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ABSTRACT

Mountain-derived snow and ice melt are essential for global water resources, and
over one-sixth of the population depends on melt for freshwater. Rising air temperatures
are causing vegetation to replace snow- and ice-covered landscapes and precipitation
regimes to change. Collectively, these changes will alter the hydrology of mountain
environments, although the exact impacts to hydrologic regimes are poorly understood.
The source waters of streamflow (i.e. the proportion of ice melt, snowmelt, rain, and
groundwater) dictate the timing and magnitude and affect temperature, sediment, and
nutrient fluxes. By examining differences in source waters across basins with varying
land covers and precipitation regimes, we can better predict the impact warming
temperatures may have on streamflow from both a physical and biogeochemical
perspective. Glaciers also physically weather their environment, which increases
chemical weathering potential. High chemical weathering rates can impact global carbon
cycling, but the extent and net influence of their impact is unknown. This thesis examines
shifting source water contributions and chemical weathering patterns in sub-watersheds
of the Nellie Juan basin on the Kenai Peninsula in Southcentral Alaska that range in
percent glacier cover, elevation, and land cover type. To do so, a variety of geochemical,
remote sensing, and modeling techniques were used. I found strong relationships between
elevation, source water contributions, and land cover. There were also clear differences in
the timing of snow and ice melt contributions to streams between glacierized and non-

glacial streams. Groundwater is shown to be a major contributor to streamflow across the
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basin and may become increasingly important as snowpack and glacier melt decrease.
Geochemical analyses show that the main driver of weathering-derived solutes in the
region is bedrock type and that the presence of the glacier seems to play only a minor role
in weathering. I also find a positive relationship between the proportion of groundwater
in streamflow and weathering-derived solutes. This research characterizes the shift from a
glacial to a deglaciated landscape through the lens of source water contribution and
geochemical weathering regimes. Broadly, these findings can help improve our
understanding of how water resources, biogeochemical fluxes, and carbon cycling in

glacierized basins are impacted by warming air temperatures.
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CHAPTER ONE: INTRODUCTION

Glacier melt and seasonal snowmelt provides freshwater resources to over a
billion people and supports downstream ecosystems from rivers to nearshore marine
environments (Viviroli et al., 2007; Barnett et al., 2005; Milner et al., 2017; Milner et al.,
2009). Humans depend on meltwater for services such as energy production, tourism, and
agricultural water supply (Milner et al., 2017). More indirectly, humans benefit
economically and culturally from fish like Pacific Salmon (Oncorhynchus spp.) that rely
on glacier- and snowmelt-dominated streams (O’Neel et al., 2015; Milner et al., 2009;
Milner et al., 2017). The resources that glacier and snowmelt provide will be impacted as
melt quantity and timing change.

Warming air temperatures are changing the hydrology of snow- and ice-
dominated regions (Barnett et al., 2005). Glaciers are losing mass worldwide, with some
of the highest losses observed in coastal Alaska (Hugonnet et al., 2021; Gardner et al.,
2013). The concept of “peak water” describes the maximum amount of glacial meltwater
(Gleick and Palanaippan, 2010). Glaciers recede to a point where they contribute less to
streamflow and it is estimated that about half of the world’s glaciers have passed peak
water (Huss and Hock, 2018). Warming air temperatures also decrease total annual
snowpack depth and cause melt to occur earlier in the year (Mote et al., 2005; Barnett et
al., 2005). Snowpack depth is particularly sensitive in temperate climates, such as those
in Coastal Alaska, as only a few degrees of warming can change the phase of

precipitation from snow to rain (Mote et al., 2005). Global climate change is causing



complex hydrologic changes in glacierized and snowmelt-dominated regions which
influence the physical hydrology of streams.

Stream temperature, magnitude, and timing are all driven by ice and snowmelt
timing (Milner et al., 2009). Earlier seasonal snowmelt is slower than late-season melt,
resulting in earlier contributions to streamflow and reduced peak discharge (Musselman
et al., 2017). Longer and hotter summer seasons coupled with less snow on the landscape
will increase the potential for glacier melt for the glaciers that have not yet reached peak
water, which will in turn increase peak flow (O’Neel et al., 2014; Hannah et al., 2000).
Although the physical aspects of glacier and snowmelt-dominated hydrology are well
studied, the transition from a glacier-dominated to a snowmelt-dominated watershed is
poorly understood. By examining the transition from a glacier to a snowmelt-dominated
watershed, we can better understand the biogeochemical impacts of such a change.

Glaciers influence the biogeochemistry of downstream hydrologic systems by
altering nutrient and sediment fluxes (Hood and Berner, 2009; Milner et al., 2009; Milner
et al., 2017). For example, glaciers are a source of highly labile dissolved organic carbon
that drives downstream food webs (Milner et al., 2017; Fellman et al., 2015; Hood and
Berner, 2009). High sediment loads mobilized by glaciers limit primary productivity,
such that decreases in glacier melt will alter the transformation of organic matter (Milner
et al., 2017). Carbon and nitrogen concentrations are lower in glacial streams as
compared to streams that flow through vegetated soils, while phosphorus concentrations
are higher (Hood and Berner, 2009). Although the biogeochemical signatures of

individual steam source waters (i.e. glacier melt, snowmelt, groundwater) are well



understood, the combined impact on downstream ecosystems cannot be assessed without
an understanding of the way these source waters are partitioned.

Chemical weathering rates are enhanced in regions of high physical weathering,
meaning that glaciers may play a significant role in the global carbon cycle. To assess the
impact glaciers have on the global carbon cycle, we need to understand the type of
chemical weathering processes occurring. Atmospheric CO2 consumption is driven by
silica weathering rates, while carbonate weathering supplies CO> to the atmosphere when
driven by sulfuric acid production by pyrite oxidation (Berner and Maasch, 1996; Walker
et al., 1981; Torres et al., 2017). Previous studies have shown that the physical erosion of
glaciers may increase silicate weathering rates and thus the production of alkalinity
(Herman et al., 2013; Foster and Vance, 2006), while others have shown that cold
temperatures limit silicate weathering in glacierized regions, decreasing the production of
alkalinity (Kump et al., 1999). Carbonate weathering by sulfide oxidation, which
produces COa, is not limited by temperature and is present to some degree in all
lithologies (White et al., 1999; White and Brantley 2003). Glaciers have been shown to
weather significant quantities of carbonates due to the presence of fresh sediment
(Anderson et al., 2000). The net influence of glaciation on the global carbon cycle is
unknown, and more research regarding silicate and carbonate weathering patterns in
glacierized basins is needed to understand the impact of glaciers on the global carbon
cycle.

This research is conducted in the Nellie Juan basin, located on the Kenai
Peninsula of southcentral Alaska. The Nellie Juan basin is a partially glacierized

catchment that is closely linked to the nearshore environment. The Nellie Juan River



drains into Prince William Sound, which is a highly productive marine environment that
supports groundfish and salmon (Oncorhynchus spp.) fisheries (Campbell, 2018).

The Wolverine Glacier watershed lies within the northern portion of the Nellie
Juan watershed and contains the Wolverine Glacier. The Wolverine Glacier is a USGS
benchmark glacier that has been monitored via mass balance studies since 1966. The
USGS installed a stream gauge 100 m below the glacier terminus in 1966, and the
terminus has receded ~1500 m since. A strong scientific understanding of glacier change
coupled with historic meteorological and discharge records make the Wolverine Glacier
region an excellent candidate for studying changing hydrologic regimes. My thesis
examines the Nellie Juan watershed, the Wolverine Glacier watershed, and a variety of
non-glacial sub-watersheds to understand differences in physical and chemical
hydrology.

This research is presented in three chapters. Chapter 2 focuses on physical
differences in hydrology across a range of non-glacial and glacierized basins. Basins and
sub-basins within the Nellie Juan watershed span a range of percent glacier cover,
elevation range, and landscape cover, as identified using a satellite image supervised
classification approach (Appendix A). Their source water contributions can be compared
to elucidate the ways in which percent glacier cover, precipitation regimes, and
vegetation impact streamflow contribution. I partition source waters into three categories:
rain, snow/ice melt, and groundwater using a three end-member mixing model. I find that
snowmelt contributes proportionally more at high elevations, which are dominated by
tundra vegetation, persistent snow, and bare bedrock. Rain contributes more to low-

elevation streams, which are dominated by forests. I additionally find that groundwater is



an important contributor to flow in all streams, but particularly in low-elevation streams
and during the spring and fall seasons. This indicates the importance of groundwater in
mountain systems and better characterizes the interactions between source waters in
different climatic and vegetative regimes.

Chapter 3 examines the type of chemical weathering occurring in the Nellie Juan
watershed. I use a synoptic sampling campaign across three non-glacial streams that pass
over a Little Ice Age (LIA) trimline, in addition to an analysis of historic glacierized and
non-glacial geochemical datasets from streams in the Nellie Juan basin. A suite of ion,
nutrient, and isotopic data are used to examine relationships across and between streams.
I find that bedrock type plays the largest role in determining geochemical weathering
signatures, and that the relative contribution of groundwater increases weathering-derived
solutes. I also find that the presence of the glacier and glacial features do not impact
weathering signatures. These findings have implications for both the scale at which
chemical weathering occurs and the importance of groundwater in weathering processes
and solute generation. Broadly, this research contributes to knowledge regarding glacial
influence on global carbon fluxes.

Chapter 4 summarizes the connections between the previous chapters, which
examine both the physical and chemical changes that are occurring in rapidly changing
glacial environments. As glaciers continue to recede, precipitation regimes change, and
vegetation encroaches and becomes denser, there will be physio-chemical changes to
hydrologic systems. This work is unique in that it encompasses the interactions between
non-glacial hillslope processes, groundwater, and glacier melt to connect concepts in

mountain hydrology to glacial hydrology.



