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Glacial meltwater contributions to streams depend on watershed characteristics
that impact water quantity and quality, with potential changes as glaciers
continue to recede. The purpose of our study was to investigate the influence
of glacier and bedrock controls on water chemistry in glacial streams, focusing
on arange of small to large watersheds in Alaska. Southcentral Alaska provides an
ideal study area due to diverse geologic characteristics and varying amounts of
glacial coverage across watersheds. To investigate spatial and temporal variability
due to glacial coverage and bedrock type, we analyzed water samples (n = 343)
from seven watersheds over 2 years for major and trace element concentrations
and water stable isotopes. We found variable water chemistry across the glacial
rivers related to glacial coverage and the relative amount of metamorphic,
sedimentary, and igneous bedrock. Some sites had elevated concentrations
of harmful trace elements like As and U from glacier melt or groundwater.
Longitudinal (upstream to downstream) variability was apparent within each
river, with increasing inputs from tributaries, and groundwater altering the water
chemistry relative to glacier meltwater contributions. The water chemistry and
isotopic composition of river samples compared with endmember sources
suggested a range from glacier-dominated to groundwater-dominated sites
along stream transects. For example, water chemistry in the Knik and Matanuska
rivers (with large contributing glaciers) was more influenced by glacier meltwater,
while water chemistry in the Little Susitna River (with small glaciers) was more
influenced by groundwater. Across all rivers, stream chemistry was controlled
by glacier inputs near the headwaters and groundwater inputs downstream,
with the water chemistry reflecting bedrock type. Our study provides a greater
understanding of geochemical and hydrological processes controlling water
resources in rapidly changing glacial watersheds.
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1 Introduction

Glaciers are rapidly receding in Southcentral Alaska with
downstream impacts on water quantity and quality. Between 2000
and 2019, Alaska contributed 25% of the global glacier mass
lost outside ice sheets, despite accounting for only 12% of the
total glacier area (Hugonnet et al., 2021). Meltwater discharge
from shrinking glaciers increases until peak water is reached,
after which runoff declines with shorter periods of high flow and
greater seasonal variability in water chemistry (Sorg et al., 2014;
Huss and Hock, 2018; Rowan, 2018). Globally, runoff in glacial
watersheds is expected to peak by 2040 (Immerzeel et al., 2013),
with rivers fed by smaller glaciers passing peak water before rivers
fed by larger glaciers (Huss and Hock, 2018). The Gulf of Alaska
region (including Southcentral Alaska) stands out with a projected
increase in glacier runoff contributions of over 5% by 2100, while
all other major glacial watersheds are expected to have either a
decrease or no change in glacier runoff contributions over the same
period (Huss and Hock, 2018). The changing water chemistry and
rising temperatures of meltwater-fed streams may be a stressor for
threatened salmon species (Evenson, 2024) that spawn in these
rivers (Chaloner et al., 2007; Hood and Scott, 2008; Bryant, 2009;
Fellman et al., 2015; Shanley et al., 2015; Milner et al., 2017; Pitman
etal., 2021).

As glaciers retreat, contaminants are released from melting
ice and from newly exposed rocks that are subjected to enhanced
weathering. Both melting ice and weathering rocks release solutes
into the meltwater, increasing dissolved major ions, trace elements,
organic carbon, and nutrients (Fortner et al., 2005; Brennan et al.,
2014; Staniszewska et al., 2021; Pappala et al., 2023; Jenckes et al.,
2024; Munoz et al., 2024). For example, weathered bedrock exposed
by retreating glaciers may be enriched in harmful trace metals
released through sulfide oxidation (Fortner et al., 2011). Glacial
meltwater may be enriched in contaminants stored in the ice from
wet and dry atmospheric deposition (Carling et al., 2017; Barkdull
et al., 2021; Staniszewska et al., 2021; Wu et al., 2022; Staniszewska
etal., 2023; Liu et al., 2024; Mufoz et al., 2024). Once contaminants
enter the river system, they can bioaccumulate, posing a significant
risk to the food web (Streit et al., 1998; Morrissey et al., 2005;
Maurya et al., 2019; Miner et al., 2019; Pawlak et al., 2021). The
seasonal dynamics of glacial meltwater inputs and weathering
processes result in temporal variations in meltwater chemistry that
can impact carbon cycling and downstream ecosystems (Fortner
etal, 2011; Pappala et al., 2023).

