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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
(CoCoRabhs).

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 (CoCoRabhs).



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



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).
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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 to 10™* m?
while the permeability of stratified glacial fluvial is 102 to 107" m? (Fetter, 2000; Boutt,

2017).



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), 6180 and BZH, 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
0 O and elevation (Gonfiantini et al., 2001; Celle-Jeanton et al., 2003; Landwehr et al.,

18
2014, Abach et al., 1968; Windhorst et al., 2013), a positive relationship between & 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 6 O (Puntsag et al., 2016; Timsic and
Patterson, 2014).

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

precision measurements of 6180 and 62H (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
d 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

. . . . . 18 16

isotopes (Coplen, 2011; Sprenger et al., 2016). High 8 values indicate a higher O/ O
2 1

and H/ H ratio relative to the Vienna Standard Mean Ocean Water. Low d values

18 16 21
indicate a lower O/ O and H/ H ratio relative to the Vienna Standard Mean Ocean
Water. For the purposes of this paper, the term “enriched” will be used to describe water

samples that have a high amount of heavy isotopes and “depleted” will be used to
18
describe water samples that have a low amount of heavy isotopes. To determine the 8 O

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

§ = (=sample _ 1y%1000 (1)

Rstandard
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where R is the abundance ratio of the heavy and light isotopes (e.g., O/ Oand H/ H)

and Riandarg 1S the VSMOW.

18 2 18 2
In a dual isotope plot, 8 O-38 H, the relationship between 8 O and 0 H is defined
as the global meteoric water line (GMWL) (Craig, 1961) and is described by the

following equation:
SH=835"0+10 2)

This equation represents the relationship of 6180 and 62H 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= 52H -8 %30 + 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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