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ABSTRACT
SPATIAL AND TEMPORAL MAPPING OF DISTRIBUTED SURFACE AND
GROUNDWATER STABLE ISOTOPES ENABLES INSIGHTS INTO HYDROLOGIC
PROCESSES OPERATING AT THE CATCHMENT SCALE
SEPTEMBER 2019
ALISON A. COLE, B.S, HOBART AND WILLIAM SMITH COLLEGES
M.S., UNIVERSITY OF MASSACHUSETTSAMHERST

Directed by: professor David F. Boutt

Isotopic analyses dflso and! 2H of water through the hydrologic cycle have
allowed hydrologists to better understand the portioning of w&tecently there have
been strides to use the saldotopes of meteoric waters in continental environments to
make better interpretations related to climate and relationships between precipitation,
surface water, and groundwaten this studyll precipitation394 samples)16 surface
water(1917 samfes), and 409 groundwater sit€s405 samplesicross Massachusetts
was used tareatean isoscap#r each respective water. All samples have been

collected by volunteers throughout Massachusetts. Using these samples state meteoric
) 2 18 2 18
water line:!! H=7.7! O+ 9.8 surface water lind: H=5.71 Ob4.2 and

2 18
groundwater line! H=6.5* O + 2.9was created for the state of Massachusetts. The

state meteoric water line was determined from a larger precipitation database consisting
of 558 samples. THel 8O values of the 558 precipitation samples across Massachusetts
range from23.6 to-1.3(& . The! 2H values range froril83 to-6.74 . The dexcess

values range fron0.7 to 444. The! 18O values of the 1,917 surface samples across

2
Massachusetts ranged frof8.0 to-3.48 ,! H values range frorr84.3 to-16.3 , and

ll#



18
deuterium excess {excess) valugerange from9.72 to 24.4 . The! O values of the

2
1405 groundwater samples across Massachusetts riinged 2.2 to-5.074. The ! H

values range fronr80.1 to-3554. The d-excessvalues range froD.2to 35.24.

The! l80 isoscape foeach ottheabovementionedvaters shows an isotopic
separatioralong an eastvest topographic gradiemthereisotopes were enriched in the
eastern portion of Massachusettsl depleteth the western portion of Massachusetts.
Precipitation, surface water, and growader fiow unique istopic variability. The
isotopic variability ofprecipitationis primarily due toseasonality, moisture source and

differences in topography across Massachudetso the good agreemdrdtween

18 2
climatic and environmental parameteighe! O and! H isotopic variability of surface
water is due to a biasing of precipitation as well an enrichment due to an open water

systemas the surface water dataset correlates with surface water type and precipitation

isotopic values The! 18O and ! 2H isotopic variabilityof groundwater is due to the

dampening of surface water and precipitation because of hydrogeologic processes and the
biasing of surface waters that have gone through open water isotopic varidtiigy

dataset willelucidate sotopic variability in Massachusetts and provide a better
understanding on how modern water is propagated through the hydrologic cycle. It will
alsobecome an imptant tool for both local and regional water managementater

resources.
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CHAPTER 1

INTRODUCTION

1.1 Stable Isotopes as a Hydrological Tracer

The exploration othe stable isotopes of water, oxygewnl &ydrogen isotope
measurementfiave increasingly improved our understanding of the\nehaf water
isotopes orboth a large and small scal€hey havebeen widely used as tracersotter
understand hydrological and meteorological procesSeserous studies have used
stable isotopes ihydrological(Birkel et al., 2018Yeh et al., 2014Kendall and Coplen,
200L West et al., 2014; Good et al., 2015; Landwehr et al., 2014, Jasechko et al., 2017,
Jasechko et al., 2014neteorologica(Dutton et al., 2005; Gonfiantini et al., 2001,
Puntsag et al., 2016; Ren et al., 2017; Cé#lanton et al., 2004; Earman et 2006;

Lachniet et al 2009) and paleoclimatologseconstructiorstudies(Landais et al., 2017;

Risi et al., 2010; Dansgaard, 1953; Jouzel, 2003; Wang et al., 2008; Cruz et al., 2005a)
Recentlythere have been stridesuse the stable isotopes of noete waters in

continental environments to make better interpretations related to cante

relationships between precipitatiaurface water, and groundwa{&prenger et al.,

2018; Koeniger et al., 2016; HerE2rnindez et al., 2016; Berry et al., 20044th

spatially and temporallthrough the use of isoscapéds recent years there have been
stridesin isotopic studiedoth on a global and local scale. Such strides are described
below.