Glacial streams receive water inputs from multiple sources,
including glacier melt, snowmelt, precipitation, and groundwater.
Water sources may be quantified through endmember mixing
analyses (He et al., 2020) or water stable isotope mixing models
(Olson et al, 2024). Studies in glaciated watersheds often
ignore groundwater input, assuming it is negligible compared to
snowmelt, glacial melt, and precipitation. For example, a study of
glacial watersheds in the Gulf of Alaska neglected groundwater,
claiming that snowmelt dominated river flow from December to
July, and precipitation dominated from September to November
(Beamer et al, 2016). As glacial watersheds pass peak water,
the relative contributions from different water sources will likely
change. Water sources are also expected to change as Southcentral
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Alaska experiences a widespread snow-to-rain transition in mid-
elevation regions (Littell et al, 2018; Sergeant et al, 2020).
Decreasing glacial melt and snowmelt across the Gulf of Alaska
(Huss and Hock, 2018) may make groundwater contributions
relatively more important over time.

Although glaciers are expected to recede disproportionately
Alaska,
populations, these watersheds have not been thoroughly studied,

across  Southcentral potentially affecting salmon
and a baseline is needed for long-term monitoring. The area is
large enough that we can use our baseline snapshot of the regional
water chemistry to investigate how stream chemistry changes
as a function of glacial coverage and bedrock variations in the
local watersheds. The purpose of our study was to provide such a
baseline snapshot and investigate the influence of these controls
on water chemistry in several glacial watersheds in Southcentral
Alaska. Specific objectives were to: (1) compare water chemistry
across watersheds with different glacial coverage and bedrock types;
(2) evaluate the release and transport of trace elements/major ions
with distance from contributing glaciers; and (3) investigate
potential water sources through comparison with endmember

water chemistry and water stable isotopes in each watershed.

2 Methods

2.1 Water sample collection

We investigated seven glacial rivers in the Southcentral Alaska
region, including Little Susitna, Moose Creek, Matanuska, and
Knik watersheds in the Chugach/Talkeetna Mountains and the
Gulkana, Canwell, and Castner watersheds in the Eastern Alaska
(Delta) Range (Figure 1). There are five established U.S. Geological
Survey (USGS) stream gauge stations in our study watersheds,
located on the Knik, Matanuska, Little Susitna, Moose Creek,
and Gulkana rivers. Sampling locations chosen for this study
included the five stream gauge sites 16 other sites (shown in
Figure 1). These watersheds collectively cover 9,799 km? ranging
from the 32 km? Gulkana watershed to the 5,423 km? Matanuska
watershed. Maps of watershed elevation and bedrock are provided
in the Supplementary Figures S1-58. Watershed characteristics and
sample sites in each watershed are provided in Table 1.

To identify spatial and temporal trends in water chemistry
across the seven glaciated watersheds, we collected 345 water
samples during late spring through early fall of 2022 and 2023.
The sample sites included Knik (K1 through K4), Matanuska (M1
through M5), Moose Creek (MC), Little Susitna (L1 through L4),
Gulkana (G1 and G2), Canwell (CW1 and CW2), and Castner (CT1
and CT2). The upstream sample site in each river was located as
close as possible below the main glacier with the other samples
extending to the end of the watershed. Given difficult access to
the Moose Creek watershed, samples were only collected at the
catchment mouth. We collected monthly samples at most of the
21 sites from May through September 2022 and 2023. The sample
collection also included weekly samples at four USGS stream gauge
sites (K3, M4, MC, and LS2).

To compare river water chemistry with potential endmember
water sources, we collected samples from supraglacial, subglacial,
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FIGURE 1

Map of 21 mainstem river sites sampled across Southcentral Alaska during the 2022 and 2023 melt seasons. Glaciers in the watersheds are outlined in
gray. Sites are located within seven glacial watersheds across the Talkeetna, Chugach, and Alaska (Delta) Ranges
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TABLE 1 Geospatial data of subwatersheds for all 21 mainstem river sample sites.

