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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 MASSACHUSETTS-AMHERST 

Directed by: professor David F. Boutt  

 

Isotopic analyses of !
18

O and !
2
H of water through the hydrologic cycle have 

allowed hydrologists to better understand the portioning of water.  Recently there have 

been strides to use the stable isotopes of meteoric waters in continental environments to 

make better interpretations related to climate and relationships between precipitation, 

surface water, and groundwater.  In this study 11 precipitation (394 samples), 516 surface 

water (1917 samples), and 409 groundwater sites (1405 samples) across Massachusetts 

was used to create an isoscape for each respective water.  All samples have been 

collected by volunteers throughout Massachusetts.  Using these samples state meteoric 

water line: !
2
H = 7.7* !

18
O + 9.8, surface water line: !

2
H = 5.7*!

18
O Ð 4.2, and 

groundwater line:  !
2
H = 6.5*!

18
O + 2.9 was created for the state of Massachusetts.  The 

state meteoric water line was determined from a larger precipitation database consisting 

of 558 samples.  The !
18

O values of the 558 precipitation samples across Massachusetts 

range from -23.6 to -1.30ä .  The !
2
H values range from -183 to -6.7ä .  The d-excess 

values range from -9.7 to 44ä.  The !
18

O values of the 1,917 surface samples across 

Massachusetts ranged from -13.0 to -3.48ä , !
2
H values range from -84.3 to -16.3ä , and 
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deuterium excess (d-excess) values range from -9.72 to 24.9ä .  The !
18

O values of the 

1405 groundwater samples across Massachusetts ranged from -12.2 to -5.07ä.  The !
2
H 

values range from -80.1 to -35.5ä.  The d-excess values range from -0.2 to 35.2ä.    

The !
18

O isoscape for each of the above-mentioned waters shows an isotopic 

separation along an east-west topographic gradient where isotopes were enriched in the 

eastern portion of Massachusetts and depleted in the western portion of Massachusetts.  

Precipitation, surface water, and groundwater show unique isotopic variability.  The 

isotopic variability of precipitation is primarily due to seasonality, moisture source and 

differences in topography across Massachusetts due to the good agreement between 

climatic and environmental parameters.  The !
18

O and !
2
H isotopic variability of surface 

water is due to a biasing of precipitation as well an enrichment due to an open water 

system as the surface water dataset correlates with surface water type and precipitation 

isotopic values.  The !
18

O and !
2
H isotopic variability of 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 variability.  This 

dataset will elucidate isotopic variability in Massachusetts and provide a better 

understanding on how modern water is propagated through the hydrologic cycle.  It will 

also become an important tool for both local and regional water management and water 

resources.  
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CHAPTER 1 

INTRODUCTION  
 

1.1 Stable Isotopes as a Hydrological Tracer  

 
  The exploration of the stable isotopes of water, oxygen and hydrogen isotope 

measurements, have increasingly improved our understanding of the behavior of water 

isotopes on both a large and small scale.  They have been widely used as tracers to better 

understand hydrological and meteorological processes.  Numerous studies have used 

stable isotopes in hydrological (Birkel et al., 2018, Yeh et al., 2014; Kendall and Coplen, 

2001; West et al., 2014; Good et al., 2015; Landwehr et al., 2014; Jasechko et al., 2017; 

Jasechko et al., 2014), meteorological (Dutton et al., 2005; Gonfiantini et al., 2001; 

Puntsag et al., 2016; Ren et al., 2017; Celle-Jeanton et al., 2004; Earman et al., 2006; 

Lachniet et al.  2009), and paleoclimatology reconstruction studies (Landais et al., 2017; 

Risi et al., 2010; Dansgaard, 1953; Jouzel, 2003; Wang et al., 2008; Cruz et al., 2005a).  

Recently there have been strides to use the stable isotopes of meteoric waters in 

continental environments to make better interpretations related to climate and 

relationships between precipitation, surface water, and groundwater (Sprenger et al., 

2018; Koeniger et al., 2016; HervŽ-Fern‡ndez et al., 2016; Berry et al., 2017) both 

spatially and temporally through the use of isoscapes.  In recent years there have been 

strides in isotopic studies both on a global and local scale.  Such strides are described 

below.   