CHAPTER TWO: WARMING INDUCED CHANGES IN STREAM SOURCE WATER

CONTRIBUTION AND VEGETATION COVER IN GLACERIZED BASINS

1. Introduction

Alaska’s air temperatures have risen more than 2°C since 1950, a much faster rate
than the rest of the Northern Hemisphere (Walsh and Brettschneider, 2019). Warming
temperatures are melting glaciers at some of the highest rates in the world (Hugonnet et
al., 2021; Gardner et al., 2013; O’Neel et al., 2015) and causing precipitation trends to
change (McAfee et al., 2014). Additionally, vegetation is shifting in distribution and
density as the growing season elongates and more ice-free surfaces are exposed (Littell et
al., 2018; McAfee et al., 2014; Dial et al., 2007). Combined increases in glacier melt,
changes in precipitation regimes, and new vegetation patterns may result in new
hydrologic and biogeochemical regimes (Adam et al., 2009; Curran and Biles, 2021;
Hammond et al., 2019; Foks et al., 2018).

Multiple water sources that contribute to streams in glacierized watersheds, and
downstream ecosystems rely on the unique timing and physical and biogeochemical
properties of each source. Streams are driven by a combination of rain, snow, ice, and
groundwater in glacierized basins. Snowmelt is driven by air temperature and solar
radiation and occurs over a period of multiple months in watersheds with a large
elevation range (Curran and Biles, 2021; Lundquist et al., 2004). Glacial melt is also

driven by air temperature and solar radiation but occurs after snow on the glacier surface



has melted and peak flows occur in response to maximum summer temperatures (Hock,
2005). Glaciers have been shown to play an important role in downstream ecosystems by
contributing to colder stream temperatures, higher levels of specific conductivity,
increased turbidity, and labile carbon fluxes (Hood and Berner, 2009; Kneib et al., 2020,
Milner et al., 2017). Rain events increase in frequency in the late summer and fall
resulting in an event-based hydrograph, which flushes and mobilizes terrestrial solutes
and nutrients (Curran and Biles, 2021; Bergstrom et al., 2021; Hood and Berner, 2009).

Stream source water contributions are shifting as precipitation form and timing
respond to warming temperatures. Snowmelt contributions are decreasing as precipitation
that historically fell as snow instead falls as rain in response to warming winter and
spring temperatures (Littell et al., 2018; Walsh and Brettschneider, 2019). Warmer
temperatures are additionally affecting snowpacks by causing more rain on snow events
and earlier and slower spring snowmelt (Barnett et al., 2005; Musselman et al., 2017).
Shifts in precipitation type and timing will impact streamflow timing and magnitude, as
well as groundwater recharge rates.

Glacial melt contribution to streamflow will decrease after reaching “peak water”,
or the maximum contribution of ice to streamflow (Gleick and Palaniappan, 2010; Huss
and Hock, 2018). Peak water has passed for about half of the world’s glaciers, while the
other half are estimated to reach peak water by the end of the century (Huss and Hock,
2018). As basins become deglaciated and melt contributes less to streamflow, streams
will become increasingly driven by precipitation inputs. The transition from a glacially-
driven to a precipitation-driven watershed is poorly understood from a hydrologic

perspective (Kyle and Brabets, 2001; Neal et al., 2002; Collins et al., 2006). An



understanding of source water contribution to streamflow in glacierized and non-glacial
basins is needed to better predict the changing hydrology of this region.

Geochemical signatures of source waters have been used in many studies to
partition stream source waters (Frisbee et al., 2011; Liu et al., 2004; Koch et al., 2014).
Snow or ice and rain are commonly distinguished using §'%0, as rain is more enriched in
5'80 relative to snow/ice (Dansgaard, 1964; Beria et al., 2018). Groundwater has high
solute concentrations due to subsurface weathering processes, and electrical conductivity
(EC) is often used to distinguish meteoric water from groundwater (Scribner et al., 2015;
Frisbee et al., 2011). Relationships between EC and 8'%0 can be leveraged using a mixing
model to determine the proportion of source waters in streamflow.

In this paper, I make use of the unique EC and 8'%0 signatures of glacier and
snowmelt, precipitation, and groundwater to address the following question: how does
stream source water contribution vary spatially and temporally along glacierized and off-
glacier streams? To do so, [ examine a series of sub-watersheds that range in percent
glacier cover from 0-60%. I additionally isolate non-glacial watersheds across an
elevation gradient to assess the impact of precipitation phase on streamflow. A three end-
member mixing model is used to partition source waters using EC and §'®0 as tracers.
These results help us better understand the hydrologic changes deglaciating basins may
exhibit in response to warming temperatures.

2. Methods
2.1 Study Site
I conducted research in the Nellie Juan watershed located in south central Alaska

on the Kenai Peninsula, between Cook Inlet and the Gulf of Alaska. The Nellie Juan



River watershed is 450 km? and has ~40% glacier cover (Bergstrom et al., 2021). The
elevation of the watershed ranges from 0-1,562 m. The Nellie Juan River, which begins
at Nellie Juan Lake, empties into Kings Bay which in turn connects to Prince William
Sound (Figure 2.1). A stream gauge on the Nellie Juan River was operational between
1961 to 1965 and measured an average discharge of 24 m® s! (Bergstrom et al., 2021).
The Nellie Juan watershed is characterized by a maritime climate, with warmer and
wetter conditions than continental climates. The mean annual temperature is -0.2°C and
precipitation exceeds 3 m/year with about 60-70% falling as snow, as indicated by a
USGS meteorological station located at 990 m above sea level in the northern portion of
the watershed (O’Neel et al., 2019; Bergstrom et al., 2021, Figure 2.2).

The Nellie Juan watershed spans rock and ice-covered alpine landscapes to
coastal forests. The highest elevations are dominated by alpine tundra vegetation with a
series of small streams and lakes flowing towards, and in some cases, under adjacent
glaciers. At mid-elevation, the landscape is dominated by successional shrubs such as
alder (Alnus spp.) and willow (Salix spp.). Spruce (Picea spp.) forests dominate low
elevations. Soils at high elevations are classified as Cryod-Cryorthent type and are
typically shallow, acidic, rich in fragmented rock, and well drained (van Patten, 2000).
Low elevation soils are classified as Kasitna-Tutka soils, typically loamy, well drained,
and supportive of Sitka spruce forests (Van Patten, 2000). Regional bedrock is classified
as part of the Valdez group, consisting of metasedimentary graywacke, siltstone, and

shale (Wilson et al., 2012).
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Figure 2.1.  Site map of a) the entire Nellie Juan basin outlined and shaded in
pink, and the Wolverine Glacier watershed in dark blue. The Nellie Juan River
drains into Kings Bay, just visible on the right-hand side. The red box indicates the
location of the subset map b), which contains four non-glacial sub-watersheds
within or near the Wolverine Glacier watershed. The cyan box indicates the location
of subset map c), in which snow sampling locations are marked by a white triangle
and the weather station is marked by a red cross. The yellow box in panel a)
indicates the subset map in d) which shows the location of the fifth non-glacial
watershed near Kings Bay.

One glacierized sub-watershed (Figure 2.1a) and five non-glacial sub-watersheds
(Figures 2.1b and 2.1d) within the Nellie Juan basin were chosen to quantify source water
contributions along an elevation and vegetation gradient and separate the influence of
glaciers. I additionally quantified source water contributions within the Nellie Juan basin

as a whole by sampling near the outlet of the Nellie Juan River (Figure 2.1a).
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Figure 2.2.  Average daily precipitation (dark blue), temperature (green),
discharge (black), and EC (light blue) from the Wolverine Creek stream gage and
meteorological station from 2020-2022. The stream gage is only operational during
the ice-free portion of the year, leaving data gaps during the snow season.

The glacierized sub-watershed contains the Wolverine Glacier. The Wolverine
Glacier watershed is a 24.6 km? basin with ~60% glacier cover, as delineated from a
USGS-operated stream gauge on Wolverine Creek (O’Neel et al., 2019). The glacier is a
USGS benchmark glacier, and mass balance studies have shown that the glacier has lost
17.1 m water equivalent from 1969 to 2018, and glacier coverage decreased from 17.1 to
15.6 km? (O’Neel et al., 2019). Since the installation of a stream gauge in the 1960s, the
glacier terminus has receded ~1400 m. Below the Wolverine Creek stream gauge, the
creek flows ~1 km before joining the Nellie Juan River (Figure 2.1a).

Three of the non-glacial sub-watersheds (Cabin, Tundra, and Lake Inlet) drain
areas within the Wolverine Glacier watershed (Figure 2.1b). One (Shrub, Figure 2.1b)
drains an area adjacent to the watershed and flows into Wolverine Creek just below the
stream gage, while the other (Forest, Figure 2.1d) lies about 13 km northeast of
Wolverine stream gage draining into the Nellie Juan River. Land cover varies across an
elevational gradient in the Nellie Juan basin (see Appendix A), and the non-glacial sub-

watersheds analyzed each reflects a part of the vegetation gradient observed in the region
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(Figure 2.3). High-elevation sites like Lake Inlet, Cabin Stream, and Tundra Stream are
primarily covered by tundra vegetation, while the mid-elevation Shrub Creek site drains a
basin with a higher proportion of successional shrubs. Forest Stream drains a low-

elevation forested basin.
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Figure 2.3. The percentage of land cover type calculated in each sub-watershed
using a supervised classification. The percent coverage of the primary land cover is
displayed on each bar. Each color represents the type of land cover.

2.2 Field Data Collection

This study builds upon a previously collected dataset, combining published data
with our newly collected samples. Details regarding the previously collected dataset can
be found in the publicly available data release (Koch et al., 2021). I collected additional
stream samples from September 2021 to September 2022 at the seven sites described
above (Figure 2.1). Water samples used for isotope analysis were not filtered and were
collected in 30mL HDPE bottles rinsed three times and filled to minimize headspace. All
samples were kept in coolers in the field to prevent unwanted freezing or warming.
Samples were stored at +4°C upon returning from the field until analysis. EC data were

collected using a YSI Ecosense 300 handheld probe (accuracy +1% of reading; YSI,
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2017). For water temperatures above 1.7°C, the probe automatically compensates EC to
25°C. Below 1.7°C, the following equation was used to compensate stream EC to 25°C

(YSI, 2017).