Matanuska M1 61.78187 —147.77130 1830 607.4 53.7 36.7 57 0.8 2.1 Sed
M2 61.78925 —147.94450 1454 23223 19.1 50.4 14.3 0.7 14.8 Sed
M3 61.77411 —148.49524 1389 4050.0 13.6 42.1 21.0 3.9 18.5 Sed
M4 61.60882 —149.07245 1299 5329.1 10.8 37.8 22.5 55 22.1 Sed
M5 61.50504 —149.25065 1278 5422.5 10.7 37.2 22.1 55 233 Sed
Moose Creek MC 61.68416 —149.05518 973 125.4 0.8 27.1 12.7 23.8 34.2 Sed
Knik K1 61.46217 —148.78278 1291 2556.2 48.0 44.6 0.0 0.7 5.4 Sed
K2 61.47623 —148.87564 1262 2949.0 42.8 44.9 0.1 2.6 8.2 Sed
K3 61.50348 —149.03251 1210 3156.7 40.0 43.4 0.6 3.8 10.6 Sed
K4 61.48323 —149.25145 1189 3264.3 38.7 42.6 0.8 4.7 11.5 Sed
Little Susitna LS1 61.85403 —149.07402 1623 5.0 23.7 0 56.8 0 0 Igneous
LS1.5 61.78556 —149.17105 1229 59.7 2.8 15.4 44.0 15.2 21.1 Igneous
LS2 61.71089 —149.23200 1110 160.4 1.1 14.9 47.4 14.2 21.7 Igneous
LS3 61.62693 —149.80181 630 439.5 0.4 13.3 174 8.1 60.5 Sed
LS4 61.43751 —150.17459 368 821.1 0.2 7.1 9.3 4.4 77.0 Sed
Canwell CW1 63.33846 —145.60838 1489 4.4 19.7 0.0 11.6 14.2 16.2 Mixed
CW2 63.37414 —145.73214 1545 135.1 49.3 0.0 8.7 19.4 12.2 Mixed
Castner CT1 63.40089 —145.71252 1718 120.6 49.4 0.0 0 23.0 13.2 Meta
CT2 63.40294 —145.73584 1697 123.7 48.1 0.0 0 235 13.3 Meta
Gulkana G1 63.25500 —145.42701 1823 24.2 71.7 0.0 18.7 0 0.8 Igneous
G2 63.24051 —145.46767 1733 31.6 58.6 0.4 18.7 0 10.3 Igneous

2Data from RGI 7.0 Consortium, 2023.
bGeologic dataset from the USGS (Wilson et al., 2015).

and periglacial streams, a proglacial lake, springs, and tributaries in
the Knik, Matanuska, Little Susitna, and Delta Range watersheds
during July-August 2023. Maps showing locations of the
endmember samples are provided in the Supplementary material
with catchment elevation (Supplementary Figures S1-S4) and
underlying bedrock (Supplementary Figures S5-S8).

Both years (2022 and 2023) had above average accumulated
precipitation, with 2022 receiving slightly more precipitation in the
summer and fall months and 2023 receiving more winter snow
(ACRC, 2022, 2023). Southcentral Alaska had a historically snowy
winter of 2022-2023 and a delayed snowmelt season in 2023 due to
persistent winter conditions. Air temperatures across Southcentral
Alaska were above average in 2022 and slightly below average in
2023. Generally, the watersheds in the Alaska (Delta) Range are
much colder and receive less precipitation than the watersheds in
the Talkeetna and Chugach Ranges (Figure 1).

Each sample included multiple subsamples for different
analyses. For trace element, major cation, and major anion analysis,
water was filtered through a 0.45pum PES syringe filter using
an acid-washed syringe, acidified to 2.4% v/v trace metal grade
HNO3, and stored in acid-washed 30 ml LDPE bottles. The major
anion samples were filtered and stored in 15ml HDPE bottles.
Samples for water stable isotopes were collected in amber glass vials
with Polyseal caps, leaving no headspace to prevent evaporation.
All samples were refrigerated until analysis. Alkalinity, assumed
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to be HCO;3 in the circumneutral samples, was measured on
unfiltered samples using a Hach 2444301 Alkalinity Test Kit. Field
parameters (pH, dissolved oxygen, conductivity, and oxidation-
reduction potential) were measured in situ using a YSI Quatro
multiparameter probe, calibrated regularly. Field blanks (n = 28)
were collected weekly by filtering Milli-Q water into an acid-washed
30ml LDPE bottle and a 15ml HDPE bottle. These field blank
samples were then analyzed the same way as other samples.