In 2018, Sprenger et.dboked at the differences in the isotopic composition of

mobile and bulk water and found that bulk soil water isotopes have an evaporative signal

%



but mobile water isotopes do nokhe difference between mobile and bulk soil water
isotopic compositiomotivated McDonnell (2014) to create the Otwo water worldO
hypothesis This hypothesis states that mobile water is related to groundwater recharge
andothersources that sustain streamflanwd wateiof a slower flow region related with
plant water uptake (Senger et al., 2018)it was determined that the differences
between bulk and mobile waters are time variant and are linked to the volume and age of
the mobile water This studysuggested that pore spaces varies depending on the soil
properties and the Bavater contenbut alsasheds light on the activation of preferential
flow paths and interactions between macropores and the soil matmaughmeasured
and simulated data, ig suggestethat the age of the water at pore scale influences the
evapordve signal of soil water, whettbe younger mobile water is similar to the
recharge signal but the water from a slower recharge region shows an evaporative signal
due to soil evaporation

Through the creation of isoscapes, local processes such asetheeationed
above, can provide spatial and temporal information that can be beneficial to water
resources and managemergodcapgsarethe end result adpatial and tempal
distribution of isotopes, they are useful in descril@ngironmental conditiaacross
space and tim@Bowen, 2010) Theyallow us todetermine the intercorctivity in

various systems, su@tological, hydrological, biogeochemical,moeteorological

18 2
systems In 2001, Kendall and Coplen created an isoscapé f@ and! H in river
waters across the United States. They used precipitation isotope data from the Global
Network for Isotopes in Precipitation (GNIP) which was established by a collaboration

between the International Atomic Energy Agency (IAEA) and the World ddelkegical



Organization (WMO). Surface isotope data were collected from selected US Geological
18
Survey (USGS) wateguality monitoring sites. Through extensive analysds @ and
2
I' H in both precipitation and surface waters this study revealed dispatal and

18 2
temporal differences ih O and! H of both river and meteoric waters. State Meteoric
Water Lines were created based on geographic regions acrdsS. tiheregional pattern
within the State Meteoric Water Lines were noted suggesting thedaxapraphic areas

are controlled by the humidity of the local air mass which cgsmaa evaporative

enrichmen@nd thus in the stream samples within the area. Spatial!;stbeand! 2H in
river waters arén good agreementith each other but also reveadistinct correlation
with topographic contours and appear to be primarily reflecting the isotopic signal of
precipitation.

In 2014 West, et alpresented the first isoscafme South Africa, an important
intersection of oceans and climate systambacenterfor sociceconomic development
An isotopic study was performed on groundwater and tap water and the use of global
modelswas used to determine how variable the isotopic composition of precipitation is

across South Africalsotopic analyses @frourdwater and tap water revealed a

consistent spatial distribution dflSO, ! 2H, and deuterium excefsr both but also

showed an offset between groundwater and tap wespecially in major wildlife

reserves across South Afric&/hen groundwater isotopes were compared with modeled
isotopic compositions of precipitation across Southcafrihese comparisons highlighted
large differences which may have important implications for the estimation of the