ECy ted
EC — ncorrec 2. 1
Corrected 1+(0.0191(T-25) ( )

Snowpack samples were collected in May 2022 across an elevation gradient
within the Wolverine Glacier watershed (Figure 2.1c). In four snow pits, snow was
collected in 10 cm increments from the snow surface to the ground surface using a 250
cm® wedge cutter. Ten additional snow samples were collected using a federal sampler,
which collects a core extending from the surface to the base of the snowpack. All snow
samples were placed directly in Zip-Lock bags upon collection. Snow was weighed to
calculate density and was allowed to melt before being transferred to 30 mL HDPE
bottles for isotope analysis. EC was measured from the remaining meltwater. Snow water
samples were then stored in the same manner as stream water samples.

Cumulative rain samples were collected using a precipitation collector designed to
minimize contact with the atmosphere and post-depositional change to the isotopic and
chemical signature via evaporation as described by Groning et al. (2012). Precipitation
collectors were placed at 4 locations spanning the elevation range of the study area,
located in the floodplain of the Nellie Juan River (14 m), at the Wolverine Stream gage
(360 m), at the Tundra Stream monitoring location (670 m) and at the weather station
(990 m; Figure 2.1). Bottles were changed every 1-2 months, whenever access to each
collector was possible. Upon collection, bottles were removed from the casing and fitted
with a lid. Samples were then moved to 30 mL HDPE bottles, and the remaining water

was used to quantify EC.
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Groundwater samples were collected at seeps in the bedrock and EC was
measured to assess the source water. When EC values were over 100 4S/cm, we
classified them as deep groundwater samples and collected them in the same manner as
stream water. Shallow groundwater samples were collected in meadow seeps using a
syringe and were classified as shallow groundwater if the EC value was under 100
uS/cm.

2.3 Laboratory Analysis

Isotope analysis was conducted using a Los Gatos Research Liquid-Water Isotope
Analyzer in the Stable Isotope Laboratory at Boise State University (accuracy <+ 0.12%o
for §'*0 and <+1.1%o for §*H, precision <+ 0.25%o for 8'*0 and <+1.90%. for *H). Five
water standards were used spanning isotopic ranges from -6.62%o to -37.5%o 8'0O and -
41.6%o to -302.0%o 6°H. Samples collected before September of 2021 were analyzed at
the University of Alaska, Anchorage using a Piccaro cavity ring down spectrometer
(accuracy <+ 0.2%o for §'%0 and <+2%o for §°H) (Koch et al., 2021).

2.4 Three End-Member Mixing Model

A three-component end member mixing model was created to determine stream
source water contribution at the outlet of the seven sub-watersheds. Seasonal trends were
analyzed by separating data into hydroclimatic periods, as defined by Bergstrom et al.
(2021). The hydroclimatic periods describe seasonal trends and processes that are specific
to streams with glacial input using relationships observed between EC and discharge. The
spring melt, summer, and fall seasons were broken into four periods defined by: initial
snowmelt (P1), the connection of subglacial stream networks (P2), main glacier melt

(P3), and fall rains (P4). Transition dates were manually assigned for each collection year
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(Table 2.1). I chose to retain the hydroclimatic periods even for non-glacially influenced
streams because they serve as a useful framework to compare these results to previous
data (Bergstrom et al., 2021).

Table 2.1 Day of year of hydroperiod transition. No grab sample data was
collected in 2018.

Year P1 End DOY P2 End DOY P3 End DOY P4 End DOY
2016 134 166 231 281

2017 117 128 175 278

2019 139 177 229 265

2020 185 248 261 283

2021 170 235 277

2022 142 166 215

The three end members were rain, snow/ice, and deep groundwater. Tracers used
in the model were EC and §'80. EC was chosen to distinguish meteoric water from
groundwater, while 8'*0 was chosen to separate rain from snow. The model is expressed

as follows:
1= frain + f:snow/ice + fgw (22)

Cstream = Crainfrain + Csnow/iceﬁsnow/ice + ngfgw (23)

where C is the value of EC or 8'%0 and fis the fraction of source waters: snow/ice, rain,

and deep groundwater. For each location, I calculated an average EC and §'*0 from all
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samples collected during each hydroclimatic period. Averages included all samples from
2016-2022 to allow for a higher number of samples and a representative average. Due to
the relatively small amount of input data and the relatively high variability in measured
end-member values, a Monte Carlo simulation was used to calculate an estimated end
member signature. I randomly sampled end member EC and §'*O values within one
standard deviation of the mean 10,000 times. When stream samples fell within the mixing
space defined by the chosen end member values, the calculated end member fractions
were retained, and the average of these fractions was taken. To ensure that the mixing
model performed accurately, streams with no glacial contribution were analyzed using
snow values alone, while streams with a glacial contribution use a value that represents a
mixed snow/ice end member.

3. Results

3.1 Source Water Signatures

Each identified end member has a unique range of '*O and EC values that can
differentiate sources (Table 2.2). The range of 'O values observed in ice is similar to
that seen in snowmelt, although pure snowmelt displays slightly more negative mean
5'80 values, such that when snow and ice melt are combined the value is more positive.
Rain has more positive §'*O values than snow and ice because §'*0 is a function of
temperature (Dansgaard, 1964). All precipitation exhibits some range in the §'30 space
due to varying storm sources, histories, and temperatures (Dansgaard, 1964; Friedman et
al., 1991; Beria et al., 2018). Groundwater has the most enriched §'%0 value. EC values
measured for meteoric water are an order of magnitude lower than those of deep

groundwater. This range fully captured the span of observed streamflow EC values.
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No suitable tracers were found to distinguish shallow groundwater apart from
other sources. In a 3'0 and EC mixing space, shallow groundwater plots within the
mixing space of the other end members: rain, snowmelt, and deep groundwater (Figure
2.4). Although shallow groundwater does likely contribute to streamflow, I was unable to
account for its contribution.

Table 2.2 8'30 and EC values for identified end members in the Nellie Juan

basin. The first number is the average of all samples collected. The standard
deviation is reported in parentheses, followed by the number of samples collected.

5'*0 EC
Rain -14.47 (3.37) n=19 6.89 (5.07) n=10
Snowmelt -17.34(2.97) n=174 2.59(1.14) n=88
Ice -15.24 (1.57) n=460 2.46(3.08) n=22
Snowmelt and Ice -15.82 (2.26) n= 634 2.57 (1.69) n=110
Deep Groundwater -14.20 (1.63) n=18 149.84 (52.01) n=18
Shallow Groundwater -14.97 (1.12) n=31 71.78 (29.57) n=23

3.2 Seasonal Trends in Off-glacier Streams

Stream values of 3'*0 become more positive as the year progresses, ranging from
values similar to snowmelt to values similar to rain (Figure 2.5, Table 2.2). EC values are
generally high at the beginning and end of the sample season and are lowest mid-summer

(Figure 2.5).
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Figure 2.4.  The relationship between 6'*0 and EC in off-glacier streams and end
members. Measured end members are the filled black circles, while the end member
retained by the Monte Carlo simulation are the unfilled black circles. Measured
stream samples are represented by filled colored circles, and the hue of each color
darkens as streams move through periods 1-4. An example of a seasonal pattern of
stream water chemistry is annotated by arrows connecting Lake Inlet’s trend.

Mixing model results indicate that snowmelt is the dominant source of streamflow
in hydroclimatic periods 1 and 2 in all off-glacier streams (Figure 2.6). All streams show
a decrease in overall snowmelt contribution in the summer and fall seasons (Figures 2.4
and 2.6). Mixing model results show that snowmelt contributions range from up to 70%
of streamflow in P1, to as low as 20% in P4. Rain contribution generally increases from
P1 through P4. At the Cabin Stream, Lake Inlet, and Tundra Stream there are higher
proportions of rain contribution in each successive period. At Shrub Creek and Forest
Stream, P4 shows slightly lower rain contributions than P3. At all sites, groundwater

proportions are higher in periods 1 and 4 than in periods 2 and 3.
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3.3 Elevational Trends in Off-glacier Streams

Each off-glacier stream has a watershed area between 0.07 and 2.5 km? (Table
2.3). The mean elevation of each watershed spans a wide range; Cabin Stream has the
highest mean elevation of 1206 m, and Forest Stream has the lowest mean elevation of 86
m. High-elevation watersheds have larger contributions of snowmelt, particularly in
periods 1 and 2, compared to watersheds in low elevations (Figure 2.6). Larger
proportions of groundwater can be found in the lower Shrub Creek and Forest Stream
watersheds. However, the highest elevation Cabin Stream had some of the largest
groundwater proportions. There were no strong elevational trends in rain contribution to

flow.
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Figure 2.7. Proportions of source water contributions in glacierized streams. The
entire Nellie Juan basin is shown on the left, while the Wolverine Glacier basin is
shown on the right.



22

3.4 Glacierized vs. Non-glacierized Streams

Streams with glacial input to streamflow show different patterns in source water
contributions than non-glacial streams. In both glacial streams sampled, the snow and ice
contribution peaks later than the non-glacial streams (Figure 2.7). Contributions of
snow/ice are highest in P2 rather than P1 in glacial streams. The smaller and more
glaciated Wolverine basin has less pronounced seasonal trends in source water
contribution than the larger and less glaciated Nellie Juan basin. Snow- and ice-melt is
the primary contributor to streamflow in all four periods in the Wolverine basin, although
the magnitude is only about 10-20% greater than other sources. Snow and ice
contribution conversely tapers off in the Nellie Juan basin between P2-P4 and is replaced
by rain as the primary contributor by the fourth period.