2.2 Laboratory work

Water samples were analyzed for trace elements, major cations,
major anions, silicon, and water stable isotopes (3'80 and §%H).
Trace element/major cations were analyzed using an Agilent 7500ce
quadrupole inductively coupled plasma mass spectrometer (ICP-
MS) for concentrations of Al, As, B, Ba, Be, Ca, Cd, Ce, Co,
Cr, Cs, Cu, Dy, Er, Eu, Fe, Gd, Ho, K, La, Li, Lu, Mg, Mn,
Mo, Na, Nd, Ni, Pb, Pr, Rb, Sb, Sc, Se, Sm, Sr, Tb, Th, TI,
U, V, Y, Yb, and Zn, following U.S. Environmental Protection
Agency (EPA) Method 1640 (EPA, 1997). The detection limit was
determined as the standard deviation of each element measured
on all blanks for each run. A calibration curve was developed
from Inorganic Ventures single element standards. A National
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Institute of Standards and Technology (NIST) standard reference
material (SRM 1643f) was repeatedly analyzed alongside water
samples to serve as a continuing calibration verification. Major
anions concentrations (F ~, CI7, NO5, and SOAZ[) were measured
using a Dionex ICS-90 ion chromatograph (IC) with an AS40
autosampler (for 2022 samples) and a Thermo Easion IC with
an AS-DV autosampler (for 2023 samples). Water stable isotopes
(8'80 and $?H) were measured using a Los Gatos Research Liquid
Water Isotope Analyzer (model LWIA-24d). Values were reported
relative to the Vienna Standard Mean Ocean Water (VSMOW)
standard, with a precision of 0.2 and 1%o for 3180 and $2H,
respectively. Silicon was measured using a Thermo iCAP 7400 duo
inductively coupled plasma—optical emissions spectrometer (ICP-
OES), following the EPA 200.7 method (EPA, 1994). All raw data
can be found Coombs and Carling (2025).

2.3 Data quality control

We checked field blank data for background contamination in
our field sampling and analysis. In most field blanks, concentrations
were below the detection limit for nearly all elements. Some
field blank samples had detectable values of specific elements, but
the concentrations were typically lower than those measured in
samples. For example, in one of the field blanks Fe was detected
at 1.25 pg/L, which was on the lower end of the range of sample
concentrations. Some elements in our dataset were below the
detection limit for at least half of the samples, including F~, Be,
and Th. These elements were removed from further analysis. For
elements with a small number of samples with concentrations
below the detection limit, we substituted one-half the detection
limit to use the data in statistical analyses.

To check for accuracy in our laboratory analyses, we calculated
major ion charge balances using major cation (Ca’**, Mg?*,
Nat, and K'), major anion (HCOj, Cl~, NO; and SOi_),
and HCO3 concentrations. Of the 315 river samples analyzed,
223 had an acceptable change balance error between +10%.
Given low solute concentrations, a relatively high charge balance
error was acceptable for these samples. The charge balance
errors for the remaining 92 samples were between £10%—20%
for 70 samples and larger than £20% for 22 samples. The
charge balance was adjusted for these samples by changing the
HCOj concentrations.

2.4 Dimensionality reduction models

To identify geochemical differences and similarities across
watersheds, we applied two multivariate reduction models,
principal component analysis (PCA) and linear discriminant
analysis (LDA), to the dataset using the sklearn and NumPy
packages in Python and the Statistics and Machine Learning
Toolbox in MATLAB. PCA is an unsupervised technique in which
the multi-dimensional axes of normalized data space are rotated to
incorporate the most possible data variance in the fewest possible
axis direction (Davis, 2002). LDA is similar to PCA in that it
provides a set of rotated axes (linear discriminants) in normalized
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data space, ordered by variance explained. However, because LDA
is a supervised technique, the directions of the linear discriminants
are specifically chosen for their usefulness in separating the target
categories (Davis, 2002). In all cases, the dataset was z-scored to
ensure that each water chemistry parameter contributed equally to
the analysis.

A PCA and LDA were performed for the full mainstem river
chemistry dataset. The water chemistry parameters used for the full
dataset included water stable isotopes, major ions, trace elements,
and conductivity. This amounted to 51 water chemistry parameters
for 251 samples. A small number of samples (n = 16) were not
included because they were missing major anion, isotope, silicon,
or conductivity data.

To compare water chemistry in rivers with potential
endmember sources, a PCA was also performed on data from
individual watersheds using major ion (Cl~, NOJ, SOf, Ca?t,
Mg2+, NaT, and K*) concentrations, which are assumed to
behave conservatively within the watersheds. Watershed-specific
mainstem, tributary, and spring samples were used in each PCA,
along with a common set of glacial meltwater and precipitation
samples for all watersheds. Precipitation chemistry data was
obtained from two National Atmospheric Deposition Program
(NADP) sites, AK03 and AK97. Two samples collected during the
summer of 2023 were used to represent precipitation chemistry
in the watersheds. We only used mainstem river samples collected
between July 4th, 2023 and August 15th, 2023, to overlap
with the timing of the endmember sampling. Due to fewer
samples collected within the Delta Range, all samples from
Canwell, Castner, and Gulkana watersheds were combined into a
single PCA.

