SYSTEMS DYNAMICS REVIEW

Modeling groundwater recharge and flow in an upland fractured

bedrock aquifer, Vermont, USA

Michael D. Abbott and Rolfe S. Stanley
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Abstract and Author Biograpl;y
We have developed a system dynarhics model to simula;te recharge and flow
mechanisms in a fractured bedrock aquifer in northwestefn Vermont. The model was
constructed to aid in the interpretation of data collected as part of a stable and radiogenic
isotope study of groundWater. Use of the model guided further data collection and
analysi.s, leading to the derivation of a differential eqﬁation describing temporal and spatial
changés in recharge and flow meéhanisms.
Michael Abbott is a graduate student in the University of Vermont Geology
Department. The modelihg project is part of his Master of Science thesis
research. Rolfe Sténley advised Abbott on the system dynamics mddeling effort. Stanley
has been a professor of Geology at the Universi-ty of Vermont for 33 years. Hi.s recent
Tresearch has focused on structuyal geology associated with the Taconian and Acadian
deformation in western New England, and on the apbiication of' system dynamics modeii'ng‘
of geologic processes. '
Address: Perkins Geology Hall, University of Vermont, Burlington, VT:05405-

0122, USA
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Overview

: Conve_ntional gr.oundwater modeling incorporates aquifer geometry and hydraulic
properties to simulate a flow field. Recharge is typically incorporated as a uniform value
throughout the areal dimensions of the model, or varied according to changes in soil 'types
or seasonal precipitation patterns in a transient (time dependent) model. Groundwater
recharge and flow systematics in fractured bedrock in steep alpine environments may differ
significantly from other geohydrologic systems. -Rechargé of bedrock groundwater is
controlled in part by thé permeébility of covering soils and surficial deposits, as wells as by
the transpiration effects of trees and other vegetgtion. These mechanisms vary seasonally
and with éIevation in certain environments (McGuinness and Harold, 1962; Knisel et al.,
1969; Parmele, 1972; Woolhiser, 1973; Saxton and McGuinness, 1982),

In the study area (Figure 4.1), precipitation increases with elevation. The mean
annual precipitation ranges from 250 c¢m at the highest elevations to 80 cm in the lower
portiéns of the watershed (Wilmot and Scherbatskoy, 1994). The dominant tree type
changes from a mix of large deciduous (oak and maple) and coniferous (fir and spruce)
trees in the valley, to sparsely distributed and often scrubby conifers on the mountain
slopes, and finally to arctic alpine tundra vegetation at the highest elevations on Mount’
Mansfield, the highest of the Green Mountains in Vermont (1330 meters asl) (Burns,
1916; Cbnnor, 1994). Soils are generally thin sandy to stony loams at the upper elevations.
Below 350 m asl, the topography flattens and more saﬁdy soils are present (USDA and
+ SCS, 1974; 1981). The upper part of the watershed has thin till or coiluvial‘ cover

underlying soils, whereas at lower elevations (below 350 m asl), deposits of
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glaciolacustrine sediments and till may reach thickness of up to 150 m (Stewart, 1961;
Connally, 1968; S'tewart and MacClintock; 1969). The large variability in soil typres and
dominant vegetation with elevation in this basin produces a complex collection of
mechanisms affecting recharge to groundwater in the bedrock.
Groundwater flow paths are complex in fractured metamorphic rock. The bedrock
in this setting consists of predominantly ﬁné—grained phyllite and schist (Christman, 1959;
Thompson and Thompson, 1991). Flow directionland rates afg controlled primarily by the
existing fracture network, and secondarily by the properties of the rock matrix itself. The
degree of fracture interconnection controls mixing of groundwaters from different
recharge locations and times. As water travels downgradignt through the bedrock, it may
be isolated from contribution of younger recharge at the lower elevations, or continually
mixed with new water. The degree of interconnection with streams and the presence of
springs may vary significantly with the bedrock type, steepness of watershed, and nature
of surficial cover.
| In order to understand grouhdwater flow in an upland fractured bedrock setting,
| specifically for the purpose of predicting water supply sustainability, or to address
contamination problems, a comprehgnsive undérstanding of the interaction of the |

mechanisms controlling recharge and mixing is required.
Review of Isotopic Study

- The model discussed in this paper was developed in conjunctionlwith collection of

field samples of precipitation, meltwater and groundwater for isotopic analysis. We used
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the isotdpic measurements to interpret the flow and recharge processes in the basin, as
explained below.

Oxygen exists naturally in three stable isotopic forms; *0, "0, and '°Q. The
numerical designation of the isotope refers to the totél number of neutrons and protons in
the nucleus of the oxygen atom (Urey, 1947; Faure, 1986). The isotopic ratio, **0/°0 is
used as a quantification of the ratio of heavy to light oxygen isotopes in water or water
vapor. "fhis ratio is expressed relative to Vienna Standard Mean Ocean Water (VSMOW)
and notated as 8°0.

Molecules with lighter isotopic.composition ﬁave lower mass and higher
vibrational energy (i.e., more rapid velocities) than do molecules with heavy isotopic
compeosition. Lower mass and higher energy translate to higher vapor pressure (White,
1984). During the phase change of water from liquid to vapor (e.g., évaporation), lighter
molecules will more likely enter the gas phase than will heavier molecules. Therefore, the
lighter molecules will evaporate in larger numbers than molecules made up of the heavier
isotopes. When water condenses from a vapor source, heavier molecules will more likely
form precipitation, while lighter molecules will tend to rexﬁain_ in the vapor phase. In terms
of isotopic measurements, the heavier isotope, **0, will be concentrated in the liquid
phase, since they tend to constitute the heavier molecules. These effects are known as
isotopic fractionation. |

The degree of fractionation in a system is largely temperature dependent. As
temperatures increase, the difference iﬁ the behavior of .wate_r molecules of diffe;rent mags

decreases. This temperature dependence (Figure 4.2) allows the interpretation of isotope
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values in terms of environmental temperatures. In effect, the stable isotopic composition
of water reflects the temperatures to which it has been exposed during condensation
(Friedman and O’Neil, 1978; Hoefs, 1980).

Our study of this watershed using stable isotope measurements (3'*0) in
precipitation and grouhdwater at several locations (Figure 4.1) haé shown that differences
in seasonal temperature and elevation within the watershed are reflected in the 8"0
corhposition of precipitation. Oxygen isotopic values in precipitation range over 25 per mil
(%0) at most locations yearly. fhe average decrease in precipitation 3'*0 with increasing
elevation is 2.5 %o per 1000 m (Figure 4.3).

.The 80 of groundwater collected from residential wells within the basin varies
only 2 %o yearly, with the exception of a high spring (GW1) which shows a yearly
vériation of 4.3 %o (Figure 4.4). The variability of the §'*0 composition of groundwater
changes according to the time of year. In the warmer months (late April to early
November), the §'°0 signature remaiﬁs very constant, while in the colder months (late
November to early April), the §'°0 composition varies by as much as 2 %. The exception
is again the high spring GW1, in which 8'*0 varies throughout the year. The 50
composition of the water in GW1 seems reflect seasonal changes in precipitation §'°0,
with a time lag of 2 months. This time lag majr reiaresent the residence time of
groundwater traveling through the upper part of the watershed.

The variation of 3'*Q in most wells and springs during the colder months is
thought to be caused by a decrease in the vegetative uptake of water in the vicinity of the

wells. Based on 50 years (1910-1960) of precipitation and soil moisture data (C.W.
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Thornthwaite Associates, Laboratory of Climatology, 1964), potential evapotranspiration
(E,) is negligible from the months of December to March. E, increases in late March or
early April to a peak in July, then decreases to é negligible amount in November (Figure
4.5). Although precipitation is relatively abundant during the warmer months, soil
moisture remains much lower than during the rest of the year. This indicates_ that a much
smaller percentage of preci;ﬁitation is available for groundwater recharge from Aﬁx‘il to
November.

The 80 signature observed in the weil represents a combination of deep and
shallow groundwater 6ontribution to the well (Figure 4.6). During the colder months,
infiltration near the wells enhances the éffect of individual storm or melt events on the
8"*0 composition of the sampled groundwatgr‘ During the warmer months, groundwater
recharge in the valley, where most of the wells are located, is virtually shut off by |
vegetative water uptake. In contrast, the watershed near GW1 has a sparse forest of
. smaller trees and is typically exposed to lower temperatures, because it is higher in
elevation and closer to treeline. Therefore, it appears that recharge of precipitation to
groundwater at lower elevations océurs at appreciable rates only ch'lring the colder months
of the year when transpiration is not significant. At higher eievations, water uptake by
vegetation is low throughout the year due to harsh weather cbnditions, allowing recharge
to occur (Duganr and Peckenpaugh, 1985; Liicens et al., 1985; Likens et at., 1977; Dole,
1923). In addition, the thickness of sediments underlying soii,'inﬂuences the mixing of
groundwater before it reaches bedrock fractures. Thus, the majority Qf groundwater

récharge in the basin occurs at the upper elevations through thin soils. Recharge at the
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iower elevations becomes significant only during the colder months. A groundwater model
of this setting must incorporate variable recharge rates which are adjusted with elevation,
soil and vegetation cover, and season.

Estimates of ground.v.vater flow rates in the fractured rock were obtained using
measurements of *H, a radiogenic isotope which was introduced in great quantities to the
atmosphere during nuclear testing activities beginning in the 19505. Measurements of
tritium abundance in groundwater were compared with historical records of tritiurh
abundance in precipitation for the region. The results indicate that the age of groundwater
at most of the sampling locations is less than 5 years. Two of the deep bedrock wells
contain groundwater that may be between 21 and 34 years old, baséd on comparison with
historical tritium deposition. These ages suggest travel rates of 0.2 meday™ to 6.6 meday
for groundwater flow in the fractured bedrock.

Water is transported through the bedrock along fractures that may be isolated or
interconnected. As water moves downgradient, it may become mixed with groundwater
from other sources (i.e., different recharge Iocatiohs and times) traveling through separate
but interconnecting fracture zones, or entering the bedrock from the surface through
shallow fractures along the flowpath. The wells investigated in the study receive water
either from single fractures or close groupings of shallow fractures in the case of springs,
or from sets of shallow ahd deep fractures intersecting the boring of deep bedrock wells

(Figure 4.6). The deepest well used in this study was 213 m,
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Model bescription '

A model was constructed using the STELLA modeling code by High Performénce
Systems, Inc., (1994). This program has a graphlcai interface which allows the user to
build models of fairly complex systems, “Stocks” n the model are used to represent
components of the system where mass balances or accumulations may be assessed.
“Flows” represent ﬂgxes in the system between the stocks. “Converters” and “connectors”
are used to establish relationships between components of the model. The arrow heads of
connectors represent dependent variable in a particular relationship whereas the tails are
attached to independent variables.