Table 2.3 The mean elevation and area of each sub-watershed assessed in the
mixing model and land cover classification.

Forest Shrub Lake Inlet Tundra Nellie Juan Wolverine Cabin

Mean Elevation (m) 86 766 820 903 1117 1165 1206

Area (km?) 0.9 25 0.07 2.5 313 24.3 0.5

4. Discussion
As glaciers continue to thin and retreat, landscapes previously covered by ice will
transition to deglaciated mountain landscapes. Glacially influenced streams exhibit
different source water contributions compared to neighboring off-glacier streams,
meaning that changing glacier cover will impact stream hydrology physically and

biogeochemically (Figures 2.5 and 2.7). Previous mountain hydrology research has been
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focused on regions like the Alps, Andes, and the Rockies (Andermann et al., 2012;
Wilson et al., 2004; Baraer et al., 2009; Carroll et al., 2018; Clow et al., 2003; Foks et al.,
2018, and others), with very few studies considering non-glacierized catchments in
Alaska. This study fills a gap by explicitly examining the source waters driving non-
glacier streamflow while simultaneously comparing non-glacial to glacial sub-watersheds
that experience similar precipitation regimes and temperatures.

4.1 Source Water Contributions Vary as Percent Glacier and Elevation Changes

Our analysis compared basins of varying percent glacier cover and size and found
that the timing and relative proportion of source waters varies between glacierized
catchments. The Nellie Juan basin (450 km? and ~30% glacierized) had more defined
seasonal trends than the Wolverine basin (24.6 km? and ~60% glacierized) (Figure 2.7).
The larger Nellie Juan basin is dominated by snow and ice melt in periods 1 through 3.
Rain inputs in the Nellie Juan basin increase throughout the season as groundwater
decreases. By contrast, the source water partitioning in the Wolverine basin appears fairly
static across all four periods. The error associated with the Wolverine basin results should
be taken into consideration, as the ranges exhibited by the error bars in Figure 2.7
indicate a significant amount of uncertainty. The error may be explained by spikes in EC
measured in the early summer as subglacial networks connect (Bergstrom et al., 2021;
Figure 2.4). The range of EC values is confirmed in continuous EC data measured at the
USGS gauge co-located with the sample site (Figure 2.2). The grab sample data may not
accurately capture the range of processes that contribute to streamflow. I expected to see
a less seasonally driven result at Nellie Juan because the EC and 30 values observed are

far less dynamic than those at Wolverine (Figure 2.4). Muted seasonal trends in the Nellie
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Juan basin may be attributed to the larger size of the watershed (Table 2.3), contributing
to a broader range of travel times and obscuring seasonal source signatures (McGuire and
McDonnell, 2006).

Our mixing model results indicate that glacierized streams peak in relative
snow/ice contribution later in the year when compared to non-glacierized streams, which
is a phenomenon that has been well-documented in glacierized basins (Fountain and
Tangborn, 1985). In non-glacial streams, snow contribution is directly linked to the
amount of snow melting on the landscape, which tends to increase during spring melt and
decline as the season progresses. Glacierized basins experience an initial pulse of
snowmelt in streamflow, but transition to a period of ice melt when temperatures reach
their maximum and snow has melted from the surrounding landscapes (Fountain and
Tangborn, 1985; Hock et al., 2005; Curran and Biles, 2021). The peaking of ice/snow
contribution observed in P2 of our glacierized stream mixing model is likely capturing
ice melt that is not present in the non-glacial streams in the same region.

Differentiating between snow and ice melt in streamflow using chemical tracers is
difficult (Chiogna et al., 2014; Blaen et al., 2014; Vaughn and Fountain, 2005). Isotopic
signatures in snowmelt and ice melt both vary seasonally, and their isotopic signatures
tend to overlap, as was the case with our samples (Table 2.2, Chiogna et al., 2014). The
quantification of contributions of glacier melt versus snowmelt is equally challenging
using a physically based modeling approach, given that the volume of snow and ice melt
is unknown (Armstrong et al., 2019). The inability to adequately separate snowmelt and
ice melt in downstream hydrology is a current limitation in examining the complexities of

the dynamics of melt timing.
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I compared off-glacier streams across an elevational gradient and found that
source water contributions reflected changes in precipitation type and groundwater input.
When viewed using a space-for-time approach, high elevation streams represent colder,
more snow-dominated basins while low elevation streams represent warmer, more rain-
and groundwater-dominated basins. As snowmelt contributes less to streamflow, spring
and fall rains may become the main drivers of peak streamflow resulting in flashier flows
and warmer stream temperatures (Curran and Biles, 2021).

4.2 Groundwater May Become an Increasingly Important Driver of Streamflow as

Temperatures Warm

Groundwater plays an important role in buffering streamflow by storing
meltwater and releasing it over long periods of time (Foks et al., 2018; Somers et al.,
2019; Baraer et al., 2015). Streams with high groundwater inputs are more resilient to
climate extremes and provide steady inputs to flow regardless of precipitation (Hayashi,
2020; Taylor et al., 2013; Carroll et al., 2018). The relative contribution of groundwater
increases as the percent glacierized area decreases, indicating that groundwater will
become increasingly important for streamflow generation as catchments transition from
glacierized to non-glacierized (Baraer et al., 2015). Our results indicate that groundwater
contribution is highest in the fall and at low-elevation sites, suggesting that groundwater
will become an increasingly important driver of streamflow as summers become drier,
fall rains become flashier, and glacier melt contributes less to streamflow (Barnett et al.,
2005; Musselman et al., 2017).

High-relief watersheds generate deep flow paths that resurface groundwater in

streams at lower elevations (Forster and Smith, 1988; Toth, 1963). The highest elevation
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site, Cabin Stream, interestingly had higher proportions of groundwater than other sites
representing snowmelt-dominated streams. Increased groundwater contributions may be
explained by the topography of the contributing area of the sub-watershed, in which the
stream flows through a fairly flat meadow parallel to the base of a steep contributing
slope. The change in slope may create localized flow paths of groundwater that resurfaces
in streamflow (Forster and Smith, 1988).

Groundwater will likely provide consistent streamflow at shorter timescales, but
the impact of warming temperatures on groundwater recharge is unknown (Somers et al.,
2019). Snowmelt is a significant contributor to groundwater recharge in snowmelt-
dominated basins (Carroll et al., 2018). Glaciers have been shown to contribute very little
to groundwater based on physical and hydrochemical studies, meaning that the rate of
glacier melt will not likely affect recharge rates (Figure 2.8; Somers et al., 2019; Baraer
et al., 2015). The mechanisms for low glacier groundwater recharge are unclear and
likely vary depending on local bedrock lithology, precipitation, and topography (Somers
et al., 2019; Markovich et al., 2016; Tague et al., 2008). Recharge patterns will likely be
affected by changing precipitation regimes, storm intensity, and snowmelt timing, but the
exact ways in which these dynamics interact to impact recharge rates are unknown
(Musselman et al., 2017; Somers et al., 2019). Groundwater movement and storage
capacity are also unresolved, as flow paths in the study region and the depth to
unfractured bedrock are unknown (Figure 2.8).

This study uses the signature of what is inferred to be deep groundwater as an end
member in the mixing model. Groundwater has many flow paths and residence times and

would ideally be separated into shallow and deep groundwater (Forster and Smith, 1988;
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Toth, 1963). In mountain systems, shallow groundwater often plays a significant role in
streamflow generation (Denning, 1991; Kampf et al., 2015; Foks et al., 2018). I
attempted to separate shallow vs deep groundwater using dissolved organic carbon,
which is a commonly used tracer due to the higher levels of carbon present in soils
(Baron & Mast, 1992). Our results were counter to expectations, and we were unable to
find a suitable tracer to separate shallow from deep groundwater and therefore shallow
groundwater is omitted.

Although I refer to groundwater as shallow or deep, I consider shallow and deep
groundwater to be two ends of a spectrum rather than two separate end members. For
example, chemical attributes like specific conductivity are a function of subsurface
residence time, resulting in a range of values rather than two clusters (Figure 2.8). The
mixing space shown in Figure 2.4 illustrates the concept of shallow groundwater existing
as a gradient between stream samples and deep groundwater. Shallow groundwater
certainly contributes to streamflow and without shallow groundwater integrated into the

model, each of the current three end-members may be overestimated.
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Figure 2.8. Conceptual diagram of groundwater flow paths in a partially
glaciated basin. Shallow and deep water are considered to be a continuum rather
than two end members, as demonstrated by a range of flow paths.

4.3 Implications of Changing Source Waters

Source water contributions will change in the face of a warming climate, which
will shift the timing and magnitude of streamflow as well as chemical and nutrient fluxes
(Stephenson, 1990; Eagleson, 1978; Budyko et al., 1974; Holdridge, 1967). When using a
space-for-time approach to approximate climate change, our mixing model results offer
scenarios ranging from rain-dominated forested systems to snow-dominated alpine tundra

streams.
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To further contextualize sub-watersheds, I performed a supervised classification
of land cover (Appendix A) providing a snapshot of vegetation across the Nellie Juan
basin. Warming temperatures support the growth of woody vegetation, and like
precipitation, changes occur over elevational gradients. The type of vegetation present on
the landscape impacts soil development, nutrient availability, and water demand (Tedrow
and Harries, 1960; Klaar et al., 2015; Eagleson, 1978).

Shrubification, or the densification and encroachment of shrubs, is happening
rapidly in deglaciating landscapes and may impact source water contributions. Shrubs
currently occupy the space between alpine tundra and forest, while also colonizing
surfaces exposed by glacial ice within a century of exposure (Figure A.1). The density
and extent of shrubs will increase and impact the partitioning of waters. Shrubs will
increase transpiration demand, although the way in which shrubs will affect the
proportion of source waters contributing to streamflow is unknown. Although
groundwater stores seem like promising buffers in the face of droughts (Foks et al.,
2018), the benefits may be temporary as recharge decreases and ET increases (Somers et
al., 2019). Shrubs will additionally impact snowfall distribution and melt patterns (Sturm
et al., 2001), which will in turn impact the proportion and timing of snowmelt in
streamflow. Vegetation cover and change should be integrated into predictive studies
because they will change the way water is stored, transported, and used in a basin.