isotopic composition of precition in the area



In 2017 Jasechko et aised20 years of spatial and temporal data of the stable
isotopesof water in groundwater, river watemd precipitation to determine seasonal
bias in groundwater rechargand young streamflom the NelsorRiver basin of west
central CanadaA comparison of groundwater and precipitation was used to quantify
seasonal bias in the groundwater recharge. rémmountweighted precipitation isotopic
compositios for longterm annual fotemperatures less thand greater thaf jC were
calculated These coefficientsalong with thegroundwater isotope data, were used to
create an equation that would approximate differencgeigroundwater recharge ratio
Values less than one imply that summer recharge mtiosed winter recharge ratios or
that groundwater recharge is biased by summer reclarderalues greater than one
imply that winter recharge ratios exceeds summer recharge ratios or the groundwater is
biased by winter recharge (Jasechko et al., 20t Was determined that cokkason
recharge ratios are greater than warmer season recharge ratios and that precipitation
which falls within the past two or three months make up abouinoiagter of river
discharge

The use of stable isotopes aast only provide insight on modern day processes
but they can alsprovide a more thorough understanding of how changes in atmospheric
circulation, changes in the size of the Arctic ice sheetchadges inemperature affects
the underlying mechanisms tbfe hydrologiccycle In 2016 Puntsag et.adxamined a
43-yearrecord of precipitation isotope valuethese valuewere collected at the
Hubbard Brook Experimental Forest in New Hampshire, 3&h thislong-term
precipitation isotopic dataset, Puaxsand others were able to look at how changes in the

arctic vortex could potentigl alter the source and isotopic values of precipitatiOwer

(!



the 43 yeasrecord heynoteda positive trend in the deuterium excess values and a

negative trend in bottne! 18O and! 2H. These trends were linked increases in the
interaction withair masses from th&tlantic Ocean and Arcticlt was suggestelly an
increase in scientific evidentieatthe extreme cold eventisat occurred during the fall
and winter inthe northeastern US are due in part by Arctic warmifigs pattern is
primarily due to Arctic warmingwhich iscauses decrease in the temperature gradient
between the Arctic and midtitudes and leadso larger swells in the jet stream, pulling

in more cold air southward into the Matitudes and the northeastern.US

1.2Background

1.2.1 Massachusetts Climatologynd Climatic Zones

Massachusetts is locatadthenortheastermportion of theUnited Statesind
borders the Atlantic Oceart occupies 27,340 squakdometerswhere most of the state
lies north of 42 latitude Its northsouth width $ approximately 80.5 kilometers and
160.9kilometersin the eastern portion (CoCoRahs) and its-eestt length is
approximately\321.9kilometersincluding the Cape portion of the stale elevation,
Massachusetts ranges from less thah.4metersto 1062.8 meterabove sea level where
the western portiois characterized as mountainaotig central portion as rolling hills
and coast as flat land with marshes and small lakes and ponds (CoCoRahs).

Massachusettges in the prevailing westerliea,regionthat is dominated by
westerlies, generally eastwaant movementnd drier continentalirflow (Weider and
Boutt, 2011and CoCoRal)s Most of the precipitation events are sourced from colder

regions Arctic, Mid/North Atlantic and the PacificMassachusetts tends to see

)!



precipitation eventthat originatérom the Arctic, MidAtlantic, North Atlantic, Pacific,
Continental, and the GulFigurel.1(Puntsag et al, 2018Jhich can be seen in figure

1.1

Gulf of Mexico Source

Figurel.1l: Massachusetts typidglsees air masses that originate from six difference
sources: Continental, Gulf of Mexico M#tlantic, Pacific, North Atlantic and Arctic
(Adapted from Puntsag et al., 2006).

Massachusetts receis approximately 1000 millimeters of rain annualhgdon average
temperatures range from laigh as 26 C andlow as-8jC. This temperature variability is
due tovariance in topographyBecause of this snowfall amount varies across the state
making it dfficult to determine a snowfall averag@oCoRahs)

TheNationalClimatic Division Centedivided the state into three climatological
divisions:Climate sne 1,Climate Zone2, andClimate Zone3 (NCDC). Throughout
this paper these zones will be shortened to CZ1, CZ2 and Txiugh according to the
KoppenGeiger dassification, Massachusetts Haar climatological divisions with the

fourth climate zonencompassing the coast and Cape.Gaut thisstudy, we have

*|



grouped together Climate Zone 4 with Climate Zone 3, thus dividing Massachusetts into
only three Climate Zones