For this model, the stock representing the end result of processes incorporated in
the model is a groundwater well. The temporal 80 signature in the well is dependent
upon thé balanée of sources contributing water to the well. The other two main Stocks in
the model are distant infiltration (recharge of groundwater at a upland source at some
distance from the well), and local infiltration (rapid recharge to the shallow fractures near
the well from storm events). The model is divided into three main parts - upland recharge,

local recharge, and groundwater mixing (Figures 4.7, 4.8, and 4.9 respectively).

Upland Recharge Model
The rate of recharge to bedrock at higher elevations in this watershed is
dependent upon the amount of precipitation (rain and snow) and the ability of the water to

make its way to bedrock fractures. Above the treeline, fractures are readily accessible.
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However, due to the impermeable nature of the rock itself, precipitatipn may run ovetland
" for some distance and discharge to streams if fractures are not encountered, |
Temperature_ and pfecipitation records for the basin were obtained during the study
(Figures 4.10 and 4.11). This information is represented by converters in the form of time
‘plots (Precip Reco‘rd, Temp Record). A snow stock (Upld Snow) is used to represent
precipitation that is temporarily held in the snow pack. The thickness of the snow pack is
calcuiated using an assumed water equivalent of 0.2 (mm water/mm snow). Where soil or
‘sediments are present, infiltration is controlled by the permeability of the cover, as-; well as
the rate of evaporation and uptake by trees and other vegetation. For the upland rédharge
model, there is a stock representing soil saturation (Upld Soil Sar). This stock is fed by
rain and meltwater (Upld Rain and Upld Snowmelt), and dep’lgted by vegetative uptake
and evaporation (Upld Tree Uptake and Upld Evap). The degree of soil saturation
controls the percentage of water that runs off (Upld Runoff) for a given rain or melting
event. Components which deplete the soil water are grouped in the flow Upld Soil Losses.
The elevation of distal rechérge for a given well (Upld Rech Elev) canbe -
approximated using the relationship of average annual 8'*0 composition of rain and snow

with elevation (see again Figure 4.3).-The equation of the best fit line for these data is
Y = -398 « X - 4003 (4-1)

where Y = elevation, meters asl, and X = §"%0 (%0)
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Using the mean annual %0 composition of groqndwater in a‘well (Well Mean
180 - must -be input for each simulétion) as the valué of X, the elevation of recharge; is
caleulated. For example, the estimated elevation of recharge for the high spring GW1
(mean §"0 = -12.1 %0) would be 831 m asl, 160 m higher in elevation than the spring. For
well GW3 (mean %0 = -11.9 %), Upld Rech Ele would be 742 m asl, 360 m higherin
elevation than the well. Calculation of recharge elevation is coxlnpfricated by the mixing of
water from different sources that may occur along the path of transport from a recharge
zone to the well. Therefore, the elevation obtained by this calculation reflects the
approximate elevation of the distal recharge area, rather than identifying the spéciﬁc
location of recharge. ﬁowever, the estimate provides a good- first approﬁmation of"
recharge eleva;tion for use in the model.

Soil and sediment porosity are estimated based on average values for these
materials (Anderson and Woessner, 1992). When the elevation of recharge is known, the
thickness of cover material in that area (Upld Sed Thick) can be estimated based on

- geologic mapping. Given the thin soil and cover material on the slopes of the mountain,
we used a cover material thickness of 0.5 m for the upland recha.rge areas, which are all
located above 350 m asi éccording to estimates made using equation 4-1.

The effect of trees and other vegetation must be also be incorporated in the model.
When the elevation of recharge has been determined, the dominant types of vegetation
controlling recharge (Upld Tree Type) can be estimated. For most of the wells, th¢ upland |
recharge areas are in the largely coniferous forests on the slépes of the mquntain. Portions

of the recharge area for the high spring GW1 may be above treeline. The uptake of water
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by trees varies according to tree type and seasonal temﬁeratures (Dugan aﬁd
Peckenpaugh, 1985, Likens et al., 1985; Likens et at., 1977, Dole, 1923). In the model,
Upld T reé Uptake and Upld Ev@ increase dramatically in the forests during the wanﬁer
months (April to October), especially when the decidﬁous trees such as birch, maple and |
oak have their leaves, However, due to the effect of harsher weather conditions, these

factors do not increase to the same extent at the higher elevations of the watershed.

Local Recharée Model

The local recharge model is similér to the upland recharge model, The same
temperature and precipitation records are incorporated (Precip Record and Temp Record).
The elevation of local recharge is determined by the actual elevation of the well, which
musf be incorporated as a constant for each simulation (Local Elev). This converter,
c—ombined with temperature, influences the effects c;f tree uptake and evaporation \(Local
Tree Uptake and Local Evap). Most of the wells are located at 380 m or lower in the
basin, with the exception of the high spring, GW1. Local Tree Uptake, controlled by -
Local Tree Type, is high during the warmer months, except for at GW1 where Local Tree
Type represents the smaller, more sparsely distributed conifers on the upper slopes of the
mountain. Local recharge to groundwater in the vicinity of GW1 is less sensitive to season
than at locations in the valley. Local Evap is also highef during the summer months at the
lower wells than in the up_land recharge areas. Soil and sediment thickness were
determined using the information included in the installation logs for each well. For

éprings, a sediment thickness of 1 m was used.
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Groundwater Mixing Model

Infiltrated water is carried downgradient to wells according to the simple flow

" equation:

0= kOl ; V= qs/ 1, | ' (4-2)
Ox%
whg:re
gx = specific discharge or flow

kx = hydraulic conductivity of medium

- 8h = hydraulic gradient in the direction of flow (x)
Ox

V= linear velocity of groundwater flow

- n, = effective porosity of medium

The gradient is assumed to be 0.12 for flow throughout the aquifer, based on
topography in the upper parts of the basin, which is controlled by the slope of the upper
bedrock surface. Hydraulic conduétivity of aquifer fracfure networks may range from
0.001 to 10 meday™ in fractured metamorphic rock (Anderson and Woessnér, 1992). We
selected an initial valus; of 0.1 mrday™ for use in the model. Porosity of the fracture
network (secondary porosity) is estimated at 0.005 (Anderson énd Woessner, 1992).
Primary porosity of the rock matrix itself is considered to be insigniﬁcant. Using the

assumed hydraulic conductivity, porosity, and hydraulic gradient values discussed above,
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the cr;llculated value of Vx is estiméted to be ~2 m‘day'l.\This is within the range of
probable flow rates (0.2 - 9.6 meday™) calculated in the isotopic study.
During transport in the groundwater system, the water may be affected by locél

‘ recharge or interconnection ﬁith groundwé}ter being-transportéd from a different source
area. These factors are incorporated in the model as a * rmxmg component. Both the
distal and local recharge stocks feed the stock of groundwater in the well. The 5180 record
of a well reflects mixing of the two sources. Withdrawal of water though pumping for
residential water supply may affect the balance of waters in the well. When model
simulations accurately represent the groundwater system, a curve of well §¥0
composition versus time will match the 8'*0 curve generated from field collection and
laboratory analysis. In this case, we obtain a reasonable quantiﬁcation of local and distal

recharge to the groundwater system.

Simulation Results

Simulations of groundwater recharge and flow for the study area were performed
for 1996, the year in which most of the field data were collected (Figures 4;12 and 4.13).
Soil saturatior; increases with rain and meltiﬁg events. Soil water losses occur in the form
of evaporation and vegetative uptake under warmer temperatures. Runoff increases with
the degree of soil saturation for a rain or melting event, also contributing to soil losses. In
the upland recharge simulation, recharge to bedrock (Upld Cover Transpori) is décreaéed
by up to 50% during the summer when evépotranspiration increases. This effect is moré

prominent in the local recharge simulation, where Local Cover T ransport is significantly
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decreased (up to 100 %) during the warmer months, During this time, soil saturation in
the local reéharge model remains very low, due to summer evapordtion and the
, consumbtion of water by frees.
Given the mean 60 composition measured in well GW3 (-11.9 %o), the’ Upfd -
‘Recharge Elev was set alt 742 m in ‘the model. The snow pack builds to a modeled
ma}dmﬁm thickness of 800 mm, 6ibsely matching actual sﬁow depths during the monitored
year. In this simulation, complete melting of the Snow pack occurs in late April and snow '
begins .';mcumu}ating again in late October. The dominant tree .types at this elevation are
mostly scrubby conifers (Burns and Otis, 1916). Flow to bedrock (Upld Cover T ransport)
is fairly uniform throughout the simulation. However, the rate of recharge slows during
the warmer months when vegetative uptake and exiaporative loss is higher.;Recharge also
slows during brief periods of extreme cold when melting does not occur.

For local recharge, the elevation of well GW3 (380 m asl) is used to determine the
effects of vegetation and evaporation, as well as sediment thickness, on recharge. The
snow pack at this elevation reaches a depth of only 550 mm. Furthermore, melting occurs
more rapidly here, and the snow pack is completely melted by early April, again rﬁatching
field observations. Local Evap and Local Tree Uptake are .min_imal during the colder
months, but increase to a larger extent than do Upld Evap and Upland Tree Uptake from
April to November, reaching a maximum in the summer. The effect of these increases is to

 shut off recharge néar the well. This effect is reflected .in the near-zero value for Local

Cover Transport during the warmer months.
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Results of a simulation fof GW3 (Figure 4.14) in the groundwater mixing portion
of the model produced a record of 76180 composition (Well 180 Record) similar to the
50 record generated during the isotopic study. The total water in the well is the sum of
- the Deep Transport and Shallow Infiltration components. The rate of groundwafer flow
controlsvtransport of the upland ;echargg to the well. In the summer, the plot of total
water in the well represents only Deep Transport, since shallow infiltration is decreased to
the point where the (;nly major contribution to water in the well is from the deeper flow
sy.stem. This effect is also reflected in the plot of simulated 5'*0 composition which shows
significant variability throughout the year, except during the warmer months, when the
8"0 composition becomes constant, reflecting the 50 compositién of the upland
recharge source. This is a realistic representation of what we observed in our study of
temporal 530 trends for well GW3.