As source waters change, streams will shift physically and biogeochemically.
Glaciers host microbial communities that serve as a source of bioavailable carbon for
downstream ecosystems (Hood and Berner, 2009). Glacial meltwater also provides

weathering-derived nutrients like phosphorus and iron to nearshore environments and
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high suspended sediment loads (Hood and Scott, 2008; Hallet et al., 1996). Streams
draining vegetated non-glacial basins export high concentrations of soil-derived nitrogen
and plant-derived carbon (Hood and Scott, 2008). Suspended sediment load and fluxes of
labile carbon, phosphorus, and iron will decrease as glacial meltwater contributions
diminish. Nitrogen and carbon fluxes will increase as vegetation distribution and density
increases. Ecosystems are changing in response to decreases in glacial meltwater,
increasing macroinvertebrate biodiversity (Milner et al., 2009).
S. Conclusion

Landscapes are becoming deglaciated, precipitation is shifting to be more rain-
dominated, and vegetation is increasing in response to warming temperatures. The
hydrology of glacierized and non-glacial basins are well studied, but the transition of this
process is poorly understood from a hydrologic perspective and is particularly
understudied in Alaska (Curran and Biles, 2021). This research fills a gap by using a
space-for-time approach across a range of glacierized and off-glacier basins. I quantified
source water contributions across basins using a three end-member mixing model and
compared the ways in which precipitation type and percent glacier cover impact stream
contribution and timing. I found that glacier melt contributes to streamflow later in the
season than snowmelt and glacierized streams exhibit a higher proportion of snow/ice
contribution during peak glacier melt. High-elevation watersheds are more driven by
snowmelt, while low-elevation basins are more driven by groundwater. Groundwater
proportions were highest at low elevations and during the initial snowmelt and fall rain

periods.
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As temperatures continue to increase, the region will likely trend towards a more
rain-dominated system with more vegetation, ultimately impacting source waters. Our
findings suggest that streamflow may become increasingly reliant on groundwater as
snowmelt and glacier melt decrease. This study demonstrates that source waters vary
along elevational gradients and between glacierized and non-glacier streams, which

ultimately impact the timing, magnitude, and quality of water downstream.
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CHAPTER THREE: DRIVERS AND SCALES OF CHEMICAL WEATHERING IN A
TEMPERATE GLACIERIZED BASIN
1. Introduction

Temperate glacierized basins are some of the most physically erosive
environments on Earth (Anderson, 2005; Hallet et al., 1996). Glaciation drives the
development of erosional features and the redistribution of eroded sediment, which
produces a large proportion of highly reactive fresh facies (Anderson, 2005; Tranter,
1982; Wadham et al., 2001). Silt-sized particles are particularly reactive due to the high
surface area available for weathering, and glacial till contains large proportions of silt-
sized particles (Anderson, 2005; Stumm and Morgan, 2012; Hallet et al., 1996). High
rates of glacial physical erosion alter the chemical constituents of streams by supplying
highly weatherable material (Anderson et al., 1997).

Chemical weathering can occur in both carbonate and silicate rocks. Carbonates
weather on much shorter timescales than silicates and have been shown to be the
dominant weathering process in proglacial streams regardless of bedrock type (Deuerling
et al., 2019; Torres et al., 2017; Raiswell, 1984). Silicate weathering occurs over longer
time scales and is positively correlated with runoff magnitude. Silicate weathering can
therefore still make significant flux contributions of silicate-derived ions due to the high
flows observed in glacial streams (Anderson, 2005).

Water moving through fresh facies will have higher proportions of ions derived

from carbonates (i.e. HCO;3™, Ca, and Mg), and water moving through older facies will
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have higher proportions of ions derived from silicates (i.e. SiO2) due to the preferential
weathering of carbonates (Jenckes et al., 2022; Wimpenny et al., 2011). Factors that
control weathering (i.e. bedrock type, temperature, and discharge) can vary greatly,
complicating the relationship between carbonate and silicate weathering. The type of
weathering can be determined using known ionic ratios, which can aid in the
understanding of how weathering patterns change across a range of glacially influenced
streams.

Glacially-derived weathering can majorly influence chemical weathering fluxes
and atmospheric CO; concentrations at a global scale (Gibbs and Kump, 1994; Tranter et
al., 2003; Eiriksdottir et al., 2013). For example, silicate weathering by carbonation
produces alkalinity, which aids in the removal of atmospheric CO2 (Berner, 2004).
Carbonate weathering by sulfide oxidation, however, supplies CO; to the atmosphere
(Torres et al., 2017; Liu et al., 2011; Ryu and Jacobson, 2012). The net influence of
carbonate and silicate weathering is still poorly understood, and it is unknown if glacial
weathering serves as a carbon source or sink.

Previous studies have examined weathering regimes and stream chemistry
changes along proglacial streams on the order of kilometers (Anderson et al., 2000;
Deuerling et al., 2019), but no studies have examined glacial weathering patterns on finer
scales or compared proglacial streams to adjacent off-glacier streams. In this research, |
aim to answer the question: What are the major drivers of weathering-derived solutes in
glacierized basins? I hypothesize that glacially influenced streams will have higher
carbonate weathering rates than non-glacial streams, while non-glacial streams will have

higher silicate weathering rates. I additionally hypothesize that non-glacial streams that
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pass over glacial trimlines from the LIA (~1300 to 1850 CE) will have increased
concentrations of weathering-derived solutes due to the presence of more recently
exposed weatherable rock. To answer this question, I compare solute concentrations in
glacierized and non-glacial streams to determine the role of modern-day glaciation in
weathering. I additionally compare ion, nutrient, and isotopic values in non-glacial
streams above and below glacial trimlines from the LIA to examine the influence of
recent glaciation. Finally, I use a three end-member mixing model to compare stream
source water contributions and examine the relationship between groundwater
contribution and weathering-derived solutes. This research has implications for the
spatial and temporal scales at which chemical weathering occurs, what factors drive

chemical weathering, and how glaciers influence global carbon cycling.
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2. Methods

2.1 Study Site

¢ Sample Location

= Tundra Stream .,
— Cabin Stream

= Moraine Stream
== Trimline

Figure 3.1.  Site map of sampling region. Inset map shows the location in
reference to the state of Alaska. Streams are outlined by color and sampling points
are marked with a circle of the corresponding stream color. The glacial trimline left
behind by the LIA is outlined by the grey dashed line surrounding the Wolverine
Glacier.

This research takes place within the Wolverine Glacier watershed, located in

south-central Alaska on the Kenai Peninsula. The Wolverine Glacier watershed is 24.6
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km? and ranges from 360 to 1680 m in elevation. Mass balance and streamflow
measurements have been made by the USGS since 1966. The Wolverine Glacier covers
~60% of the basin. In addition to monitoring mass balance and discharge, the USGS has
operated a meteorological station located at 990 m adjacent to the glacier since 1968. The
Wolverine Glacier watershed is drained by Wolverine Creek, which flows into the Nellie
Juan River. The Nellie Juan River terminates at Kings Bay, a part of Prince William
Sound. The region is characterized by a maritime climate. High elevations are
characterized by rock, alpine tundra vegetation, and snow that persists in patches
throughout much of the summer. Soils in areas covered by tundra vegetation are likely
Cryod-Cryorthent type, are shallow, acidic, rich in rock fragments, and well drained (van
Patten, 2000). The bedrock in the region is metasedimentary, including greywacke,
siltstone, and shale (Wilson and Hults, 2012).

I sampled three streams in the Wolverine Glacier watershed, ranging in elevation
from 600-1200 m. Ten sites were assigned to each stream, spanning the length of each
stream (Figure 3.1). The highest-elevation Moraine Stream flows through a sparsely
vegetated landscape, crosses over a moraine, and eventually disappears in coarse moraine
sediment before reaching the glacier. The Cabin Stream flows through tundra vegetation
and eventually transitions into a braided stream that also terminates in coarse moraine
sediment. The lowest elevation Tundra Stream drains mixed tundra, shrub, and exposed
bedrock terrain. Two alpine lakes, approximately 0.02 km? and 0.03 km?, drain into
Tundra Stream before it follows a narrow canyon and disperses into a braided stream that
eventually reaches the glacier. Each of these streams crosses a trimline left by glaciation

during the LIA (~1300 to 1850 CE), an erosional feature marking the maximum vertical
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extent of the glacier (Figure 3.1). Moraine, Cabin, and Tundra Streams were sampled
over reaches that were 500, 500, and 1250 m respectively. All but one sample was taken
below the lakes on Tundra Stream (Figure 3.1).

Table 3.1 Sample stream physical characteristics. Mean elevation and slope
values are of the sample reach.

Moraine Cabin Tundra

Mean Elevation (m) 955 957 725

Sample Reach Length (m) 370 400 1200

Mean slope (°) 24 14 11

2.2 Field Data Collection

Tundra, Cabin, and Moraine streams were sampled synoptically in early August
and early September of 2022. Stream samples intended for nutrient and ion analysis were
filtered in the field using a syringe and a 0.45xm Millipore filter. Nutrient and ion
samples were collected in 60 mL HDPE bottles that had been pre-cleaned by soaking and
triple rinsing with DI and triple rinsed with filtered sample water. They were then stored
at -20°C upon returning from the field until analysis. Isotope stream samples were
collected unfiltered in 30 mL HDPE bottles and filled to the top to minimize head space.
Isotope samples were stored at +4°C. In the field, all samples were stored in coolers to
prevent unwanted warming or freezing. Electrical conductivity (EC) and temperature data
were collected using a YSI Ecosense 300 handheld probe (accuracy £1% of reading). For
water temperatures above 1.7°C, the probe automatically compensates EC to 25°C.