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

mobile and bulk water and found that bulk soil water isotopes have an evaporative signal 
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but mobile water isotopes do not.  The difference between mobile and bulk soil water 

isotopic composition motivated McDonnell (2014) to create the Òtwo water worldÓ 

hypothesis.  This hypothesis states that mobile water is related to groundwater recharge 

and other sources that sustain streamflow and water of a slower flow region related with 

plant water uptake (Sprenger 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 study suggested that pore spaces varies depending on the soil 

properties and the soil water content but also sheds light on the activation of preferential 

flow paths and interactions between macropores and the soil matrix.  Through measured 

and simulated data, it is suggested that the age of the water at pore scale influences the 

evaporative signal of soil water, where the 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 as the one mentioned 

above, can provide spatial and temporal information that can be beneficial to water 

resources and management.  Isoscapes are the end result of spatial and temporal 

distribution of isotopes, they are useful in describing environmental conditions across 

space and time (Bowen, 2010).  They allow us to determine the interconnectivity in 

various systems, such ecological, hydrological, biogeochemical, or meteorological 

systems.   In 2001, Kendall and Coplen created an isoscape for !
18

O and !
2
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 Meteorological 
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Organization (WMO).  Surface isotope data were collected from selected US Geological 

Survey (USGS) water-quality monitoring sites.  Through extensive analyses of !
18

O and 

!
2
H in both precipitation and surface waters this study revealed distinct spatial and 

temporal differences in !
18

O and !
2
H of both river and meteoric waters.  State Meteoric 

Water Lines were created based on geographic regions across the US.  A regional pattern 

within the State Meteoric Water Lines were noted suggesting the large geographic areas 

are controlled by the humidity of the local air mass which conveys an evaporative 

enrichment and thus in the stream samples within the area.  Spatially the !
18

O and !
2
H in 

river waters are in good agreement with each other but also reveal a distinct correlation 

with topographic contours and appear to be primarily reflecting the isotopic signal of 

precipitation.   

In 2014 West, et al.  presented the first isoscape for South Africa, an important 

intersection of oceans and climate systems and a center for socio-economic development.  

An isotopic study was performed on groundwater and tap water and the use of global 

models was used to determine how variable the isotopic composition of precipitation is 

across South Africa.  Isotopic analyses of groundwater and tap water revealed a 

consistent spatial distribution of  !
18

O, !
2
H, and deuterium excess for both but also 

showed an offset between groundwater and tap water, especially in major wildlife 

reserves across South Africa.  When groundwater isotopes were compared with modeled 

isotopic compositions of precipitation across South Africa, these comparisons highlighted 

large differences which may have important implications for the estimation of the 

isotopic composition of precipitation in the area.    
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 In 2017 Jasechko et al. used 20 years of spatial and temporal data of the stable 

isotopes of water in groundwater, river water, and precipitation to determine seasonal 

bias in groundwater recharge and young streamflow in the Nelson River basin of west-

central Canada.  A comparison of groundwater and precipitation was used to quantify 

seasonal bias in the groundwater recharge ratio.  Amount-weighted precipitation isotopic 

compositions for long-term annual for temperatures less than and greater than 0 ¡C were 

calculated.  These coefficients, along with the groundwater isotope data, were used to 

create an equation that would approximate differences in the groundwater recharge ratio.  

Values less than one imply that summer recharge ratios exceed winter recharge ratios or 

that groundwater recharge is biased by summer recharge, and values greater than one 

imply that winter recharge ratios exceeds summer recharge ratios or the groundwater is 

biased by winter recharge (Jasechko et al., 2017).  It was determined that cold-season 

recharge ratios are greater than warmer season recharge ratios and that precipitation 

which falls within the past two or three months make up about one-quarter of river 

discharge.  

 The use of stable isotopes can not only provide insight on modern day processes 

but they can also provide a more thorough understanding of how changes in atmospheric 

circulation, changes in the size of the Arctic ice sheet, and changes in temperature affects 

the underlying mechanisms of the hydrologic cycle.  In 2016 Puntsag et al. examined a 

43-year record of precipitation isotope values.  These values were collected at the 

Hubbard Brook Experimental Forest in New Hampshire, US.  With this long-term 

precipitation isotopic dataset, Puntsag and others were able to look at how changes in the 

arctic vortex could potentially alter the source and isotopic values of precipitation.  Over 
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the 43 years record they noted a positive trend in the deuterium excess values and a 

negative trend in both the !
18

O and !
2
H.  These trends were linked to increases in the 

interaction with air masses from the Atlantic Ocean and Arctic.  It was suggested by an 

increase in scientific evidence that the extreme cold events that occurred during the fall 

and winter in the northeastern US are due in part by Arctic warming.  This pattern is 

primarily due to Arctic warming, which is causes a decrease in the temperature gradient 

between the Arctic and mid-latitudes and leads to larger swells in the jet stream, pulling 

in more cold air southward into the mid-latitudes and the northeastern US.    