Another simulation used the elevation of well GW1 (670 m asl) and the mean 5"%0.
composition of this groundwater (-12.2 %o} as mput for the recharge modeis (Figure
4.15). In this simulation, the higher value calculated for Upld Rech Elev produced |
different seasonal changes in the rafe of vegetative uptake, snow accumulation, and
meiting than for the simulation using information from GW3. The resultant plot for Well is
affected by contributions from Deep Transport and Shallow Infiltration throughout the
simulation. In addition, the simulated fange of 8'*0 variation is greater for t}}is well than
for GW3, and nﬁmics seasonal temperature changes as observed in the isotopic study.

We used an iterative approach in running the model. By using input from wells at

two different elevations, and with different 5'°0 compositions, we were able to work
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progressively closer toward a model solution that adequately repfesénted recharge
conditions for all of the wells in our study. Upon reaching a final model solution that
accurately reproduced our observations, we were able to develop series of simple
equations which describe the temporé.l changes in bedrock recharge angi flow in ouf
watérshed. These_ are the goverﬁing equations for the dynamic systems model. All units

are in mm (water equivalent):

| Recharge (o) is a function of (rain (p), melting (m), runoff (r), evaporation (e), and

vegetative uptake(u))

[¢]

O =30p+om-0dr-0de-¢&u | (4-3)
ot ot ot ot ot ot
Rain (p) at a given location is a fanction of (temperature (T), elevation (a), and the
precipitation record for the basin (pr))
p=pr (1 +0.02(1330 - a) | 150
- Snow péck (sp) at a given location is a function of (T, a, pr)
sp=pr (1 +0.014(1330 - a) | r<0
Melting (m) = is a function of (T, a, sp)
m = 0.1{pr (1 +0.014(1330 - a) [ r<0} [ >0
Runoff (r) is a function of (m, pr, séil saturation (ss))
rzpr+m—(100;ss) |
Evaporation () is a function of (T, a), estimated bésed on climatic data, such as presented

in Figure 4.5
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Predominant Tree Type (tt) is a function of fla)
tt =11 .»350m (scrubby growth); tt =2 | 2 <350 m (mix of large trees)

Vegetative uptake (u) is a function of (T, tt), estimated based on climatic data

Conclusions

This study was an integf'ation of field and-data with system dynamics modeling.
The §"°0 records developed through the water sampling program provided. a useful means
of calibrating the system dynamics model. Iterative simulations and adjustment of model
components produced a realistic representation of the groundwater recharge and flow
patterns, based on our current knowledge. This modeling effort guided our fieldwork and
laboratory analysis, and improved our conceptual understanding of reéharge and flow
systems in the Mansfield basin of the Browns River, with specific reference to the ef‘fecf of
evapotranspiration on recharge to bedrock.

Although various modeling codes have been developed to represent flow though
various mediums, fractured bedrock flow is a compleﬁc system to represent mathematically.
Given the nature of the particular setting we studieci, application of a traditional 3-D finite
element or finite difference flow model may not have been productive. Use of the system
dynamics model has allowed us to develop a better representation of the system using
unique data from our site. The equations developed through this effort are representaﬁve
of recharge and flow mechanisms in our study area and possible in other similar upland

settings of New England.

107



Acknowledgments

Research was funded in part by the U.S. Geological Suﬁey under a 1995 Vermont
Water Resources Institute Grant and USGS Grant # HQ96GR02702-01 in 1996.‘ A
stlpend for summer research was prov1ded by the University of Vermont in 1996. Thanks
toP. B1e1man D. Dougherty, A. Lini, and S. Wright (University of Vermont) for their

reviews of this paper.

108



References Cited

Anderson, M.P., and Woessner, W.W., 1992, Applied Groundwater Mode]ing: Simuiation
of Advective Flow and Transport: San Diego, California, Academic Press, Inc., 381 p.

Burns, G.P., and Otis, CH., 1916, The Trees of Vermont: Burlington, Vermont, Free
Press Printing Company, 244 p. "

Christman, R.A., 1959, Geology of the Mount Mansfield Quadrangle Vermont: Vermont
Geological Survey Bulletin, p. 1-75. : -

Christman, R., and Secor, D., 1961, Geology of the Camels Hump Quadrangle Vermont:
Vermont Geological Survey Bulletin, p. 1-70.

Climatoiogy, C.W.T.A.L.of, 1964, Average Climatic Water Balance Data of the
Continents: Part VII United States, Publications in Climatology: Centerton, New
Jersey, National Science Foundation, p. 615.

Connally, G.G., 1968, Surficial geology of the Mount Mansfield 15 minute quadrangle,
Vermont: Montpelier, Vermont, Vermont Geological Society.

Connor, S., 1994, New England Natives: Cambridge Massachusetts, Harvard University
. Press, 274 p. '

Dole, E.J., 1923, A study of the relative importance of air temperature and relative
humidity on the transpiration behavior of coniferous evergreen trees more particularly
of primus strobus [406 thesis]: Burlington, Vermont, University of Vermont.

Dugan, J.T., and Peckenpaugh, JM,, '1985, Effects of climate, vegetation and soils on
consumptive water use and ground-water recharge to the central midwest regional
aquifer system, mid-continent United States, USGS.

-Faure, G., 1986, Principles of Isotope Geology: New York, J. Wiley & Sons.

Faure, G., 1986, Principles of Isotope Geology: New York, J. Wiley & Sons.

Friedman, 1., and ONeil, J.R., 1977, Compilation of stable isotope fractionation factors of
geochemical interest, in Fleischer, M., ed., Data of Geochemistry: USGS Professional
Papers, U.S. Geological Survey, p. 440-K.

Gat, J.R., 1971, Comrhents on the stable isotope method in regional groundwater
investigations: Water Resources Research, v. 7, p. 980-993, :

High Performance Systems, 1., 1994, Stella II Technical Documentation: Hanover, NH. |

109



Hoefs, T, 1987, Stable Isotope Geochemistry (Minerals and Rocks): Berlin, Springer-
Verlag.

Kmsel W.G., Baird, R W., and Hartman, M.A., 1969, Runoff volume predictlon from
daily chmatlc data: Water Resources Research v. 5, p. 84-94,

Likens, G.E., Borman, F.H., Eaton, J.S, and Johnson, N.M., 1977, ongeoche:mstry of a
forested ecosystem: New York, Sprmger-Veriag, 146 p.

Likens, G.E., Borman, F.H., Pierce, R.S., and Eaton, J.S., 1985, The Hubbard Brook
valley, An Ecosystem Approach to Aquatlc Ecology -- Mirror Lake and its,
Environments: New York, Springer-Verlag, p. 516.

Mather, JR., 1972, Papers on Evapotranspiration and the Climatic Water Balance,
Volume XXV: Elmer, N.J,, Library of Climatology, p. 57.

McGuinness, J.L., and Harrold, L.L., 1962, Seasonal and areal effects on small-watershed
streamﬂow: Journal of Geophysical Research, v. 67, p. 4327-4334.

Parmele L.H., 1972, Errors in output of hydrologic models due to errors in mput
- potential evapotransplratlon Water Resources Research, v. 8, p. 348-359.

Saxton, K.E., and McGuinness, J.L., 1982, Evapotransplratxon in Haan, C.T., Johnson,
HP, and D.L. Brakensiek, eds., Hydrologic Modeling of Small Watersheds Volume
5 St. Joseph, Michigan, ASAE.

Stewart, D.P., 1961, The glacial geology of Vermont: Montpelier, Vermont, Development
‘Department.

_ Stewart, D.P., and MacClintock, P., 1969, The Surficial Geology and Pleistocene History
of Vermont, Vermont Geological Survey.

Urey, H., 1947, The thermodynamic properties 6f isotopic substances: Journal of the
Chemical Society, p. 562-381. .

' USDA, SCS, Station, V.AE., and Conservation, V.A.of E., 1974, Soil Survey of
Chittenden, Vermont, USDA.

- USDA, SCS, Station, V.A.E., and Conservation, V.A.of E., 1981, Soil Survey of
Lamoille County, Vermont, USDA. '

White, J W.C., and Gedzelman, S.D., 1984, The isotopic composition of atmosphenc

water vapor and the concurrent, meteorologlcal conditions: Journal of Geophysical
Research, v. 89, p. 4937-4939.

110



Wilmot, S., and Scherbatskoy, T., 1994, Vermont Monitoring Cooperative Annual Report
for 1994, Volume 4, Vermont Monitoring Cooperative, p. 12.

Woolhiser, D.A., 1973, Hydrologic and watershed modeling-state of the art: Transactions
of the ASAE, p. 553-559. ‘

111.



3

§ Hount Mansfleld

1338 m
@ Rain Collector .
@ well or Spring
@ Meltwater Collector
ME

Undesrhill Center
Meters

0 250 5a0 100Q. 1500

F— {

Figure 4.1
Study area and sampling locations. Groundwater samples were collected at residences.

Sampling devices were installed at the locations shown for meltwater and rain collection.
Contours are in meters asl.
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The relationship of meteoric water 8'*0 and mean annual air temperature.
From Dansgaard (1964)
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' CHAPTER V
SUMMARY AND DISCUSSION OF FURTHER WORK

The records of 80 in precipitation and groundﬁater generated by this study show
that trees and other vegetation have a signjﬁéant control on the amount of water
infiltrating through covér soils and sediments to bedrock. Deep bedrock ‘ﬂow‘, originating
at upland recharge sites, appears constant and well mixed. Rechérge to groundwater
occurs at appreciable rates throughout the year only at the highef elevations of the upland
basin where evaporation and transpiration rates are low ('due to harsh weather conditions
- and less vegetation), and only during the colder months of the year at lower elevations.
| Bdsed on the results of stable and radiogenic measurements, the residence time of
groundwater in the ﬁactured rock appears to vary from less than one year to over 30
years. Flow rates range from 0.2 meday™ to greater than 9 meday™, and are dependent
upon the depth of flow and the density of fractures. Wa’ter moves quite rapidly in the
shallow bedrock and in highly fractured zones at gréater depths.