Below 1.7°C, the following equation was used to compensate stream EC to 25°C.
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ECyncorrected (3 1)
1+(0.0191*(T-25) ’

ECCorrected -

I used additional data from the region to compare glacierized to non-glacial
streams and to define source water end-member signatures. These data span six years of
sampling campaigns and are sourced from Koch et al. (2021), which will be appended
and republished with more recently collected samples. Sample collection and processing
methods for these data are described in Bergstrom et al. (2021) and Chapter 2 of this
thesis.

2.3 Laboratory Analysis

Ions and nutrients were measured on a Metrohm 930 Compact IC Flex ion
chromatography system and a SEAL Analytical AA500 segmented flow nutrient analyzer
(accuracy <+ 0.004 mg/L for ions, <+0.004 mg/L for NOx, and <+0.30 for SiO»).
Calibration curves were developed to span the observed range of concentrations and

detection limits were calculated using equation 3.2:

3.3x0

Detection Limit = 3.2)

Where o is the standard deviation of the residuals and m is the slope of the
calibration curve. Detection limits were applied to ensure statistically significant results
in the low-level range (see Table 3.2).

Table 3.2 Detection limits of nutrients and ions.

Ion/Nutrient NOx  SiO; Na NH; K Mg Ca F Cl NO; NO; PO;s; SO4

DL (mg/L) 0.001 0.0015 0.003 0.003 0.008 0.002 0.003 0.003 0.005 0.003 0.002 0.002 0.007
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I conducted isotope analysis using a Los Gatos Research Liquid-Water Isotope
Analyzer (LWIA) at Boise State University (accuracy <+ 0.12%o for §'%0 and <1.1%o
for §°H, precision <+ 0.25%o for §'%0 and <£1.90%o for §*H). The range of standard
waters spanned -6.62%o to -37.5%o 8'%0 and -41.6%o to -302.0%o 5°H.

2.4 Sea-salt Corrections

Due to the proximity of the sample site to the ocean, I observed an excess of sea-
salt derived ions in stream samples. To account for marine-derived ions, I corrected
stream samples using known sea-salt ratios using equation 3.3:

[Non Sea — salt];,, = [ion] — (SSratio x [Cl]) (3.3)
where ions K, Na, Mg, SO4, and Ca were corrected using CI.

2.5 Calculation of Bicarbonate

Bicarbonate was calculated using the charge balance method, in which the
concentrations of ions were converted to meq/L and the following equation was used:
Y. cations — Y, anions = [HCO3 ] (3.4)
assuming that the difference in charge is explained by bicarbonate. This method is
dependent on samples being within the pH range that bicarbonate species can exist in.

2.6 Mixing Model

To assess the proportion of stream source waters in each stream, [ used a three-
component end-member mixing model. End members were identified as snow, rain, and
deep groundwater. Sample data used in this study (end members and stream samples
from nearby sites) are sourced from (Koch et al., 2021), which will be appended and
republished with more recently collected samples. Sample collection and processing

methods for these data are described in Bergstrom et al. (2021) and Chapter 2 of this
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thesis. Our dataset did not have a suitable tracer to distinguish between deep and shallow
groundwater, and thus only deep groundwater is considered in the model. The model
used EC as a tracer to distinguish meteoric from groundwater, and 6+O to distinguish rain

from snow. The model is expressed as follows:

1= frain + f:snow/ice + fgw (36)

Cstream = Crainfrain + Csnow/iceﬁsnow/ice + ngfgw (37)

where C represents the value of each tracer and f denotes the fraction of source water
present in the stream. When calculating mixing fractions for each stream, the average
value of tracers EC and §'0O were used. For example, all EC measurements taken in the
Cabin Stream in August of 2022 were averaged and that value was used in the model.
Generally, there were 10 samples collected along each stream each day. A Monte Carlo
simulation was used due to the high variability in measured end-member values and the
low number of samples. End member values were randomly sampled within one standard
deviation of the mean in each iteration of the model. If stream samples fell within the
mixing space created by end member values, the proportion of each stream source value
was retained. This iteration occurred 10,000 times, and the mean of all retained values is

displayed in the final model.
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Figure 3.2.  Box plots display the range of values measured above and below the
LIA trimline in three streams in early August, 2021. Cabin Stream is displayed in
blue, Moraine in yellow, and Tundra in red. Darker hues indicate samples taken
above the trimline and lighter hues indicate samples below the trimline.
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Figure 3.3.  Box plots display the range of values measured above and below the

LIA trimline in three streams in early September, 2021. Cabin Stream is displayed

in blue, Moraine in yellow, and Tundra in red. Darker hues indicate samples taken
above the trimline and lighter hues indicate samples below the trimline.
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3.1 Stream Chemistry Above and Below Trimlines

In most cases, there are no significant differences in stream water chemistry
above and below trimlines (Figures 3.2 and 3.3). Mean nutrient and ion concentrations
are often higher above the trimline than below, although this is not true for all cases.
Temperature, isotope values, and EC do not change significantly above and below
trimlines.

Stream chemistry exhibits a change between early August and early September
sampling (Figures 3.2 and 3.3). In September, ion, nutrient, bicarbonate, and EC values
are higher than in August. Isotopes are more enriched in September. Silica was the only
constituent that did not show a change in concentration between August and September.

Tundra Stream has lower Ca, Mg, and SiO> concentrations than Moraine and
Cabin streams in both months (Figures 3.2 and 3.3). Moraine and Cabin streams have
lighter isotope signatures and higher EC values than Tundra Stream. In August, Moraine
Stream is colder than Cabin and Tundra streams, although this trend is not observed in
September (Figures 3.2 and 3.3).

3.2 Weathering Chemistry

Prior to analyzing data for weathering patterns, a sea salt correction was made due
to the proximity of the ocean and elevated ion concentrations in rain samples. All stream
sample ion concentrations were corrected to Chloride because very few samples had
excess Chloride concentrations beyond known sea-salt ratios (Figure 3.4). Sodium and
Magnesium were also considered, but samples fell above known sea salt ratios suggesting

other sources of these ions in the watershed (Figure 3.4).
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Figure 3.4. The relationship between ion concentrations were plotted for stream
samples. Black circles indicate non-glacial streams and blue circles represent
glacially influenced streams. The thick black line plots the known ratio between ions
in seawater. Cl was chosen as the ion to be corrected to because few samples are
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Figure 3.5.  The relationship between Mg and Ca normalized by Na in stream
samples. Global end members of silicate and carbonate weathering are circled in the
corners of the plot. Each sample collected in both August and September field
campaigns are plotted, as are the yearly averages for other glacial (triangles) and
non-glacial (circles) streams.
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Plotting local stream chemistry against end-member ratios of carbonate-
dominated and silicate-dominated streams can aid in the understanding of the dominant
weathering source of a watershed. Our stream samples plot between carbonate and
silicate end-members in the Ca/Na direction, and are nearer to the Mg/Na ratio of
silicates (Figure 3.5). Samples from all streams have similar Ca/Na ratios, while Moraine
and Cabin Stream samples have slightly elevated Mg/Na ratios when compared to Tundra
Stream (Figure 3.5). Other non-glacial streams in the region plot similarly to Cabin,
Moraine, and Tundra Streams. Glacial streams show a broader range of Ca/Na ratios
when compared to off-glacier streams (Figure 3.6).

The relationship between bicarbonate and silicate can also be used to determine
the dominant type of rock being weathered using known stoichiometric ratios (Figure
3.7). Samples that plot below the 2:1 line indicate silicate weathering, while those above
the 4:1 line indicate carbonate weathering (Jenckes et al., 2022; Bouchez & Gaillardet,
2014; Ibarra et al., 2016; Maher, 2011; Winnick & Mabher, 2018). Our stream samples
plot between the 18:1 line and the 4:1 line, indicating carbonates as the dominant

weathering source.
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Figure 3.6.  The relationship between Mg and Ca normalized by Na for all stream
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3.3 Source Water Change

The mixing model shows distinct changes in source water contributions between

sampling campaigns. In early August, all three streams have a higher proportion of

snowmelt contributing to streamflow than they do in early September (Figure 3.8).

Conversely, rain and groundwater contributions increase between the two months.

Cabin and Moraine Streams have almost identical mixing fractions in both August

and September (within 2% and 7% for each fraction in August and September

respectively). Tundra has higher fractions of rain (~40% in Tundra Stream and ~20% in

Cabin and Moraine Streams), and far less groundwater both months. Snowmelt fractions

were similar in all three streams each month (~45% in August and ~35% in September).
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Figure 3.8.
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Source water fractions generated by a three end-member mixing

model. End members rain, snowmelt, and groundwater are light blue, off-white, and
dark blue respectively. The model averaged tracer values for all stream samples

collected in a single steam on a single day.
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4. Discussion

4.1 Limited Differences In Weathering Occurs Below LIA Trimline

The results of stream chemistry changes above and below the LIA trimline
indicate that there is no change in weathering patterns as these streams pass over the
trimline. I hypothesized that weathering would increase as streams passed through fresh
facies, resulting in higher concentrations of ions in the below-trimline samples. Instead, I
saw no appreciable difference in ion and nutrient concentrations in relation to the
trimline. The lack of measurable weathering changes may be explained by a few factors.
First, the short length of streams may result in insufficient time for weathering to occur.
The streams flow over bedrock for <.5 km before flowing under the glacier or
disappearing into moraine sediments, which is a much shorter distance than other papers
that have examined periglacial stream weathering (Deuerling et al., 2019; Anderson et al.,
2000). Second, the type of rock (i.e. rock that has been eroded versus deposited) below
the trimline may drive weathering potential. Previous studies examined proglacial
streams that contained high proportions of silt-sized sediment (Deuerling et al., 2019).
This fine-grained sediment can be sourced from subglacial networks that mobilize
material eroded by the base of the glacier, and from lateral moraines that streams flow
through (Anderson, 2005; Stumm and Morgan, 2012; Hallet et al., 1996). Trimlines, by
contrast, are characterized by exposed bedrock and lateral moraines. Higher proportions
of exposed bedrock may decrease the presence of silt-sized grains and thus chemically
reactive sediment. The exact driver limiting the weathering of short streams over glacial

trimlines is unknown and may be explained by a combination of these factors.
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Moraine Stream has much higher variability in nutrient/ion concentrations above
the trimline than other streams (Figures 3.2 and 3.3), likely because it is downstream of a
confluence of two streams draining basins with different topographical attributes (i.e. a
steep rocky hillside and a protected bowl with persistent seasonal snow). One sample was
taken above the confluence in each of the two streams, while three additional samples
were collected between the confluence and the trimline. EC values and ion/ nutrient
concentrations were consistently higher in the rocky branch than in the snowy branch.