Climate zone 1the western divisiogrencompasses an area from longitudes of
69.56W to approximately72.81 W and has an elevat over 304 meteds is
characterized a& temperate forest (Jasechko et al., 20M#) anaverage annual
temperature of about 4. It coversapproximatelyone fourth of the entire state and
includes the low mountains of the Berkshires andspdithe Taconic Range
(CoCoRahs) Climate zone 1 is considered the wettest and receives about two inches
more of precipitation than climate zone 3, the coastal divisitre mountainous nature
of the western division is one reason this zone is considesasettest zone
(CoCoRahs)

Climate zone&, thecentraldivision, coversroughly 50 percent of the statk
encompasses an area frer2.81W to approximately71.38W This zone is also
consideredhtemperate forestnd has an annual average tempeeaof 49;F. Its
average rainfall varies little to none compared to the western divi$iom elevation in
the central division ranges frobb2.4 to 304 meters

Climate zone 3thecoastaldivision, includes the portion along the AtlamOcean
from -72.81W to approximately-70.0/. The elevation in this division is less than 152.4
meters and consists of mostly flat land with numerous mardtes zone iswumid
subtropicalandis considered thdriestzoneduring the summer months but the wettest
during the winter monthsAverage annual amounts of snowfall increieen the coast

westward It has an average annual temperature gF@oCoRahs)
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1.2.2 Surficial Geology

Massachusetis primarily compsed of stratified glacial fluvial, outwash plains,
glacid till and bedrockBoutt, 2017; Weider and Boutt 2013tone et al2006. Today,
most of the New England aquifers are dominated by sand and gsatresaquifers are
the most productive and yields more water than the underlying bedrock (Weider and
Boutt, 2011; Boutt, 2017)The surficial landscape of Massachusetts was shaped by the
retreat and melt of the last two continental ice sheetseatrnd of théleistocene As the
ice retreated} deepened the valleys and moved large quantities of sediment and
deposited it on top of prexisting bedrockWeider andBoutt, 2011 ; Stone et al2006)
As the ice melted seasonally, it deposited sedimentatffietl deposits in valleys at/
beyond the ice margin (Randall, 2001; Weider and Boutt 20015 sediment mostly
consistf subglacial till and debriladen basal ice (Weider and Boutt, 2Q1Cparse
grained ice contact depasidre commonly foundh broad lowlands and only occupy a
small portion of the valley floor (Weider and Boutt 2011; Boutt, 2017; Stone et al.,
2006) In major valleys where glacial lakes existed, lacustrine material is overlain by
prograding delta/Neider and Boutt, 2011)Bordeing the valleys where highlands and
high valleys existssurficial materials are dominated s andtend tobe located at
higher elevationsThese surficial depositae primarily composed @oorly sorted silt,
sand and gravel, surficial and uncongaled materialand is overlain by lacustrine
sedimentand glacialfluvial material reworked by strean(é/eider and Boutt, 2011,
Stone et al, 2006 Thicker tills have a higher clay content, a lower porosity and
hydraulic conductivityandare normally found in drumlins @m the subsurfaceNeider

and Boutt, 2011 Figure 12 illustrates the glacial and post glacial deposits commonly



found in New Englandndemphasizethe relationship between coaigmined deltaic
deposits and fine grained marine deposits in the subsi{Méaider and Boutt, 2011;

Stone et al., 1992)

Figure 12: Schematic diagram of theurficial topography of Massachusetts (Stone et al.,

2006)as created by the retreat of the last two ice sheets at the end of the Pleistocene.
The bedrock topography of Massachusetts consists of sediaekageswhich

tend to be thickest in the NorBouth trending valleys and follows the grain of the

underlying lowporosity fractured crystalline and metamorphic bed®¢kider and

Boutt, 2011 Stone et al., 2006)in the soutkeastern portion of Massachusétisalized

areas of outwash derived sedimeatur. Some of these coastal regsoare heavily

influenced by marinelerived sedimentdVeider and Boutt, 2031 In New England the

porosity of glacial till ranges from 1B0%, in stratified glacial fluvial # porosity ranges

from 2550% and bedrock has a small range in poroigpercentage indicates the

amount of water than can be stardthe permeability of till is roughly 10to 10* m?