Because recharge to bedrock occurs nearly continuously throughout the year at the
upper elevations of the watershed, these areas warrant constant protection from
‘contamination. This can be accomplished by limiting or prohibiting any activities with high
pollution potentiai. In the lower portions of thé watershed, recharge occurs in significant
amounts during the colder months. Therefore, activitiés such as salting of roads and land
application of wastewater should be reduced or prohibited in any éreas close to wells or

springs.
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The modeling effort was useful in guiding fieldwork and laboratory analysis, and in
developing an improved conceptual understanding of recharge aﬁd flow systems in the
study basin. This study represents a potential for improvement upon conventional
approaches to modeling fractured bedrock flow. The resultant model incorporates unique
data from the field site to produce realistic simulations of recharge and flow méchanisms.
In addition, the improved description of the nature and timing of bedrock recharge
provided in this thesis should be useful in the study of other upland bedrock aquifers in
New Engiarid. ‘ |

Some components of this study may be conti’rllued, by the author and othters,
beyond tﬁe completion of the thesis. One planned objective is the measurement of *°Cl
' abunciance in some of the .groundwater samplles. 3C1 has a half life of 3.01 x 10° years and
has been used as an age determination tool for older wafers (Tamers et al, 1969; Bentley,
1978). Like tritium, atmospheric **Cl abundance was greatly increaseci- during the nuclear
testing perio‘d. Within the recent time frame, *°Cl acts as a conservative tracer relative to
tritium. Using measurements of both **Cl and *H , a more precise age determination may

be available (Allison and Hughés, 1975; Hoffman and Daniels, 1984; Davis and Murphy,
1987). | '
.The results of this study suggest that the interpretation of groundwater recharge
. processes may be further refined by monitoring the hydraulic response of groundwéter to
precipitation events. The purpose of monitoring would be to observe correlation between
variations in the iSOt0p§ record and surface processes. This was not possible in the wells

used for this study because they were being frequently pumped for water supply purposes.
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Installation of wells for the specific purpose of monitoring in the basin, or instrumentation

of springs not in use as water supplies is recommended.
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APPENDIX A - DATA RECORD
Al results of 8'°0, 8D (in %), and *H (in TU) analysis are included in spreadsheet

form. Also included are data obtained from measurement of bedrock fracture orientations.
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Delta O-18 in
Precipitation and Meitwater

Round |Date P1 C1 P2 P3 P4 M4 C4
Rain Snow Rain Snow Rain Melt Snow
11 7/19/85, -5.113 -5.036] -4.852| -5025
2 7/27/95] -6.295 -6.162| -6.145| -5.655
3 8/3/95| -3.503 -3.933 -5.28| -3.793
4| 8/11/95 -5.14 -3.615| -4.484
5 8M8/95| -5.871 -6,186, -6.636] -7.094
6| 8/25/85| -6.108 -6.358) -6,733| -6.442
T 9195 -71.513 ’ -7.401 -6.244
3| 9/14/95| -6.561 -6.086 -6, 77| -6.335
9\ 9/24/95| -10.229 -10.669; -10.807| -10.089
10 10/5/95| -8.222 -8.147 -8.23| -8.556
11 10/12/95; -11.963 -11.9631 -12.293, -12.089
12| 10/19/95; -9.373 -10.295; -10.054
13| 10/26/95; -8.601 -6.924| -7.975] -7.826
14| 11/2/95; -10.337 -10,384| -10.703] -10.291
150 11/11/85; -12.334 -12.881 -11.95
16{ 11/18/95, -15.494 -11.244
17 11/30/95 -14.83 :
18] 12/13/95 -14.751 -15.685
19] 12/21/95 -18.631 -19.467
20 1/4/96 -21.324 -17.048 -21
21| 1/15/96 -22.825 -21.696
22| 1/22/96 -11.128
23| 1/30/96 -11.221 -10.992| -12.901
241 2/13/96 -19.554 -11.684] -23.002
25| 2/24/96 -11.717
26 3/9/96 -28.046 -10.552| -24.479
27| 3/16/96 1 -18.051
28| 3/27/96 -14.315
29| 4/5/98 -9.843
30, 4/18/96 -16.608] -19.947
311 4/23/96 -9.168
32, 4/30/96, -10.047 -9.34
331 5/8/96, -B.747 -10.38
34| 6/11/96 -§.332
35| 5/14/96] -12.187 -17.299
36, 5/23/96
37| 5/30/96 -8.28 -10.845| -12.748: -8.809
38| 6/6/96 -4.8 -6.308| 4,201 -4 814,
38 6/13/96| -8.742 -7.07, -6.748] -7.164|
40! 6/20/96| -7.855 -8.4821 -8.929| -8.115
411 6/29/96| -8.568 -8.418 -9.31 -9,109
42| 7/10/96| -8.824 -8.069! -10.411 -7.67
43| 7M7/96 -10.426
44 7/24/96 -8.242
45| 7/31/96 -8.3986
46 8/6/96 -8.449
47| 8/13/96 -3.651
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Delta O-18in
Precipitation and Meltwater

Round |Date P1 C1 P2 P3 P4 M4 C4
RRain Snow Rain Snow Rain Melt Snow
48| 8/20/96 -7.312
49! B8/26/96 -5.312
50; 9/9/96 ' -7.642
511 9/16/96 -9.078
52| 9/23/96 -0.485
53 9/30/06 -10.182
- 54| 10/10/96 ‘ _ -15.436
551 10/23/96 ' -13.94
56 11/3/96 -9.413
57| 11/10/96 -7.212
58| 11/17/96 ’ : -19.637
. 59) 11/24/96 -18.661
60; 12/2/96 -13.048
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Delta ©-18 in
Precipitation and Meltwater

Round Date P8 Mé& C8 CC6 P7 M7 C7
Rain Melt Snow Pack Rain Melt Snow

1| 7/118/95; -B.171 -5.043

2\ Ti27/95 -6.769 -6.711

3] 8/3/95 -4215 -4 647

4| 8/11/95| -6.243 -7.405

5| 8/18/95| -7.378 -71.794

6| 8/25/95| -8.618 -8.874

7|  9/7/95, -7.2095 -8.231

8| 9/14/95| -7.391 -8.231

g ©9/24/85, -11.251 -11.382
10! 10/5/95 -9.78 -10.434
111 10/12/95| -13.038 -13.937
121 10/19/95| -9.384 -8.948
131 10/26/95| -8.114 -8.784
14| 11/2/95] -11.537 -13.752
15| 11/11/95| -12.813 -13.146
16] 11/18/95! -9.946 -9.302
17| 11/30/95 -14.014| -16.116 -13.435| -16.054
18! 12/13/95 -11.249 -16.453
19| 12/21/95 -18.128! -18.874 -17.222
20 1/4/96 -20.631: -10.677 -20.04
21| 1/15/96 -20.081, -20.115 -17.767
220 1/22/98 -18.486; -11.108! -14.785 -12.871 -12.93
231 1/30/96 -14.495] -13.415] -14.311 -13.157
24| 2/13/96 -21.162| -20.818 -23.581
25| 2/24/96 -12.432 -13.043 -19.682
26| 3/9/06 -12.935) -21.415) -20.835 -22.472
27| 3/16/96 -18.43| -17.535
28] 3/27/96 . -16.169 -14,892
29| 4/5/96 -13.409 -13.8/ -15.085 -15.843| -14.73
30| 4/18/96| . -15,518| -17.383| -17.104
31 4/23/98 -13.813 -14.269 -14.175
32: 4/30/98 -9.538 -13.034

331 5/6/98 -10.23 -13.89
34| 5/11/96 -7.226
35! 5/14/96| -17.272 -13.273}
36 5/23/96
37| 5/30/96F -8.386 -12.887
38| e6/m6/96] -7.277 -7.288
. 39: 6/M13/96| -7.822 -8.221

40| 6/20/96| -9.664 -10.347
41| 6/29/96| -9.412 -9.356
42| 7M10/96| -9.874 -10.372
43| 7/17/96|  -11.561
44| 7/24/96 -10.76
45: 7/31/96] -11.222
46 8/6/98| -9.937
47| 8/13/96] -4.752
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Delta ©-18 in

Precipitation and Melméﬁer

Round [Date P8 MB C6 CC8 P7 M7 C7
Rain Meit Snow Snowpac |Rain Melt Snow

48] 8/20/96] -8.255
49| 8/26/96| -5.739
50| 9/8/96|  -8.715
51| 9/16/96| -9.547
52| 9/23/96| .9.552
53 9/30/96) -10.446
54: 10/10/96] -17.954
55| 10/23/96| -14.784
56| 11/3/96| -8.026
57) 11/10/96| -8.952
58| 11/17/96; -18.582
591 11/24/961 -18.943

12/2/96| -13.888

60
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_ Delta O-18 in
Precipitation and Meltwater