4.2 Interpretation of Geochemical Weathering Relationships

I examined the concentrations of solutes in streams in two ways to assess
weathering. I analyzed the relationship between Mg/Na and Ca/Na (Figures 3.5 and 3.6)
and I assessed the relationship between bicarbonate and silicate (Figure 3.7). Each
analysis indicates a different primary weathering source.

Carbonate-dominated basins result in higher ratios of weathering-derived Ca/Na
and Mg/Na concentrations (Gaillardet et al., 1999). The relationship between Mg/Na and
Ca/Na shown in Figures 3.5 and 3.6 implies that both non-glacier and glacierized streams
in the region weather a combination of silicates and carbonates. The relationship between
bicarbonate and silicate (Figure 3.7) indicates that carbonate weathering is the primary
type of weathering in the Wolverine Glacier watershed. Interestingly, no samples lie
below the 2:1 line, which would indicate silicate weathering. These results are
contradictory to those described in Figures 3.5 and 3.6, which indicate a mix of silicate
and carbonate weathering. Bicarbonate was calculated using the charge balance method,
which introduces error and may not be as accurate as calculating ion ratios. The presence

of error may describe why each analysis indicates different results. However, our results
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are consistent with other non-glacierized streams in the region (Jenckes et al., 2022).
When combined, these analyses suggest that carbonate weathering is certainly occurring
in the region and that silicates may or may not be weathering.

In both analyses, Tundra Stream plots separate from Moraine and Cabin Streams.
Tundra Stream has consistently lower Mg/Na ratios when compared to Cabin and
Moraine Streams (Figures 3.5, 3.6), and has lower bicarbonate and silicate concentrations
(Figure 3.7). Lithology is known to be a major control on weathering products and could
explain the differences observed here (Raiswell, 1984; White et al., 2003). The bedrock
geology has not been mapped at a fine enough scale to make distinctions between the
lithologies of each stream’s drainage basin (Wilson and Hults, 2012). However, a
topographic step causes an icefall in the Wolverine Glacier at ~860 m and manifests as a
steep slope adjacent to the glacier separating the upper two streams from the lower
stream. This likely indicates a shift in bedrock type. Geochemical differences observed in
streams may therefore be explained by underlying rock and thus differing mineralogy.
Additional mapping of the region or geochemical analysis of rocks in each sub-basin
would be needed to verify this hypothesis.

Glacial and non-glacial streams occupy similar ranges in Figure 3.5, indicating
that the presence of a glacier does not seem to influence the type of weathering occurring.
Carbonates weather on a much faster timescale than silicates. A dissolution experiment
using glacially derived sediment in the same bedrock unit found that carbonate
dissolution only occurred over the timescale of about 900 hours, while silicate weathering
increased over much longer timescales (Anderson et al., 2000). I would therefore expect

proglacial streams carrying high sediment loads to have greater concentrations of
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carbonates than off-glacier streams carrying no freshly comminuted sediment. Instead,
our results show that non-glacial streams can weather carbonates at a similar rate to
glacial streams (Figures 3.5 and 3.6). The lack of distinction between weathering sources
further indicates the importance of bedrock as a driver in weathering-derived solutes.

4.3 Source Water Differences

Snowmelt contribution to streams decreased between August and September,
which aligns with snow visible on the landscape between the sampling campaigns (Figure
3.8, Photo 3.1). Rain contribution increased between the sampling periods, which is
supported by persistent rain and higher stage values at Tundra Stream through the month
of August (Figure 3.9). Groundwater contributions increased between the two sampling
periods and can also be explained by high rainfall; saturated soil water likely flushed

deeper groundwater into streamflow (Fetter, 2001).

Photo 3.1. Photos taken from the same location one month apart. A snow bridge
covers much of the stream in early August, while very little snow remains in early
September.
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Figure 3.9. Relative stage of Tundra Stream between mid-July and early-
September of 2022. Sample collection dates are marked by the vertical dashed lines.

Proportionately, snowmelt consistently contributed less in Tundra Stream
compared to Cabin and Moraine streams, while rain contributed more (Figure 3.8). One
possible explanation for higher rain proportions could be the enrichment of §'0 isotopes
through evaporative processes in the many lakes that drain into Tundra Stream.
Evaporatively enriched §'®0 signatures would cause the model to partition more
streamflow to rain since the rain end member is more enriched than snow. To test this
theory, $'*0 and §*H samples were plotted to create a LMWL for each stream (Figure
3.10). Samples that have been enriched by evaporative processes would plot below the
line. Only one such sample was observed, and the possibility that evaporation is causing
the model to partition more rain in streamflow is unlikely. The difference may instead be
caused by the proportion of snow on the landscape, as Tundra is the lowest in elevation.
A considerable number of outliers are observed for each stream in Figure 3.10, which

may be explained by the narrow spread of pooling of §'0 values (~2%o), or evaporative
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processes. Outliers were collected in ponded reaches of streams in moraine complexes

and in high-snowmelt reaches that have likely undergone fractionation.

* Cabin Stream  &°H=4.0 5'%0 - 58.5%. L
Moraine Stream &°H= 3.8 5'°0 - 63.3%o L7
1101 ° Tundra Stream  8°H= 5.5 8'%0 - 29.8%. * "
--- GMWL
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Figure 3.10. LMWL fitted to all samples collected in August and September, 2021
for each stream. The GMWL is plotted in black for comparison.

Notably, Tundra Stream differs from Cabin and Moraine Streams from both a
geochemical and source water perspective. Tundra Stream had the highest groundwater
proportions and the highest values of bicarbonate, Sulfate, Ca, SiO», and Mg:Na ratios
(Figures 3.2, 3.3, 3.5, and 3.7). Compared to meteoric water, groundwater has higher
concentrations of solutes due to long residence times that promote bedrock weathering.
Higher solute concentrations are observed between August and September sampling

periods as well; all streams had higher proportions of groundwater (Figure 3.8) and
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higher solute concentrations (Figures 3.2 and 3.3). These findings indicate that the
concentration of solutes is driven by the proportion of groundwater in streams while ion
ratios and relationships are driven by underlying bedrock.

S. Conclusion

I assessed weathering patterns and stream source water contribution in three non-
glacial streams adjacent to the Wolverine Glacier in southcentral Alaska. I found that
short (<1.5 km) streams do not exhibit a change in weathering patterns below glacial
trimlines left behind during the LIA. This may be caused by short timescales in which
water could interact with rock or the lack of weatherable silt-sized grains in erosional
features such as a trimline. Geochemical analysis suggests that the streams in this region
weather both silicates and carbonates. Weathering-derived solutes vary slightly between
off-glacier streams, which is likely a function of the underlying bedrock. I additionally
found a positive relationship between the concentration of weathering-derived solutes and
the proportion of groundwater in streamflow. Glacierized streams in the region had
similar weathering-derived solute concentrations to non-glacierized streams, indicating
that bedrock rather than glaciers is the driver of solutes in the region.

Future research should be conducted to analyze geochemical differences between
the underlying bedrock of each basin to confirm lithology as a driver for differences in
stream chemistry. Discharge measurements at each stream would additionally allow for
flux measurements, which can give further insight into broader questions regarding the
impact of glacial weathering on atmospheric CO: sequestration (Gibbs and Kump, 1994;
Tranter et al., 2003; Eiriksdottir et al., 2013; Berner, 2004). Our results fill a critical gap

by describing a spatial scale at which weathering is limited, showing that small streams
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cannot export large quantities of weathering-derived solutes. It additionally assesses non-
glacial streams that pass over glacially eroded features from the LIA, rather than
examining only proglacial streams. This research supports the body of literature that
shows the importance of underlying bedrock mineralogy in stream solute export (Bluth

and Kump, 1994).
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CHAPTER FOUR: CONCLUSION AND FUTURE DIRECTIONS

The hydrology of glaciated basins is rapidly changing as glaciers thin and retreat,
precipitation regimes shift to become more rain-dominated, and vegetation densifies and
encroaches on newly exposed surfaces (McAfee et al., 2014; Littell et al., 2018; Adam et
al., 2009; Hammond et al., 2019). Source waters are shifting in response to these changes,
which affects the physio-chemical properties of streamflow (Milner et al., 2009;
Musselman et al., 2017; O’Neel et al., 2014; Hannah et al., 2000). Downstream
ecosystems are being affected by these shifts through changes in stream temperature and
nutrient and sediment fluxes (Hood and Berner, 2009; Fellman et al., 2015; Milner et al.,
2009, 2017). High weathering rates in glacierized basins can impact the global carbon
cycle through the production or consumption of CO; as a function of the weathering
mechanism Berner, 1995; Torres et al., 2017; Herman et al., 2013; Foster and Vance,
2006; Anderson et al., 2000).