while the permeability of stratified glacial fluvial is 1 10" m? (Fetter, 2000; Bouitt,

2017)



1.2.3Application of Stable Isotopes of Waterand Atmospheric Influences

The interpretation and analysistbg stake isotopic composition of

environmental water (precipitation, surface water, groundwatlgo and! 2H, are an
important tool in examining the hydrologic processes on a global and regional scale
(Dansgaard. 964; Kendall and Coplen, 2001; Bowen 20B0ntsag 2016) These
analyses provide a better understanding for quantifying the spatially integffated ef
the water cycle and processes that occioththe watershed andraosphere (Bowen et
al., 2011) as well as determining the relative amount of precipitation and groundwater in
surface water@Kendall and Coplen, 20010xygen and hydrogen measments of
precipitation, surface water, and groundwater illustrate the effects of climate, topography,
elevation, and various environmental paramdi@essgaard, 1964; Welker, et 2012;
Askers et al., 201 Evaristo et al., 2015, Lee et al., 2010

Severalktudies havestablishedhata variety of climatological, geological
biological, and hydrologicaffectson the stableisotopic composition of water (Bowen,
2010; Ren et al., 2017; Gonfiantini et al., 2001; Redd.eP006; Sprenger et alQP3
Puntsag et al., 2016; Askers et al., 20M¢Guire and Mc@nnel, 2010; Mueller et al.,

2014; Botter et al., 200 Such studies have determined a negative relationship between
18
I O and elevation (Gonfiantini et al., 2001; Celkanton et al., 2008andwehr et al.,

18
2014 Abach et al., 1968; Windhorst et al., 2D18 positive relationship betweé&nO,
temperaturgdistance inland, and latitugRen et al., 2017; Akers et al., 20Wu et al.,

2015 Dutton et al., 2003ngraham and Taylor, 199%Welker, 2000; Liu et al., 20}0

%!



18
anda correlation between water vapor source'!an® (Puntsag et al., 201&jmsic and
Patterson, 2004

Understandinghe stableisotopes of waterelies heavily on accurate and high

precision measurements !olfSO and! 2H (Brand et al 2009; Wassenaar et al 20I)e
concentrations of these isotoas considered ideal tracers as they are part of the water
moleculeand can be easily sampladd preserveoh groundwater, surface water,
precipitation Most importantlyhydrogen and oxygetan preserve vital historical
information (location, time, phase of precipitalidhus becoming a primary tool for
hydrological, atmospheric, and meteorological studi@sgic and Patterson, 2014;

Bowen et al., 2007; Reddy et al., BpOThe stable isotopes of water g@resented in the

I notationand represerthe difference in heavy to light isotopaflswaterrelativeto the
Vienna Standard Mean Ocean Water (VSMOW) (Sprenger et al., 2015; Craig, 1961,
Gonfiantini et al., 1995)Although the delta notation is a dimemess quantity the

values aren per mil because of the low variation in the natural abundance of water stable
i i i . 18 16
isotopes (Coplen, 2011; Sprenger et al., 201@igh ! values indicat@higher O/ O
2 1
and H / H ratiorelative to the Vienna Standard Mean Ocean Wdtew ! values

18 16 2 1
indicate a lower O/ Oand H / H ratio relative to the Vienna Standard Mean Ocean
Water. For the purpossof this paperthe term OenrichedO will be used to desuriter

samples that h& a high amount of heavy isotopes and Odepletiédi® usecdo
18
describewater samples that have a low amount of heavy isotopedeterminghe! O