  

1.2 Background   

1.2.1 Massachusetts Climatology and Climatic Zones 
 

Massachusetts is located in the northeastern portion of the United States and 

borders the Atlantic Ocean.  It occupies 27,340 square kilometers where most of the state 

lies north of 42¡ latitude.  Its north-south width is approximately 80.5 kilometers and 

160.9 kilometers in the eastern portion (CoCoRahs) and its east-west length is 

approximately 321.9 kilometers including the Cape portion of the state.  In elevation, 

Massachusetts ranges from less than 152.4 meters to 1062.8 meters above sea level where 

the western portion is characterized as mountainous, the central portion as rolling hills 

and coast as flat land with marshes and small lakes and ponds (CoCoRahs). 

Massachusetts lies in the prevailing westerlies, a region that is dominated by 

westerlies, generally eastward air movement and drier continental airflow (Weider and 

Boutt, 2011 and CoCoRahs).  Most of the precipitation events are sourced from colder 

regions: Arctic, Mid/North Atlantic and the Pacific.  Massachusetts tends to see 
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precipitation events that originate from the Arctic, Mid-Atlantic, North Atlantic, Pacific, 

Continental, and the Gulf, Figure 1.1(Puntsag et al, 2016) which can be seen in figure 

1.1.   

 

Figure 1.1: Massachusetts typically sees air masses that originate from six difference 
sources: Continental, Gulf of Mexico Mid-Atlantic, Pacific, North Atlantic and Arctic 
(Adapted from Puntsag et al., 2006). 

 
Massachusetts receives approximately 1000 millimeters of rain annually and on average 

temperatures range from as high as 26¡C and low as -8¡C.  This temperature variability is 

due to variance in topography.  Because of this snowfall amount varies across the state 

making it difficult to determine a snowfall average (CoCoRahs).   

The National Climatic Division Center divided the state into three climatological 

divisions: Climate Zone 1, Climate Zone 2, and Climate Zone 3 (NCDC).  Throughout 

this paper these zones will be shortened to CZ1, CZ2 and CZ3.  Though, according to the 

Koppen-Geiger Classification, Massachusetts has four climatological divisions with the 

fourth climate zone encompassing the coast and Cape Cod.  For this study, we have 

United States

Gulf of Mexico Source

Atlantic Ocean

PaciÞc Ocean
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grouped together Climate Zone 4 with Climate Zone 3, thus dividing Massachusetts into 

only three Climate Zones.   

Climate zone 1, the western division, encompasses an area from longitudes of -

69.56 W to approximately -72.81 W and has an elevation over 304 meters It is 

characterized as a temperate forest (Jasechko et al., 2014) with an average annual 

temperature of about 46 ¡F.  It covers approximately one fourth of the entire state and 

includes the low mountains of the Berkshires and parts of the Taconic Range 

(CoCoRahs).  Climate zone 1 is considered the wettest and receives about two inches 

more of precipitation than climate zone 3, the coastal division.  The mountainous nature 

of the western division is one reason this zone is considered the wettest zone 

(CoCoRahs).    

Climate zone 2, the central division, covers roughly 50 percent of the state.  It 

encompasses an area from -72.81W to approximately -71.38W.  This zone is also 

considered a temperate forest and has an annual average temperature of 49 ¡F.  Its 

average rainfall varies little to none compared to the western division.  The elevation in 

the central division ranges from 152.4 to 304 meters.   

Climate zone 3, the coastal division, includes the portion along the Atlantic Ocean 

from -72.81W to approximately -70.0W.  The elevation in this division is less than 152.4 

meters and consists of mostly flat land with numerous marshes.  This zone is humid 

subtropical and is considered the driest zone during the summer months but the wettest 

during the winter months.  Average annual amounts of snowfall increase from the coast 

westward.  It has an average annual temperature of 50 ¡F (CoCoRahs).  
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1.2.2 Surficial Geology  
 

Massachusetts is primarily composed of stratified glacial fluvial, outwash plains, 

glacial till and bedrock (Boutt, 2017; Weider and Boutt 2011; Stone et al. 2006).  Today, 

most of the New England aquifers are dominated by sand and gravel as these aquifers 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 sheets at the end of the Pleistocene.  As the 

ice retreated, it deepened the valleys and moved large quantities of sediment and 

deposited it on top of pre-existing bedrock (Weider and Boutt, 2011; Stone et al. 2006).   