This study examines the potential impacts of warming temperatures on physical
hydrology in addition to exploring drivers of weathering patterns in glacierized and
deglaciated landscapes. In Chapter 2, I make inferences about changing stream source
water contributions using elevation as a proxy for climate change in a space-for-time
approach. These findings have implications for downstream ecosystems, as sediment and
nutrient fluxes change. In Chapter 3, I examine the drivers of weathering-derived solutes
across a similar range of basins. Here, I revisit the major findings of this thesis and

discuss possible future directions.
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Increasing Temperatures Shift Landscapes and Hydrology

Elevation is a primary control on air temperature, which in turn impacts
precipitation regimes, melt timing, vegetation growth, and soil development (Stephenson,
1990; Eagleson, 1978; Budyko et al., 1974; Holdridge, 1967). I use a space-for-time
approach to examine off-glacier watersheds across an elevational gradient and make
inferences about changing hydrologic regimes in the face of a warming climate. I
additionally compare off-glacier watersheds to adjacent glacierized watersheds of varying
percent glacier cover and size to contextualize the hydrologic influence of glaciers.
Glacierized catchments contribute higher proportions of snow and ice melt later in the
season as compared to non-glacial streams, fundamentally altering streamflow timing and
likely streamflow magnitude. Higher elevation sub-watersheds are more snowmelt
dominated throughout the year than low elevation sub-watersheds, which are more rain
dominated.

Snowmelt stores water throughout the winter and seasonally contributes to
streamflow and aquifer recharge over the course of multiple months (Curran and Biles,
2021; Foks et al., 2018). Groundwater contributes variable volumes of water to streams
across elevational gradients, contributing most to low-elevation streams and streams
adjacent to large breaks in slope. Seasonally, groundwater proportionally contributes
most to streamflow during spring snowmelt and fall rain events. Streamflow may become
increasingly driven by groundwater as snow- and ice-melt contributions decrease.

This research informs a general shift from glacierized to deglaciated basins.

Although dilute, glaciers export high quantities of phosphorus and labile carbon due to
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the high magnitude of flow (Hood and Berner, 2009; Fellman et al., 2014). Fluxes are
therefore positively correlated with peak glacier melt, generally in the summer (Fountain
and Tangborn, 1985; Curran and Biles, 2021). Snowmelt flushes nutrients stored in soils
resulting in a pulse of nitrogen and humic-like carbon in the spring (Foks et al., 2018;
Fellman et al., 2014). As glaciers recede and soils develop, the characteristics of nutrients
being exported will change, as will the timing. Increasing temperatures are expected to
cause less precipitation to fall as snow, snow to melt earlier, more rain on snow events to
happen more frequently, and shrubification to occur (Hammond et al., 2019; Musselman
et al., 2017; Littell et al., 2018; Dial et al., 2007; Keenan and Riley, 2018). Treeline may
shift upwards in elevation as rain contribution continues to increase (Dial et al., 2007;
Hammond et al., 2019). The transition of vegetation will alter the water balance through
increased transpiration demands. Together, changes in source waters and vegetation will
impact streamflow and the transport of sediment and nutrients.
Bedrock Drives Weathering-Derived Solutes

Temperate glaciers alter landscapes by physically weathering underlying bedrock,
producing large quantities of silt-sized fresh sediment available for chemical weathering
(Hallet et al., 1996; Anderson, 2005). The type of weathering occurring (i.e. carbonate
versus silicate) influences the sequestration or release of CO2 in the atmosphere. My
findings show that the type of weathering occurring in the Nellie Juan basin and sub-
basins is a mixture of carbonate and silicate weathering. The presence of glaciers does
not seem to affect the type of weathering occurring, as both glacial and non-glacial
streams exhibit similar geochemical relationships. Additionally, off-glacier streams do

not seem to be weathering additional material after passing through the more recently
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exposed LIA trimline. Instead, differences in geochemical relationships are driven by
underlying bedrock. The proportion of groundwater is positively correlated with the
magnitude of weathering-derived solutes, indicating that as groundwater contributes more
to streamflow as snow- and ice-melt contribute less, there may be higher fluxes of
weathering-derived solutes.
Future Directions

Possible next steps have been identified in multiple parts of this research. In this
section, I describe potential future research that builds on this thesis work and discuss
planned next steps.
Mixing Model

Chapters 2 and 3 use a three end-member mixing model to determine source
water contributions. End members include snow/ice melt, rain, and deep groundwater.
Tracers used to distinguish between end members are §'*0 and EC. These end members
are not fully representative, as they lack shallow groundwater. Although attempts were
made to find a suitable third tracer with our existing dataset, we were limited by our data.
Previously collected data were inconsistently analyzed, such that earlier samples were
analyzed for a different suite of geochemical tracers than later samples, vastly reducing
the number of samples that could be used to determine potential tracers for deep and
shallow groundwater. Inconsistencies prevented us from attempting a principal
component analysis, which is frequently used in other source water contribution studies
(e.g. Wilson et al., 2016; Liu et al., 2004; Frisbee et al., 2011). I would recommend that

future samples continue to be analyzed for the same suite of geochemical tracers as recent
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samples, including isotopes, major ions, nutrients, and DOC. By doing so, a principal
component analysis could be applied to separate shallow and deep groundwater.

I would also recommend updating procedures used to collect shallow and deep
groundwater. Current shallow groundwater samples were collected from springs, and
should instead be collected using soil lysimeters. This will ensure that we are not
collecting shallow overland flow. Deep groundwater would ideally be collected using
wells instead of from bedrock seeps. This would prevent possible contamination from
algae at the surface of the seeps.

I would also encourage snow sampling to occur throughout the winter season
rather than only during freshet. Current snow samples have been isotopically enriched
through the preferential melting of lighter isotopes. Sampling after snowmelt has begun
results in stream samples with lighter isotopic values than our defined snow end member,
which limits the ability of our mixing model to accurately predict stream source water
contributions.

Land Cover Classification

Appendix A uses a supervised classification to analyze land cover. The NLCD
dataset does not adequately represent land cover in the region, and this method was
applied to understand modern land cover. Although the snapshot in time is helpful for
contextualizing current influences on streamflow, it cannot be used to measure historic
change. The methods used here should be expanded to include more training points and
to include historic imagery. Better characterizing historic change can help us better
predict shrub encroachment in a rapidly changing landscape. These recommendations

will be incorporated into a new project that will characterize the historic (40 year) change
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in snow, vegetation, bare ground, and water in the region. The characterization of
landscape change can be used to better constrain the influence of land cover on
downstream ecosystems.

Weathering Patterns

In Chapter 3 I analyze relationships between ions and nutrients to infer the type of
geochemical weathering occurring across glacierized and non-glacial basins. Results vary
depending on the relationship examined. When comparing magnesium and calcium
concentrations normalized by sodium, samples fell somewhere between values expected
from global end-members of silicate and carbonate weathering. Plotting the relationship
between bicarbonate and silicate indicated all carbonate weathering. The reason for these
differences is unclear but could possibly be explained by the calculation of bicarbonate
using the charge balance method. Bicarbonate concentrations could be measured using
titration to account for this potential error.

I also recommend that bedrock samples are analyzed using ICP-MS to determine
potential mineral differences across the watershed. My results indicate that bedrock likely
drives differences in the geochemical signatures of streams, but this could be confirmed

with a stronger grasp of lithologic differences.
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Supervised Land Cover Classification

A.1 Landsat Imagery Acquisition and Classification Model

To characterize land cover in the Nellie Juan basin and its sub-watersheds, I
performed a supervised classification of land cover. I used a 30x30m resolution Landsat 8
image acquired on August 29th, 2021 (citation for landsat), the most recent cloud and
snow free image, allowing for maximum likelihood of accurate vegetation classification.
Training points were manually chosen using Maxar satellite imagery acquired on
September 11th, 2021 at 0.5 m-resolution, accessed through ESRI World Imagery (cite).
Seventy points were each assigned to five land cover types: forest, shrub, tundra, snow
and ice, and rock/water. Eighty percent of the points were used to train a model that
extracted the reflectance values at each point from Landsat bands 1-7. Land cover was
then predicted across the region using a model developed by a recursive partitioning of a
classification tree in the rpart package (v.4.1.19; Therneau et al., 2022). The remaining
twenty percent of points were used as a testing dataset. The model accuracy was assessed
using a confusion matrix in the caret package (v.6.0.93; Kuhn, 2022).

A.2 Supervised Classification Maps and Assessment

Sub-watersheds were chosen based on on-the-ground and aerial observations of
land cover coupled with ease of access. The results of the land cover classification show
that some sub-watersheds primarily drain areas covered by a single land cover class,
while others are more mixed in land cover than inferred from field observations. For
example, Tundra Stream drains an area primarily covered by tundra vegetation (85%)

followed by rock and water (10%) and Forest Stream drains a basin completely covered
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by forest (100%) (Figures A.1 and 2.3). Shrub Creek, however, drains a basin only
partially covered by shrubs (16%), while the primary cover is tundra vegetation (80%)
(Figure 2.8). The performance of the model was assessed using a confusion matrix. The
accuracy of the model was 95.5% with a kappa value of 0.94.

Land cover misclassifications most often occurred in the prediction of rock/water
and tundra, likely due to the similarities between their reflectance values in bands 1-4.
The mixed pixel effect in the 30 m-resolution of Landsat imagery may be particularly
problematic for tundra and bare rock, which are observed in intermixed patches in the
field. Visual inspection of the classification maps also indicates that rock is often
misclassified as forest around glacier margins, potentially do to the semi-persistent
shadowing near the glacier margins (Figure A.2). Although the spatial resolution of this
analysis is likely insufficient for fine scale analysis, it seems to suitably represent land

cover at the basin scale.
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Figure A.1 Land cover classification results from a supervised classification. Inset map a) shows the entire Nellie Juan basin
with sub-watershed outlines. Inset b) shows the Forest watershed, ¢) Shrub Creek, d) Lake Inlet, ¢) Tundra Stream, f) Cabin

Stream, and g) the Wolverine Glacier watershed.
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