2
and! H of a water samplequation 1 is used

|
! ' I "#$%& | | 'l !IIIIII
D rasoon 10

(1)
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18 16 2 1
whereR is the abundance ratio of the heavy and light isotGggs O/ O and H/ H)

an d Rtandardis the VS M OW

18 2 18 2
In a dual isotope plot, O-! H, the relationship betweén O and! H is defined
as the global meteoric water line (GMWL) (Craig, 1961) and is described by the

following equation:
1’H=81%%0 +10 2)

This equation represents tredationship of 18O and! 2H of surfacewatersglobally and

is an approximation of the mean world annual amewgighted precipitation (Timsic

and Patterson, 2014This relationships a resulfrom Rayleigh proesseswhich is

directly affected by temperature and pressure camditduring phase changes between

liquid water and water vapor (Dansgaard, 1964)

More recently, the stable isotopes of water are analyzed together with deuterium

excess (ekxcess), equation 3, which was originally proposed by Dansgaard, 1964.
d-exces=! - 8*11%0 + 10 (3)

D-excess is the-intercept of the GMWIland isdependent orelative humidity

temperature, and kinetic isotope effects during evaporation (Coplen et al., 2001)

Because of tis, d-excess values are sensitive to evaporative processes and can be used to

measure the contribution of evaporated moisaune allow for additional assessments of

environmental conditions during the time of vapor formation or raindigh d-excess

values indicate more evaporated moisture has been added and low values indicate

samples fractionated by evaporatidimisic and Patterson, 201@pplen et al., 2001

%&



The line condition excess {Excess) is the deviation from the local meteoric line rather

than the GMWL and is a good indicator of evaporative fractionation (Birkel et al., 2018).

2 18
It is defined by: Leexcess # H-al O Db whereaandb are the slope andintercept,

respectively, of the SMWL

1.3Research Objectives

Past and present studies on oxygen and hydrogen isotopes of water as a tracer
have provided new insight on hydrogeological processes on bathgibaaland global
scale. Surface and groundwater in the Northeast US are heavily impaatéehse
land-use changes, urbanization, anthropogenic, natural factors, and climate change.
Currently, more emphasis is being placed on managing waters with respealityp and
quantity. Through the use of isoscapes, we have a better understanding of hydroclimatic
processes and their effect on water resources across spatial scales (Kendall and Coplen,
2001, Jaseckho et al., 2017, Birkel, et al., 2018, Allen et al., 2019). The use of stable
water isotopes has become an inexpensive way to characterize the tempspaiti@hd
variability of stable isotopes at a high resolution (Birkel et al., 2018) and can be used to
inform management on both a local and regional scahatWe are lacking are
fundamental answers to questi@ueh asa) What is the nature of surfaceda
groundwater interaction in the northeast US? b) What are the potential impacts of climate
change on stream flow generation, groundwater recharge, and groundwater storage? c)
How important are extreme precipitation events to groundwater stohaget) How or
does groundwater surface water interconnectivity change spafiliy3tudy aims to
examine the relationshipetween modern precipitationyréace water, and groundwater

%!



stable isotopes amss Massachusetts via crowdsouranglassess thisotopicvariability
of the wates and correlate this irregularity with each othafe also identify the spatial
and temporal trends in seasosatface and groundwater isoto@esl tweweek
weighted precipitation isotopesid distinguish hydrologic and hydrogegilotrends in
surface and groundwater respectivelysing these trends, we discuassd quantifythe
implications for either precipitation induced variabilityvariability due toopen water
systemstopographic differences, hydrogeologic and hydrologic processesfaceand

groundwater stable isotopes.
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CHAPTER 2

METHODS

2.1 Precipitation Sampling Network and Data Sources
558 precipitation samples wesealyzedrom 45 selected precipitation sité$ of

which were grouped together to creaf@ecipitation isoscape netwgrkigure 2.
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Figure 21: Index map indicating locatis of volunteers in our precipitation isoscape

network.