Round

Date

P8

M8

Cc8

CC8

PS

Rain

Melt

Snow

Pack

Rain

7/19/95

-7.082

-7.081

7/27/95

-7.462

-7.449

8/3/95

-5.206

-5.045

8/11/95

-5.591

-5.849

8/18/95

-8.337

-8.762

8/25/95

-16.955

15.156

8/7/85

-8.947

-9.196

9/14/95

-8.917

-0.196

o|ol~id|o|aw(n =

9/24/95

-11.591

-11.8056

10/5/95

-11.413

-11.925

10/12/85

-14.313

-14.123¢

10/19/95

-10.796

-12.551

10/26/95

-8,262

-9.945

11/2/95

-14.399

-13.071

11/11/95

-13.117

-11.572

11/18/95

-11.308

-11.792

11/30/85

-14.059

-17.971

12/13/85

-17.629

-17.628

12/21/95

~18.251

-18.0%1

1/4/96

~19.904

~19.46

1/15/98

-17.454

-22.905

-20.23

1/22/96

-17.871

-12.6¥1

-16.188

1/30/96

-11.024

-16.037

2/13/96

-24.767

-18.167

2/24/96

-15.018

-14.985

3/9/96

-23.1

-20.571

3/16/98

3/27/96

~15.084

-17.139

4/5/96

-17.877

-16.552

~18.107

4/18/96

4/23/96

-13.306|

-18.119

4/30/96

-13.516

~17.517

5/6/96

-14.363

-18.123

5/11/96

5/14/96

~14.485

-19.177

5/23/98

5/30/96

-14.309

-16.502

6/6/96

-9.917

6/13/96

-8.31

6/20/96

-10.825

-10.94

6/29/96

-11.24

-10.083

7/10/96

~11.844

-9.508

7/17/96

7/24/96

7/31/96

8/6/96

8/13/96
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Delta O-18in

Precipilation and Meltwater

Round

Date

P8

M8

c8

CcC8

P9

|Rain

Melt

Snow

Snowpac

Rain

48

8/20/96

49

8/26/96

50

9/9/986

51

9/16/96

52

8/23/96

53

8/30/96

54

10/10/96

55

10/23/96

56

11/3/96

57

11/10/96

58

11/17/96

58

11/24/96

80

12/2/96
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Delta O-18in

Groundwater
Round Date GW1 GW2 GW3 GW4 GWS GW6E
12 10/19/95, -10.504 -8.91 -12.06) -11.306] -12.194 -12.51
13 10/26/95 -10.47 -9.75 -11.85 -11.34 -12.068! - -11.92
14;  11/2/95 '
15 11/11/85] -10.733 -11.3837 -11.157] -11.914 -11.76
16, 11/18/95 .
171 11/30/95 -11.158| -10.248| -11.836] -11.084] -11.059] -11.528
18| 12/13/95 -11.863 -11.134; -11.071 -11.337
18| 12/21/95 -13.313 -11.061 -11.321
20 1/4/96 -11.67 -12.042] -12.035
21 1/15/96) -11.505 -11.747 - -11.374] -11.096
22y 1/22/98 -12.67 -11.746| -11.075( -11.739] -11.249
- 23| 1/30/986 -12.88 -10.84| -10.963] -11.241
24 2/13/986 -11.85 -10.977| -11.385
25|  2/24/96| -15.073 -11.814| -11.186| -12.144| -10.895
26 3/9/96| +11.992 -11.811 -11.06| -11.128
271 3/16/96, -12.448 -11.941 -11.174| -10.933
281 3/27/96; 12739 -12.674, -11.089 -11.13] -11.581
29 4/5/96] -12.528 -11.782] -10.868| -11.192] -11.015
30 4/18/96] -12.989 -11.338] -11.215 -11.58; -10.912
31 4/23/86¢ 14,093 -12.763] -11.285 -11.65)  -~11.182
32|  4/30/98) -13.311 -11.785] -11.316| -11.738] -11.162
33 "5/6/96| -10.699 -11.7611 -11.729|  -11.402
341 &M11/96) -13.323 11,778 -11.304] -11.751 -11.371
35 5/14/96
36 5/23/96] -13.134 <120 -11.503] -11.996| -11.531
37| 5/30/98| -12.817 -11.817) -11.453| -11.859| -11.547
38 6/6/98 -12.73 -11.769] -11.478] -11.881| -11.625
39, 6/13/86| -11.869 -11.815] -11.543| -11.805| -11.624
40: 6/20/08; -11.944) -11.724, -11.814] -11.468| -11.868 -11.707
41 6/29/96, -11.883 -11.74| 11.476] -11.735] -11.634
42| 7/10/967 -11.415 -11.776 -11.51] -11.748| -11.667
43)  T7/M7/96] -12.885 -11.787| -11.5847 -11.768| -11.666
44  T7/24/96| -11.717 -12.031} -11.598! -11.718] -i1.688
45 7/31/96] -11.759 -12.037) -11.582; -11.733] -11.665
46 8/6/96 -11.585 -11.703| -11.571 -11.638] -11.598
47| 8/13/86| -11.855 -11.729|  -11.591 -11.614
“48F  8/20/96) -11.723 -11.789| -11.653| -11.858] - -11.644
49 -11.071 -11.766| -11.702| -11.838 -11.6
50 8/9/96] -11.461 117740 -11.733|  -11.639] -11.621
51 9/16/961 -11.496 -11.776¢  -11.729] -11.683] -11.623
521 9/23/96 -11.52 -11.791: --11.665| -11.861 -11.581
531 9/30/06| -10.258 11,801 -11.672 -11.67| -11.838
54| 10/10/96| -11.029 -11.785 -11.535| -11.637 -11.319
55! 10/23/98| -11.588 -11.769| -11.489| -11.639] = -11.65
56, 11/3/98 -11.75 -11.332| -11.571
.87 1110706 -11.101 ~11.963] -11.446| -11.758] -11.199
58| 11/17/96! . -11.85 -11.753) -11.642] -11.802]  -11.552
58| 11/24/96] -11.576 -12.255) -11.222| -11.262] -11.441
60|  12/2/96] -12.108! -11.068] -11.366] -11.213] -11.602/ -11.703
61 12/9/96
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Delta O-18 in

Groundwater
Round Date GW7 GW7b GWa GWg
12| 10/19/95] -11.875 -11.337
13| 10/26/95 -11.39
14 11/2/95
15| 11/11/85] -11.788
16 11/18/95
17| 11/30/85 -11.85 -11.415
18 12/13/95 -10.98 -11.394
191 12/21/95! -12.012 -11.402| -10.883
20 1/4/96] -11.211
21 1/15/661 -12.504 -11.071 -9.817
22 1/22/96] -11.729 -11.299
23 1/30/96] -11.575 -11.433
24|  2/13/96| -11.966 -11.416 ~10.31
25| 2/24/86| -12.106 -12.057 -9.731
26 3/9/96| -11.839 -11.345
27, 3/16/96 -11.334
281 3/27/96| -11.712 -11.142
29 4/5/961 -10.781 -11.254
30 . 4/18/96] -12.045 -11.268
31 4/23/96 -12.997 -11.327
32| 4/30/96| -11.669 -11.314
33 5/6/96| -11.808 -11.256
347 5/11/96| -11.729 -11.182
35, 5/14/96
36; 5/23/96] -11.803 -11.252
37, 5/30/96 -11.2 -11.607
38 6/6/96! -11.938 -11.233
39| 6/13/96; -11.808 -11.194
40| 6/20/96; -11.754| -11.537] -11.184
41 6/29/96 -11.624 -11.102
421  7/10/96 -11.63 -11.105
43| 7M17/98] -11.6587 -10.963
44| 7/24/96 -11.471
451 7/31/96] -11.695 -11.028
46 8/6/96| -11.611 ~10.939]
47 8/13/986 11,4681 -10.938
48|  8/20/96| -11.854 -10.979
49 ' ~12.019 -10.929
50 9/9/98! -11.778 -10.923
51 9/16/961 -11.744 -10.997
62| 9/23/88 -11.799 -11.045
53] 9/30/96| -11.878 -10.853
84;: 10/10/96! -11.555 -10.853
55 10/23/96] -11.591 -11,392
56 11/3/96| -12.035 -10.794
57| 11/10/96 -11.317| -10.881
58, 11/17/98! -11.654 ‘
59| 11/24/96 -11.269 -11.598
60 12/2/96 -11.411% -10.8
61 12/9/96
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Delta 2-H (Deuterium) and Delta 18-0 in Rain (P8) and Groundwater (GW1,3.5)

Round |Date P& 180 |P62H GW1 180|GW1 2H |GW3 180[GW3 2H

1| 71e/mes 6171

2| 72785 -6.769

3 8/3/85| -4.215

4| 8M1/95 -6.243

5/ 8/M18/95| -7.378

6 8/25/95| -8.618

7 9/7/95] -7.295

8| 9/14/85] -7.391

9|  9/24/95] -11.251
10|  10/5/95 -0.78
111 10/12/85] -13.038
12| 10/19/95 -9.384! -60.92| -10.504| -69.68 -12.06 -81.1
131 10/26/95 -8.114 - 1047, -87.01 -11.85 -81.26
14|  11/2/95] -11.537 ‘
16 11/11/95| -12.813 -83.55; -10.733| -69.87), -11.383
16| 11/18/95 -8.946 -

- 17| 11/30/985) -16.116] -111.83] -11.158 -73.52| -11.836 -80.73

18] 12/13/886] -11.248 -11.863
19; 12/21/85] -18.129] -124.94|. -13.313 -81.58
200 1/4/96| -20.631 -11.67
21| 1/15/96| -20.091] -143.13; -11.505 -76.85] -11.747 -80.82
22|  1/22/98| -11.108 -12.67 -83.77] -11.746
23| 1/30/96| -13.415| -82.28 -12.88] - -81.13
24| 2/13/96] -21.162 -11.85
25| 2/24/96! -12.432 -15.073| -87.860| -11.814 ~-80.92
26 3/9/96] -21.415! 154727 -11.992 -80.49| -11.811
27|  3/16/96 -18.43 -12.446 -81.68, -11.941 -81.39
28,  3/27/98 -12.738 -12.674
29 4/5/96 -13.8] -104.95| -12.528 -82.95| -11.782| -81.34
30] 4/18/96] -17.383 -12.989 -11.336
31| 4/23/96] -13.613 -98.51] -14.093 -96.94: -12,763| -81.23
32| 4/30/96 -9.538 -13.311 1 -11.785 .
33 5/6/96 ~10.23 -68.75| -10.699 -70.21; -11.791 -81.37
34| 5/11/96| -7.228 -13.323| -90.05; -11.778 -81.16
35| 5M14/86) -17.272| -130.92 '
36! 5/23/96 -13.134 -12
37} 5/30/06| - -B.388B -12.817; -86.83| -11.817; -80.88
38 6/6/96 -7.277 -12.73 -11.769
39| 6/13/96 -7.822 -11.869 -80.04] -11.815 -80.99
40| 6/20/96 -3.664 -60.81| -11.944 -11.814
41| 6/29/96 -8.412 -11.883 -79.31 =11.74 -81.01
42| T7/10/88] -9.874 -87.77, -11.415 -11.776
43| 7M17/86) -11.581 -12.885 -80.36] -11.787 -80.98
44;  7/24/96 -10.761 . -75.2| -11.717 -12.031
451  7131/96|. -11.222 -11.789 -78.7| -12.037 -81.65
46 8/6/96 -9.937 -64.9] -11.585 -11.703 :
47| 8/13/96 -4.752 -11.655] -79.08; -11.729 -80.41
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Delta 2-H {Deuterium) and Delta 18-O in Rain (P8) and Groundwater (GW1,3,3)