As the ice melted seasonally, it deposited sediment as stratified deposits in valleys at/or 

beyond the ice margin (Randall, 2001; Weider and Boutt 2011).  This sediment mostly 

consists of subglacial till and debris-laden basal ice (Weider and Boutt, 2011).  Coarse 

grained ice contact deposits are commonly found in 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 deltas (Weider and Boutt, 2011).  Bordering the valleys where highlands and 

high valleys exists, surficial materials are dominated by tills and tend to be located at 

higher elevations.  These surficial deposits are primarily composed of poorly sorted silt, 

sand and gravel, surficial and unconsolidated materials and is overlain by lacustrine 

sediments and glacial-fluvial material reworked by streams (Weider and Boutt, 2011; 

Stone et al, 2006).  Thicker tills have a higher clay content, a lower porosity and 

hydraulic conductivity and are normally found in drumlins or in the subsurface (Weider 

and Boutt, 2011).  Figure 1.2 illustrates the glacial and post glacial deposits commonly 
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found in New England and emphasizes the relationship between coarse-grained deltaic 

deposits and fine grained marine deposits in the subsurface (Weider and Boutt, 2011; 

Stone et al., 1992).  

 
Figure 1.2: Schematic diagram of the surficial 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 sediment packages, which 

tend to be thickest in the North-South trending valleys and follows the grain of the 

underlying low-porosity fractured crystalline and metamorphic bedrock (Weider and 

Boutt, 2011; Stone et al., 2006).  In the south-eastern portion of Massachusetts localized 

areas of outwash derived sediment occur.  Some of these coastal regions are heavily 

influenced by marine-derived sediments (Weider and Boutt, 2011).  In New England the 

porosity of glacial till ranges from 10-20%, in stratified glacial fluvial the porosity ranges 

from 25-50% and bedrock has a small range in porosity; the percentage indicates the 

amount of water than can be stored.  The permeability of till is roughly 10-6 to 10-4 m2 

while the permeability of stratified glacial fluvial is 10-3 to 10-1 m2 (Fetter, 2000; Boutt, 

2017).  
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1.2.3 Application of Stable Isotopes of Water and Atmospheric Influences 
 

The interpretation and analysis of the stable isotopic composition of 

environmental water (precipitation, surface water, groundwater), !
18

O and !
2
H, are an 

important tool in examining the hydrologic processes on a global and regional scale 

(Dansgaard 1964; Kendall and Coplen, 2001; Bowen 2010; Puntsag 2016).  These 

analyses provide a better understanding for quantifying the spatially integrated effects of 

the water cycle and processes that occur in both the watershed and atmosphere (Bowen et 

al., 2011) as well as determining the relative amount of precipitation and groundwater in 

surface waters (Kendall and Coplen, 2001).  Oxygen and hydrogen measurements of 

precipitation, surface water, and groundwater illustrate the effects of climate, topography, 

elevation, and various environmental parameters (Dansgaard, 1964; Welker, et al. 2012; 

Askers et al., 2017; Evaristo et al., 2015, Lee et al., 2010).   

Several studies have established that a variety of climatological, geological, 

biological, and hydrological effects on the stable isotopic composition of water (Bowen, 

2010; Ren et al., 2017; Gonfiantini et al., 2001; Reddy et al., 2006; Sprenger et al., 2018; 

Puntsag et al., 2016; Askers et al., 2017; McGuire and McDonnell, 2010; Mueller et al., 

2014; Botter et al., 2010).  Such studies have determined a negative relationship between 

!
18

O and elevation (Gonfiantini et al., 2001; Celle-Jeanton et al., 2003; Landwehr et al., 

2014, Abach et al., 1968; Windhorst et al., 2013), a positive relationship between !
18

O, 

temperature, distance inland, and latitude (Ren et al., 2017; Akers et al., 2017; Wu et al., 

2015; Dutton et al., 2005; Ingraham and Taylor, 1991; Welker, 2000; Liu et al., 2010), 
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and a correlation between water vapor source and !
18

O (Puntsag et al., 2016; Timsic and 

Patterson, 2014).  