The 558 pecipitation samples are a combination of grab samples taken from students and
faculty atthe University of Massachuse#gnherstandeight of the precipitatiositesare

from the Western Massachusetts Watering Monitoring Program (WMWM) which is
conducted by the Massachusetts state hydrologist. These eight sites are sampled monthly

during the months of November through February

For this study, the 11 sampling sites thwaitm our precipitation isoscpae network

will be the primary focus in this research as it provides a more consistent sampling
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period. Samplingfor the precipitation networtook placefrom March 20140 March
2018andis still ongoing Each volunteer wasupplied with 30 30 mL high density
polyethylene (HDPE) bottles, a small funnel, and a data collection stiekmteers
were asked to pour the contents of their rain gauge intb Hdlgene bottle every day
for a twoweek time incrementAt the end othe two weeks, the contents of thé 1
Nalgene bottle were poured into one 30 mL bottle which waaddIt ina twoweek
composite sample. During the winter months, if there was snow, volunteers would place
the snow into a saucepan and dip the bottothepan into hot tap water. The melted
snow can then be measured by pouring it from the saucepan into the inner cylinder of the
rain gauge.Every six monthsvolunteers would send their precipitation samples to the
University of Massachusetdmherst. Samples were stored in plastic bags between the
time of receipt and analysis. Stable isotope analyses were measureday@ Cavity
Ring Down Spectrometer (L212Danalyzerconducted at the University of
MassachusettdAmherst using the methods as chésed in sectior2.4.

Precipitation isotopanalysesverescreened and samples that had a deuterium
excess less than0d were discarded dhesemay have been compromiseg b
evaporation during storagd total of 40 precipitation samples were removeahirthe
analysis. After screeninghe precipitation isotope datee calculated two-week

weighted averages followirtg remove any bias

2 18
Two-week weighted = Po.weeksyx ! Hor! O 4)
Where Ro.weeks) IS the tweweek precipitation amount as provided by the volunteers. We

then determined the average annual with aweek weighted average following

%%



2 18 2 18
'Hor! O="P;/"! Hor! O (5)

Where Ris the sum othe precipitation amount of the sampling site.

2.2 Surface Water Sampling Network and Data Sources

1,917 surface water samples fron6Sfurface water siteBjgure 2, across

18 2
Massachusetts were analyzed!folO and! H. Surface water sites were selected based
on their spatial location in order to accurately represent a surface water isoscape for

Massachusetts.

Surface Water Sampling Locations

Surface Water Sites 2018

Streams

0 15 30 60 Miles
L L L L L 1 L L L L |
HUC10 Watershed

Figure 22: Index map showing the locations of surface water samples taken across
Massachusetts. Bladkes represent the boundaries between climate zones as determined
by the National Climate Division Center.

Surface water samples were colledieom 20112018. Samples were collected from
faculty and students from the University of Massachugetibers, watershed
associations (Nashua Watershed, Charles River WatekdBbme, Quabbin, and

Chicopee River Watershed), and the acid rain monit¢AfM) project which idurther
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describé in section 4.1.6 250sitesarefrom the ARM project three sitesre from the
Connecticut River watershed, 17 sitedrom volunteersl1 sitesarefrom the Nakua
River watershed, one sitefrem the National Ecological Observatory Network, thaee
from the NWIS, sixarefrom Blackstone, 259 sitegefrom the University of

MassachusettAmherst database, and adefrom theWMWM.

Voluntees weresupplied with one or more 15mL high density polyethylene
(HDPE) bottles and a data collection sheet. On the day of sampling, volunteers were
asked tahoroughly clean out thelDPE bottlewith the to be collected water atiten
refill the bottle to the top to limit the amount of headspace and securely fasten the cap
Samples were returned to the University of Massachusetts where they were prepared for
analyss within a few weeks upon arrival. Samples were stored in plastic bags between
the time of receipt and analysis. Stable isotope analyses were measuriddiyoa
Cavity Ring Down Spectrometer (L21-20analyzerconducted at the University of

Massachsetts Amherstand later screened.

2.3 Groundwater Sampling Network and Data Sources

1,406groundwater sapies from 409roundwater siteacross Massachusetts

18 2
were analyzed for O and! H, figure 2.3.
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