Round  |Date P6 180 |P8 2H GW1 180|GW1 2H |GWS3 180/GW3 2H
48| 8/20/96| -B.255 -53.57] -11.723 -11.789
49| 8/26/96 -5.738 -11.071 -74.04| -11.766 -81.13
50 9/8/96 -8.715)  -59.79| -11.461 -11.774
51| 9/16/96 -9.547 -11.496 -76.19] -11.776 -81.15
52| 9/23/96 -8.582| -62.02 -11.52 -11.791
53| 9/30/96; -10.446 -10.258 -71.97] ~11.801 -80.71
54| 10/10/96, -17.954| -129.28, -11.029 -11.785
55| 10/23/96| -14.784 -11.588 -78.63| -11.768 -81.07
56| 11/3/96 -9.026| -51.94 -11.75
570 11/10/96 -6.952 -11.101 -74.24| -11.963 -81.156
58! 11/17/96| -18.582| -127.64 -11.85 -11.783
59| 11/24/96| -18.943] -136.88; -11.576 -78.8; -12.255 -81.54
60| 12/2/86| -13.888 -94.11 -12.108 -11.366
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Delta 2-H (Deuterium) and Delta 18-O in Rain (P6) and Groundwater (GW1,3,5)_

Round PDate GW5 180GWS 2H

7/18/95

7/27/95

8/3/95

8/11/85

8/18/95

8/25/95

9/7/85

9/14/95

O ~LMD || Pildibd] =

8/24/85

10| 10/5/95

11 10/12/85

12| 10/18/95] -12.164 -82.63

13| 10/26/95 -12.05 -82.44

141 11/2/95

15 11/11/85F -11.914| -B0.65

16| 11/18/85

17 11/30/85; -11.059 -74.32

18] 12M13/851 -11.071

19| 12/21/857 -11.061 -74.68

20 1/4/96, -12.042

21 1/15/96; -11.374] -73.85

22| 1/22/96; -11.739

23|  1/30/86; -10.963| -76.23

24|  2/13/96, -10.977

25| 2/24/961 -12144| -74.38

26 3/9/96 -11.06

271  3/16/26) 11174 -75.47

28 3/27/961 1113

29 4/5/98] -11.192 -76.14

30; 4/18/96] . -11.58

311 4/23/96 -11.55| -78.54

32]  4/30/96| -11.738

33 5/6/96| -11.729 -79.95

34| 5M1/e6| -11.751] -80.54

35| 5/14/98

36 6/23/96| -11.996

37| 5/30/96] -11.859 -81.31

38 6/6/66) -11.881

39| ©6/13/96] -11.805, -80.89

40| 6/20/96| -11.868

41| 6/29/96| -11.735{ -81.09

42] 7M0/96| -11.748

43 TM17/96| -11.766] -81.08

44! 7/24/96| -11.719

45; 7/31/96; 11733 -80.66

46 §/6/961 -11.636

47| 8/13/96] -11.614 -80.06
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Delta 2-H (Deuterium) and Deilta 18-O in Rain (P8) and éroundwater (GW1,3,5)

Round  |Date GWS 180|GWS 2H

48| 8/20/96| -11.856

49) 8/26/96] -11.638 -80.22

50 9/9/96| -11.639

511 9/16/96] -11.683 -79.7

521 9/23/96| -11.861

53| 9/30/96| -11.67 -80.34

54| 10/10/96| -11.637

55| 10/23/96] -11.639 -80.31

56| 11/3/86] -11.332

57| 11/10/961 -11.758 -80.62

58| 11/M17/96. -11.002

59| 11/24/96; -11.262 -§1.39

60| 12/2/96, -11.602
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Tritium measurements in Groundwater
6/20/96 Round 40

Location |Tritium, T.U. laboratory precision
from 6/20/96 (Round 40) |(+/-) per mil

GW1 15.8 1.3
GW2 X T3
GW3 26.7 1.9
GW4 | 14.6 1.2
GW5 159 1.2
GWé 152 1.2
GW7__ ' 6.5 0.7
GWTb 147 132
GW8 ‘ 15.4 1.2
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Mount Mansfield Fracture Measurements 10/20/96

strike dip strike dip strike dip
from N O E |(right hand) from N 0 E |(right hand) from N O E |(right hand)
129 54 79 78 319 64
150 60 103 88 116 -72
159 3 142 75 130 -30
159 27 32 90 62 88
192 85 86 -87 62 88
194 24 22 62 12 -76
152 16 80 90 58 90
152 89 62 88 60 70
210 -89 70 a0 80 87
300 -60 302 a0 36 72
340 -72 310 20 44 80
39 90 75 a0 3 -40
40 74 345 66 140 16
80 -68 72 78 8 -50
38 85 62 76 8 70
22 90 68 67 20 -40)
38 an 12 90 113 -58
39 -89 154 -80 30 90
3 -86 178 90 43 90
82 90 142 90 78 90
0 90 118 90 358 20
96 - -78 00 -85 76 80
102 85 185 90|, 350 -62
50 90 80 -70 85 a0
91 an 350 65
100 90 30 -58
358 58 143 78
0 55 110 -68
328 a0 78 85
72 82 172 -65
62 o0 113 68
342 -82 175 87
. 42 90 120 90
85 - 75 100| 90
17 70 108 90
72 -80 198 -65
2 -84 102 90
312 -52 22 74
342 50 42 67
55 65 781 - 90
90 80 342 58
355 68 67 -60
80 -89 97 90
129 © 89 11 39
349 78 99 a0
55 a2 172 80
-82 0

721,

63
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APPENDIX B - MODEL DOCUMENTATION
Printouts of the documentatidn foy'the STELLA modei described in Chapter 4 of
this thesis are included. The documentation contains the governing equations for each
model relationship, as well as brief text descriptions of each component. This information
can be used by otherg tor add their own findings in an effort to improve fhis médel, or to

apply the model to other settings.
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Stella Documention

Stocks and Flows

Local_Recharge(t) = Local Recharge(t - dt) + (Locai Cover Transport) * dt

INIT Local Recharge =0

Represents the cumulative infiltration of water to bedrock near the well

INFLOWS:

Local_Cover_Transport =.1*Local_Soil Sat-Local Sed Thick

Water infiltration to bedrock in the vicinity of the well. Controlled by the saturation of
soil and the thickness of overlying sediments. This flow is transferred to the groundwater
mixing model to represent shallow flow to the well.

Local_Snowpack(t) = Local Snowpack(t - dt) + (Local_Snow - Local_Snowmelt) * dt
INIT Local__Snowpack = 100

Accumulation of snow. Controlled by temperature, balance between falling snow and
melting in the vicinity of the well.

INFL.OWS:

Local_Snow = IF (Temp_Record<=0)

THEN
(Precip_Record*(1-+(.01*(800-Local_Elev))))
ELSE 0

. The amount of precipitation falling as snow. Based on temperature at the well elevation.
OUTFLOWS:

Local Snowmelt = IF

Local_Snowpack>0

AND

Temp_Record>0

THEN (.1*Local_Snowpack)

ELSE

¢ o
Controlled by temperature. Depletes the snowpack stock in the vicinity of the well.

Local_Soil_Sat(t) = Local SoilSat(t - dt) + (Local . Ram + Local_Snowmelt -
Local_Cover Transport - Local Soil Losses) * dt

INIT Local Soil_Sat = 50

Degree of saturation of the soil in the vicinity of the well. Controls 1nﬁ1trat10n and runoff.
INFLOWS:

Local Rain=IF (Temp Record>0)

THEN

(Precip_Record*(1+(.01*(800- Local_Elev))))

- ELSE O

The amount of prec1p1tat10n falling as rain. Based on temperature at the elevation of the
well,
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Local Snowmelt = IF
Local Snowpack>0
AND
- Temp_Record>0
THEN (.1*Local Snowpack)
ELSE ‘
0 _ _
Controlled by temperature. Depletes the snowpack stock in the vicinity of the well,
OUTFLOWS:
Local _Cover_Transport = .1*Local_Soil_Sat- Local ~Sed Thick
Water infiltration to bedrock in the vicinity of the well. Controlled by the saturation of
soil and the thickness of overlying sediments. This flow is transferred to the groundwater
mixing model to represent shallow flow to the well.
Local_Soil Losses = .8*(Local_Runoff+.4*(Local Tree Uptake)+ 5*Local Evap)
Sum of runoff, tree uptake and evaporation. Represents the water that does not enter the
bedrock in the vicinity of the well. :

Upld_Recharge(t) = UpldwRecharge(t - dt) + (Upld_Cover_Transport) * dt

INIT Upld Recharge =0

Represent the cumulative infiltration of water to bedrock from the upland recharge area
or areas.

INFLLOWS:

Upld_Cover_Transport = .1*Upld_Soil Sat-Upld Sed Thick

Water infiltration to bedrock in the area of upland recharge. Controlled by the saturation
of soil and the thickness of overlying sediments. This flow is transferred to the
groundwater mixing model to represent deep flow to the well.

" Upld_Snowpack(t) = Upld_Snowpack(t - dt) + (Upld Snow - Upld Snowmelt) * dt
INIT Upld_Snowpack = 100

Accumulation of snow in the area of upland recharge. Controlled by temperature,
balance between falling snow and meltmg

INFLOWS:

Upld_Snow = IF (Temp_”Record<=0)

THEN

(Precip_Record*(1+(.014*(1330-Upld_Rech Elev))))
ELSE 0

The amount of precipitation falling as snow. Based on temperature at the upIand
recharge elevation.
OUTFLOWS:
Upld_Snowmelt = IF
Upld_Snowpack>0
AND : '
Temp Record>0
THEN (.1*Upld_Snowpack)
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ELSE
0 .
Controlled by temperature. Depletes the snowpack stock in the area of upland recharge.

Upld_Soil_Sat(t) = Upld_Soil_Sat(t - dt) + (Upld_Rain + Upld_ Snowmelt -

- Upld_Cover_Transport - Upld_Soil Losses) * dt

INIT Upld_Soil_Sat = 50 :

Degree of saturation of the soil in the area of upland recharge. Controls infiltration and
runoff. \ -

INFLOWS.

Upld_Rain = IF (Temp Record>0)

THEN
(Precip_Record*(1+(.02%(1330-Upld_Rech_Elev))))
ELSE 0

The amount of precipitation falling as rain. Based on temperature at the upland recharge
elevation.
Upld_Snowmelt = IF
Upld_Snowpack>0
AND

Temp_Record>0

THEN (.1*Upld_Snowpack)
ELSE

0 .