Understanding the stable isotopes of water relies heavily on accurate and high 

precision measurements of !
18

O and !
2
H (Brand et al 2009; Wassenaar et al 2012).  The 

concentrations of these isotopes are considered ideal tracers as they are part of the water 

molecule and can be easily sampled and preserved in groundwater, surface water, 

precipitation.  Most importantly hydrogen and oxygen can preserve vital historical 

information (location, time, phase of precipitation) thus becoming a primary tool for 

hydrological, atmospheric, and meteorological studies (Timsic and Patterson, 2014; 

Bowen et al., 2007; Reddy et al., 2006).  The stable isotopes of water are presented in the 

!  notation and represent the difference in heavy to light isotopes of water relative to the 

Vienna Standard Mean Ocean Water (VSMOW) (Sprenger et al., 2015; Craig, 1961; 

Gonfiantini et al., 1995).  Although the delta notation is a dimensionless quantity the 

values are in per mil because of the low variation in the natural abundance of water stable 

isotopes (Coplen, 2011; Sprenger et al., 2016).  High !  values indicate a higher 
18

O /
16

O 

and 
2
H /

1
H ratio relative to the Vienna Standard Mean Ocean Water.  Low !  values 

indicate a lower 
18

O /
16

O and 
2
H /

1
H ratio relative to the Vienna Standard Mean Ocean 

Water.  For the purposes of this paper, the term ÒenrichedÓ will be used to describe water 

samples that have a high amount of heavy isotopes and ÒdepletedÓ will be used to 

describe water samples that have a low amount of heavy isotopes.  To determine the !
18

O 

and !
2
H of a water sample equation 1 is used:  

                       ! ! !
! !"#$%&

! !"#$%# !"
! ! ! ! !"""                                   (1) 
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where R is the abundance ratio of the heavy and light isotopes (e.g., 
18

O /
16

O and 
2
H /

1
H) 

and Rstandard is the VSMOW.   

In a dual isotope plot, !
18

O-!
2
H, the relationship between !

18
O and !

2
H is defined 

as the global meteoric water line (GMWL) (Craig, 1961) and is described by the 

following equation:  

                             !
2
H = 8 ! 18O + 10                                     (2) 

This equation represents the relationship of !
18

O and !
2
H of surface waters globally and 

is an approximation of the mean world annual amount-weighted precipitation (Timsic 

and Patterson, 2014).  This relationship is a result from Rayleigh processes, which is 

directly affected by temperature and pressure conditions during phase changes between 

liquid water and water vapor (Dansgaard, 1964).  

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

excess (d-excess), equation 3, which was originally proposed by Dansgaard, 1964.  

                    d-excess= !
2
H - 8 * ! 18O + 10                            (3) 

D-excess is the y-intercept of the GMWL and is dependent on relative humidity, 

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

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

measure the contribution of evaporated moisture and allow for additional assessments of 

environmental conditions during the time of vapor formation or rainout.  High d-excess 

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

samples fractionated by evaporation (Timsic and Patterson, 2014; Coplen et al., 2001).  
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The line condition excess (lc-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).  

It is defined by: Lc-excess = !
2
H - a!

18
O Ð b where a and b are the slope and y-intercept, 

respectively, of the SMWL 

 

1.3 Research Objectives  

 
 Past and present studies on oxygen and hydrogen isotopes of water as a tracer 

have provided new insight on hydrogeological processes on both the regional and global 

scale.  Surface and groundwater in the Northeast US are heavily impacted by intense 

land-use changes, urbanization, anthropogenic, natural factors, and climate change.  

Currently, more emphasis is being placed on managing waters with respect to quality 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 temporal and spatial 

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 scale. What we are lacking are 

fundamental answers to questions such as: a) What is the nature of surface and 

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 storage? And d) How or 

does groundwater surface water interconnectivity change spatially? This study aims to 

examine the relationship between modern precipitation, surface water, and groundwater 
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stable isotopes across Massachusetts via crowdsourcing and assess the isotopic variability 

of the waters and correlate this irregularity with each other. We also identify the spatial 

and temporal trends in seasonal surface and groundwater isotopes and two-week 

weighted precipitation isotopes and distinguish hydrologic and hydrogeologic trends in 

surface and groundwater respectively.  Using these trends, we discuss and quantify the 

implications for either precipitation induced variability or variability due to open water 

systems, topographic differences, hydrogeologic and hydrologic processes in surface and 

groundwater stable isotopes.  
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CHAPTER 2 

METHODS 
 

2.1 Precipitation Sampling Network and Data Sources 

558 precipitation samples were analyzed from 45 selected precipitation sites 11 of 

which were grouped together to create a precipitation isoscape network, Figure 2..   