Controlled by temperature. Depletes the snowpack stock in the area of upland recharge.
OUTFLOWS: ‘.
Upld_Cover_Transport = .1*Upld_Soil_Sat-Upld_Sed_Thick

Water infiltration to bedrock in the area of upland recharge Controlled by the saturation
of soil and the thickness of overlying sediments. This flow is transferred to the
groundwater mixing model to represent deep flow to the well,
Upld_Soil_Losses = .8*(Upld_Runoff+.4*(Upld Tree Uptake)+.5*Upld Evap)

Sum of runoff, tree uptake and evaporation. Represents the water that does not enter the
bedrock in the area of upland recharge.

Well(t) = Weil(t dt) + (Deep ' Transport + Shallow_Infiltration - Pumping -
Flowthrough) * dt
INIT Well =
Sum of water entering the well from deep bedrock flow and local infiltration. The deeper
~water has resided for perhaps several years in the bedrock and has a fairly constant 180
signature, Wh}le local infiltration may occur rapidly (days), affecting the 180 of the well.
" INFLOWS:
Deep_Transport = Upld_ Cover Transport*Aquer Conductivity
The flux of deep water through bedrock and to the well. Determined from the upland
recharge model.
Shallow_Infiltration = Local Cover ~ Transport
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The flux of water though shallow fractures in the bedrock and to the well. Determined
- from the local recharge model.

OUTFLOWS:

Pumping = .2*Well

Withdrawal of water from the well for residential use.

Flowthrough = Well-Pumping

Water not used may continue through the well and downgradlent through bedrock.

Converters

Aquifer_Conductivity = 1
The hydraulic conductivity of the bedrock aquifer. Initially entered based on literature
values.

Deep_180_Flux = Well Mean_180*Upld_Cover Transport

The influence of deep flow on groundwater 180 in the well. Based on the mean 180,
which is believed to be the deep signature, and the flux of deep water from the upland
recharge model.

Local Elev= 742 :
The local recharge elevation, represents the elevation of recharge to groundwater in the
vicinity of particular well. This value is entered as the elevation of the well.

Local_Evap = IF Temp_Record>=0

THEN .01*(800-Local Elev)*Temp Record

ELSE 0

Evaporation in the area near the well. Function of temperature.

Local_Runoff = dealmRain%"LocaI_Snowmelt-(100—Locai_Soii_Sat).
Sum of rain and snowmelt that cannont infiltrate in the vicinity of the well. Function of
soil saturation.

Local Sed_Thick = .01*(800-Local_Elev)
Thickness of sediments overlying bedrock near the well, Changes accordmg to the
elevation of the well.

Local Tree Type = (800-Loca1 Elev) :
The predominant tree type in the area near the well. Determmed by elevation. Controls
rates of transpiration, :

Local_Tree_Uptake = IF Temp_Record>12

THEN 3*(3*(Temp_Record)}+.5*%Local_Tree Type)*(1- lS/Temp Record)

“ELSE 0

Withdrawal of water from soil and/or interception of falling rainin the vicinity of the well.
Function of tree type, temperature.
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Shatlow 180 = (.14*Temp_ Record-12.9)+2

The approximate 130 value of locally recharging water, based on the relationship
between temperature and 180 in precipitation (from literature, or as observed in study
area) : ,

| Shallow_180_Flux = Local_Cover_Transport*Shallow_180
The influence of local flow on groundwater 180 in the well. Based on the 180 of precip,
and the flux of shallow water from the local recharge model.

Upld_Evap = IF Temp_Record>=30

" THEN .01*(800-Upld_Rech Elev)*Temp Record

ELSE 0 .

Evaporation in the upland recharge area. Function of temperature.

Upld_Rech_Elev =-398.422*Well Mean 180-4002.55

The upland recharge elevation, represents a minimum elevation of recharge to
groundwater supplying a particular well. Calculated based on the relationship between
precipitation 180 and elevation.

Upld_Runoff= Upld_Rain+Upld_Snowmelt-(100-Upld_Soil_Sat)
Sum of upland rain and snowmelt that cannont infiltrate, Function of soil saturation.

'Upld_Sed_Thick = .01*(800-Upld_Rech_Elev)
Thickness of upland sediments overlying bedrock. Changes according to elevation.

Upld_Tree_Type = (800-Upld_Rech Elev)
The predominant tree type in the upland recharge area. Determined by elevation.
Controls rates of transpiration. '

Upld_Tree Uptake = if Temp Record>10 then

(3*(Temp_Record)+Upld_Tree Type)

else0

Withdrawal of water from soil and/or interception of falling rain in the upland recharge
area. Function of tree type, temperature.

Well_180_Record =
(.5*Shallow_180_Flux+Deep 180 Flux)/(.5*Local Cover Transport+Upld Coveér Tra
nsport)

The combined influence of deep flow and local infiltation flow on groundwater 180 in the
well. The parameter, calculated during each simulation; results in a temporal record of
simulated well 180. This can be compared to actual measurements in order to calibrate
the model. : -

Well Mean 180 =-12.147
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Must be input for each simulation. Based on actual monitoring of temporal 180 in wells.

Time Series Inputs

Precip_Record = GRAPH(TIME)  (day, precip. in mm)
(1.00, 0.5), (2.00, 0.5), (3.00, 1.02), (4.00, 0.92), (5.00, 0.78), (6.00, 0.78), (7.00, 0.78),
(8.00, 0.06), (9.00, 0.12), (10.0, 0.22), (11.0, 0.22), (12.0, 0.32), (13.0, 0.78), (14.0,
1.18), (15.0, 1.18), (16.0, 1.24), (17.0, 1.14), (18.0, 0.68), (19.0, 0.22), (20.0, 4.94),
(21.0, 4.94), (22.0, 4.94), (23.0, 4.94), (24.0, 5.34), (25.0, 2.44), (26.0, 2.48), (27.0,
2.48), (28.0, 8.58), (29.0, 8.18), (30.0, 6.20), (31.0, 6.10), (32.0; 6.10), (33.0, 0.00},
(34.0, 0.00), (35.0, 0.00), (36.0, 0.00), {37.0, 0.06), (38.0, 0.06), (39.0, 0.06), (40.0,
0.56), (41.0, 2.84), (42.0, 2.78), (43.0, 3.38), (44.0, 3.44), (45.0, 2.94), (46.0, 0.72),
(47.0, 0.72), (48.0, 0.22), (49.0, 0.22), (50.0, 0.52), (51.0, 0.46), (52.0, 0.46), (53.0,
0.96), (54.0, 1.00), (55.0, 0.7), (56.0, 2.68), (57.0, 5.06), (58.0, 4.46), (59.0, 4.36), (60.0,
6.08), (61.0, 4.10), (62.0, 1.78), (63.0, 1.78), (64.0, 2.14), (65.0, 0.42), (66.0, 1.28),
(67.0, 1.68), (68.0, 1.68), (69.0, 1.32), (70.0, 1.32), (71.0, 0.46), (72.0, 0.00), (73.0,
0.00), (74.0, 0.00), (75.0, 0.00), (76.0, 0.00), (77.0, 0.00), (78.0, 0.00), (79.0, 0.86),
(80.0, 1.26), (81.0, 1.98), (82.0, 2.18), (83.0, 2.18), (84.0, 1.32), (85.0, 2.08), (86.0,
1.36), (87.0, 1.16), (88.0, 1.16), (89.0, 1.16), (90.0, 0.00), (1.0, 0.16), {92.0, 0.92),
(93.0, 0.92), (94.0, 0.92), (95.0, 0.92), (96.0, 0.76), (97.0, 0.96), (98.0, 3.40), (99.0,
3.50), (100, 5.54), (101, 6.50), (102, 5.80), (103, 5.08), (104, 7.52), (105, 5.94), (106,
9.30), (107, 13.7), (108, 12.1), (109, 9.56), (110, 9.40), (111, 9.20), (112, 5.50), (113,
11.5), (114, 13.5), (115, 13.7), (116, 13.1), (117, 13.2), (118, 7.06), (119, 5.12), (120,
8.92), (121, 5.42), (122, 4.36), (123, 5.94), (124, 8.32), (125, 4.46), (126, 4.46), (127,
4.46), (128, 2.88), (129, 0.4), (130, 4.68), (131, 10.7), (132, 15.6), (133, 15.7), (134,
15.7), (135, 11.0), (136, 5.08), (137, 0.16), (138, 3.04), (139, 3.70), (140, 3.70), (141,
6.30), (142, 6.30), (143, 3.56), (144, 3.16), (145, 3.16), (146, 0.46), (147, 0.46), (148,
0.32), (149, 2.44), (150, 3.30), (151, 3.30), (152, 3.30), (153, 3.24), (154, 1.06), (155,
0.56), (156, 0.56), (157, 0.56), (158, 7.26), (159, 7.32), (160, 7.02), (161, 7.12), (162,
7.12), (163, 1.90), (164, 8.54), (165, 8.68), (166, 8.78), (167, 8.78), (168, 7.30), (169,
0.4), (170, 0.2), (171, 0.00), (172, 0.66), (173, 2.34), (174, 3.10), (175, 3.16), (176,
5.34), (177, 4.68), (178, 4.42), (179, 3.66), (180, 3.70), (181, 2.84), (182, 2.84), (183,
1.42), (184, 2.34), (185, 12.8), (186, 12.2), (187, 12.6), (188, 12.6), (189, 12.3), (190,
3.36), (191, 4.52), (192, 4.16), (193, 4.16), (194, 5.98), (195, 5.84), (196, 5.38), (197,
5.64), (198, 5.84), (199, 3.36), (200, 5.54), (201, 6.26), (202, 6.00), (203, 5.80), (204,
6.56), (205, 2.90), (206, 1.32), (207, 5.54), (208, 6.46), (209, 6.62), (210, 6.62), (211,
6.12), (212, 1.96), (213, 2.82), (214, 4.38), (215, 4.38), (216, 4.32), (217, 4.26), (218,
2.48), (219, 0.00), (220, 0.00), (221, 0.00), (222, 0.56), (223, 0.56), (224, 0.56), (225,
0.56), (226, 0.56), (227, 0.00), (228, 0.00), (229, 0.06), (230, 0.22), (231, 0.22), (232,
0.22), (233, 0.22), (234, 8.90), (235, 8.74), (236, 9.34), (237, 9.34), (238, 9.34), (239,
- 1.20), (240, 1.60), (241, 1.00), (242, 1.00), (243, 1.00), (244, 0.4), (245, 0.00), (246,
0.00), (247,-0.00), (248, 0.00), (249, 0.00), (250, 0.00), (251, 0.2), (252, 1.68), (253,
3.76), (254, 4.12), (255, 4.12), (256, 3.92), (257, 2.70), (258, 1.18), (259, 0.82), (260,
0.82), (261, 0.82), (262, 0.56), (263, 0.00), (264, 0.00), (265, 0.00), (266, 0.86), (267,
1.32), (268, 2.90), (269, 2.90), (270, 2.90), (271, 6.92), (272, 7.72), (273, 6.20), (274,
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6.20), (275, 6.20), (276, 3.50), (277, 2.24), (278, 2.18), (279, 2.18), (280, 2.18), (281,
0.16), (282, 0.16), (283, 0.16), (284, 0.16), (285, 0.16), (286, 0.00), (287, 11.7), (288,
13.3), (289, 13.5), (290, 13.5), (291, 13.5), (292, 1.72), (293, 0.2), (294, 6.90), (295,
6.90), (296, 6.90), (297, 7.86), (298, 7.86), (299, 0.96), (300, 1.26), (301, 7.62), (302,
7.52), (303, 7.58), (304, 7.68), (305, 8.20), (306, 2.44), (307, 4.02), (308, 3.96), (309,
3.86), (310, 3.04), (311, 4.02), (312, 1.64), (313, 1.80), (314, 1.86), (315, 2.32), (3186,
- 8.16), (317, 8.10), (318, 8.00), (319, 8.04), (320, 7.58), (321, 0.16), (322, 0.16), (323,
0.1), (324, 0.00), (325,70.00), (326, 0.00), (327, 0.1), (328, 0.1), (329, 0.1), (330, 0.1),
(331, 0.2), (332, 0.6), (333, 0.6), (334, 0.6), (335, 2.08), (336, 2.08), (337, 2.08), (338,
2.90), (339, 3.00), (340, 1.78), (341, 1.74), (342, 1.24), (343, 1.24), (344, 1.64), (345,
1.38), (346, 1.32), (347, 1.32), (348, 1.06), (349, 0.72), (350, 0.98), (351, 1.28), (352,
1.28), (353, 0.88), (354, 1.38), (355, 2.84), (356, 3.14), (357, 3.24), (358, 3.34), (359,
3.34), (360, 1.98), (361, 1.68), (362, 1.58), (363, 1.52), (364, 0.96), (365, 0.8)