 
Figure 2.1: Index map indicating locations of volunteers in our precipitation isoscape 
network. 
 

The 558 precipitation samples are a combination of grab samples taken from students and 

faculty at the University of Massachusetts-Amherst and eight of the precipitation sites are 

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 that form our precipitation isoscpae network 

will be the primary focus in this research as it provides a more consistent sampling 
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period.  Sampling for the precipitation network took place from March 2017 to March 

2018 and is still ongoing.  Each volunteer was supplied with 30 30 mL high density 

polyethylene (HDPE) bottles, a small funnel, and a data collection sheet.  Volunteers 

were asked to pour the contents of their rain gauge into a 1-L Nalgene bottle every day 

for a two-week time increment.  At the end of the two weeks, the contents of the 1-L 

Nalgene bottle were poured into one 30 mL bottle which would result in a two-week 

composite sample.  During the winter months, if there was snow, volunteers would place 

the snow into a saucepan and dip the bottom of the pan 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 months, volunteers would send their precipitation samples to the 

University of Massachusetts-Amherst.  Samples were stored in plastic bags between the 

time of receipt and analysis.  Stable isotope analyses were measured by a Picarro Cavity 

Ring Down Spectrometer (L2120-I) analyzer conducted at the University of 

Massachusetts- Amherst using the methods as described in section 2.4. 

Precipitation isotope analyses were screened and samples that had a deuterium 

excess less than -10ä  were discarded as these may have been compromised by 

evaporation during storage.  A total of 40 precipitation samples were removed from the 

analysis.  After screening the precipitation isotope data we calculated a two-week 

weighted averages following to remove any bias:  

  Two-week weighted ! = P(2-weeks) x !
2
H or !

18
O                                   (4) 

Where P(2-weeks)  is the two-week precipitation amount as provided by the volunteers.  We 

then determined the average annual with a two-week weighted average following  
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!
2
H or !

18
O = "P i / " !

2
H or !

18
O                                             (5) 

Where Pi is the sum of the precipitation amount of the sampling site. 

 

2.2 Surface Water Sampling Network and Data Sources 

 1,917 surface water samples from 556 surface water sites, Figure 2., across 

Massachusetts were analyzed for !
18

O and !
2
H.  Surface water sites were selected based 

on their spatial location in order to accurately represent a surface water isoscape for 

Massachusetts.   

 
Figure 2.2: Index map showing the locations of surface water samples taken across 
Massachusetts. Black lines represent the boundaries between climate zones as determined 
by the National Climate Division Center. 

 
Surface water samples were collected from 2011-2018.  Samples were collected from 

faculty and students from the University of Massachusetts-Amherst, watershed 

associations (Nashua Watershed, Charles River Water, Blackstone, Quabbin, and 

Chicopee River Watershed), and the acid rain monitoring (ARM) project which is further 
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described in section 4.1.6.  250 sites are from the ARM project, three sites are from the 

Connecticut River watershed, 17 sites re from volunteers, 11 sites are from the Nashua 

River watershed, one site is from the National Ecological Observatory Network, three are 

from the NWIS, six are from Blackstone, 259 sites are from the University of 

Massachusetts-Amherst database, and 14 are from the WMWM.  

 Volunteers were supplied with one or more 15mL high density polyethylene 

(HDPE) bottles and a data collection sheet.  On the day of sampling, volunteers were 

asked to thoroughly clean out the HDPE bottle with the to be collected water and then 

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 

analysis within a few weeks upon arrival.  Samples were stored in plastic bags between 

the time of receipt and analysis.   Stable isotope analyses were measured by a Picarro 

Cavity Ring Down Spectrometer (L2120-I) analyzer conducted at the University of 

Massachusetts- Amherst and later screened. 

    

2.3 Groundwater Sampling Network and Data Sources 

 1,406 groundwater samples from 409 groundwater sites across Massachusetts 

were analyzed for !
18

O and !
2
H, figure 2.3.   






























































































































































