Actual record of daily precipitation from the study area. ThlS is data from the Proctor
Maple Research Center in Underhiil.

Temp_Record = GRAPH(TIME) (day, temp. in celcius)
(1.00, -6.86), (2.00, -8.82), (3.00, -11.1), (4.00, -14.6), (5.00, -18.4), (6.00, -20.5), (7.00,
-21.2), (8.00, -21.5), (9.00, ~19.5), (10.0, -17.3), (11.0, -15.5), (12.0, -12.8), (13.0, -
9.92), (14.0, -8.82), (15.0, -6.88), (16.0, -7.56), (17.0, -8.04), (18.0, -5.60), (19.0, -2.18),
(20.0, -0.96), (21.0, 0.36), (22.0, 0.86), (23.0, -0.68), (24.0, -2.84), (25.0, -3.04), (26.0, -
3.44), (27.0, -3.42), (28.0, -2.90), (29.0, -5.00), (30.0, -7.72), (31.0, -6.30), (32.0, -7.74),
(33.0, -11.2), (34.0, -11.6), (35.0, -13.6), (36.0, -16.5), (37.0, -16.8), (38.0, -16.2), (39.0,
-14.9), (40.0, -10.9), (41.0,-7.02), (42.0, -4.96), (43.0, -2.42), (44.0, -4.84), (45.0, - (
8.88), (46.0, -11.0), (47.0, -12.4), (48.0, -14.2), (49.0, -12.6), (50.0, -11.3), (51.0, -11.0),
(52.0, -8.00), (53.0, -4.52), (54.0, -2.08), (55.0, 1.26), (56.0, 3.98), (57.0, 3.28), (58.0,
1.04), (59.0, 0.14), (60.0, -0.4), (61.0, -3.78), (62.0, -4.80), (63.0, -6.32), (64.0, -7.16),
(65.0, -8.80), (66.0, -8.92), (67.0, -10.4), (68.0, -11.0), (69.0, -9.54), (70.0, -9.58), (71.0,
-8.88), (72.0, -4.82), (73.0, -0.42), (74.0, -0.44), (75.0, -0.18), (76.0, 1.34), (77.0, 0.42),
(78.0, 0.12), (79.0, 0.7), (80.0, 2.20), (81.0, 2.26), (82.0, 0.6), (83.0, -1.54), (84.0, -
0.36), (85.0, -0.52), (86.0, -1.86), (87.0, -1.48), (88.0, -0.44), (89.0, -2.54), (90.0, -2.40),
(91.0, 0.72), (92.0, 1.40), (93.0, 0.66), (4.0, 0.34), (95.0, -0.02), (96.0, -1.14), (97.0, - .
0.86), (98.0, -0.52), (99.0, 0.02), (100, -0.14), (101, 0.3), (102, 0.9}, (103, 1.30), (104,
1.54), (105, 2.60), (106, 2.38), (107, 1.56), (108, 1.96), (109, 4.32), (110, 6.76), (111,
8.90), (112, 11.5), (113, 13.0), (114, 10.7), (115, 8.76), (116, 8.98), (117, 7.08), (118,
5.66), (119, 6.62), (120, 7.14), (121, 6.20), (122, 7.54), (123, 8.84), (124, 9.36), (125,
9.06), (126, 8.40), (127, 8.58), (128, 9.02), (129, 10.0), (130, 10.8), (131, 11.3), (132,
9.54), (133, 7.70), (134, 6.36), (135, 6.60), (136, 7.10), (137, 9.12), (138, 11.7), (139,
14.3), (140, 16.3), (141, 17.5), (142, 18.4), (143, 17.8), (144, 15.5), (145, 12.4), (146,
11.0), (147, 10.4), (148, 10.6), (149, 10.1), (150, 10.0), (151, 10.7), (152, 11.8), (153,
12.9), (154, 15.1), (155, 17.1), (156, 17.7), (157, 17.3), (158, 16.3), (159, 16.1), (160,
16.3), (161, 16.9), (162, 18.2); (163, 19.6), (164, 20.0), (165, 20.1), (166, 19.8), (167,
18.3), (168, 17.7), (169, 17.9), (170, 17.8), (171, 17.7), (172, 18.3), (173, 17.7), (174,
16.9), (175, 16.5), (176, 15.7), (177, 14.4), (178, 13.8), (179, 13.7), (180, 13.9), (181,
14.6), (182, 16.3), (183, 18.0), (184, 18.7), (185, 18.4), (186, 18.4), (187, 17.5), (188,
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16.8), (189, 17.4), (190, 18.0), (191, 17.3), (192, 17.5), (193, 17.8), (194, 17.2), (195,
17.6), (196, 19.1), (197, 19.6), (198, 19.7), (199, 20.6), (200, 20.3), (201, 18.5), (202,
17.7), (203, 17.4), (204, 16.9), (205, 17.2), (206, 18.9), (207, 19.3), (208, 18.9), (209,
18.4), (210, 17.7), (211, 17.3), (212, 17.3), (213, 17.0), (214, 16.8), (215, 17.1), (216,
17.3), (217, 17.7), (218, 18.9), (219, 20.4), (220, 21.6), (221, 22.3), (222, 22.2), (223,
21.0), (224, 19.0), (225, 17.8), (226, 17.0), (227, 16.6), (228, 17.4), (229, 18.5), (230,
18.6), (231, 18.4), (232, 18.2), (233, 18.3), (234, 18.5), (235, 19.0), (236, 19.4), (237,
19.7), (238, 19.5), (239, 18.9), (240, 17.9), (241, 17.5), (242, 17.5), (243, 16.2), (244,
16.4), (245, 17.2), (246, 17.5), (247, 17.9), (248, 19.3), (249, 19.9), (250, 20.1), (251,
20.0), (252, 19.1), (253, 18.5), (254, 17.7), (255, 17.0), (256, 16.6), (257, 16.4), (258,
15.7), (259, 15.0), (260, 14.4), (261, 13.7), (262, 13.3), (263, 13.2), (264, 13.5), (265,
113.5), (266, 12.5), (267, 11.6), (268, 10.2), (269, 8.94), (270, 8.54), (271, 10.0), (272,
10.8), (273, 11.3), (274, 12.3), (275, 13.1), (276, 10.5), (277, 8.44), (278, 7.36), (279,
6.38), (280, 5.80), (281, 7.86), (282, 10.3), (283, 12.2), (284, 13.1), (285, 13.8), (286,
15.2), (287, 16.1), (288, 15.2), (289, 13.3), (290, 10.9), (291, 9.52), (292, 8.02), (293, -
9.14), (294,'11.2), (295, 11.9), (296, 11.8), (297, 13.1), (298, 11.8), (299, 10.4), (300,
11.0), (301, 10.7), (302, 7.96), (303, 6.24), (304, 4.76), (305, 3.20), (306, 2.74), (307,
4.28), (308, 4.50), (309, 4.34), (310, 4.36), (311, 3.30), (312, 1.14), (313, -0.38), (314, -
0.54), (315, 1.14), (316, 0.26), (317, -0.36), (318, 1.22), (319, 2.02), (320, -0.28), (321, - -
0.78), (322, -0.72), (323, -1.20), (324, -1.62), (325, -0.96), (326, -0.62), (327, -0.5),
(328, -1.56), (329, -2.66), (330, -3.32), (331, -2.80), (332, -2.60), (333, -3.16), (334, -
4.06), (335, -4.16), (336, -6.02), (337, -6.62), (338, -4.96), (339, -4.20), (340, -4.54),
(341, -4.18), (342, -6.12), (343, -7.38), (344, -8.56), (345, -10.6), (346, -11.9), (347, -
11.7), (348, -12.1), (349, -10.4), (350, -8.32), (351, -7.02), (352, -6.56), (353, -7.64),
(354, -9.74), (355, -11.5), (356, -11.4), (357, -10.2), (358, -8.60), (359, -7.28), (360, -
6.80), (361, -7.52), (362, -8.06), (363, -8.06), (364, ~7.58), (365, -6.48)
Actual record of daily air temperature (daily average) from the study area. This is data
from the Proctor Maple Research Center in Underhill, '
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