2.5 Watershed geomorphic metrics

Geospatial metrics for the subwatersheds above each sampling
point were calculated using 5m x 5m digital elevation models
(DEMs) (U.S.G.S., 2019) and glacier, hydrology, and geology
datasets in ArcGIS Pro 3.2. Watersheds were delineated based on
upstream drainage areas, using the watershed tool and a DEM,
with the fill tool to eliminate sinks. For each subwatershed, we
extracted data the 2018 National Hydrography Dataset (U.S.G.S.,
2019), the USGS Geologic Map of Alaska (Wilson et al,, 2015),
and the Randolph Glacier Inventory (RGI) v7.0 (RGI, 2023).
We used the NHD to extract flowlines for each watershed and
subwatershed. Calculations were performed on the DEMs to
estimate the mean watershed elevation for each subwatershed
and site elevation. The geologic units in each watershed were
classified by rock type (igneous, metamorphic, sedimentary,
or mixed), and watersheds were characterized by the primary
rock type. RGI v7.0 was used for calculating glacier areas
because it considers debris coverage and is regularly updated
with global standardization to ensure consistent methodology
across regions. The glacier extents in RGI v7.0 are primarily
based on satellite imagery and datasets from around the year
2000, but it was mostly recently updated in 2023 (RGI, 2023).
Calculated GIS information for each subwatershed is provided in
Table 1.
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3 Results

3.1 Variability in water chemistry across
watersheds

The LDA clearly separated mainstem river samples based on
water chemistry using watersheds as the target categories. The first
two linear discriminants (LDs) explained 72% of the variability
in the z-scored dataset, with 54% from LD1 and 18% from LD2.
LD1 was most dependent on Dy, Er, and Pr and LD2 was most
dependent on Dy, Mg?*, and Nd. The plot of LD2 vs. LD1 scores
separated most watersheds, although some overlap existed between
samples from the Matanuska, Knik, and Canwell rivers (Figure 2).
The Little Susitna samples were clearly distinguished by high LD1
scores and Castner samples were distinguished by low LD2 scores.
The Gulkana and Moose Creek samples were clearly separated
from other sites in the LDA plot, with a spread along LD1 and
relatively high LD2 scores. Many of the Knik and Matanuska
samples overlapped in the LDA plot, but the Matanuska samples
generally had lower LD1 and LD2 scores. The coefficients of LD1
and LD2 were not easily interpretable due to the large number of
variables analyzed. However, sites with high percentage of igneous
rocks (Moose Creek and Little Susitna) plotted highest on LD1,
suggesting a relationship with elements supplied by weathered
granite. Additional LDs described more variability in the dataset
(14% for LD3), though plotting LD3 vs. LD1 or LD2 did not provide
additional separation beyond what was observed in Figure 2.

The PCA explained only 47.1% of variability in the z-scored
dataset with the first two principal components (PCs), with limited
separation of samples across many of the sites. The PCA was
less successful at separating samples from each river relative to
the LDA. The plot of PC2 vs. PCl1 scores is provided in the
Supplementary Figure S9.

o
o
-
5F g
A Knik
O Matanuska
vv
v ¢ Little Susitna
10 F v V’ D> Moose Creek | -~
v V Castner
%* Canwell
VV @ Gulkana
15 . . . . | . . | |
8 6 4 2 0 2 4 6 8 10 12
LD1
FIGURE 2

Plot of linear discriminant (LD) 2 vs. LD1 scores for linear
discriminant analysis (LDA) of all mainstem river samples using
major and trace element concentrations, conductivity, and water
stable isotopes. The first two LDs explained 70.6% of the variability in
the dataset, with 50.6% from LD1 and 20.0% from LD2.
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Bivariate plots of mainstem river samples were used to identify
distinguishing characteristics in trace and major element across
watersheds. Four plots that best separated individual watersheds
are shown in Figure 3. The Rb vs. Ca®* plot shows the lowest
Ca?t concentrations in the Little Susitna River, followed by Moose
Creek and Gulkana. The Knik, Canwell, Castner, and Matanuska
rivers had a large range of Ca?* concentrations. Castner and Little
Susitna had relatively high Rb concentrations compared with the
other sites. The Se vs. U plot clearly separates Castner based on
relatively low Se and high U concentrations Castner shows a wide
range in U concentrations, with values up to three times higher
than those of any other watershed. The SOf vs. Cr plot shows
low SOAZf concentrations in the Little Susitna, Moose, and Gulkana
rivers. Castner had the lowest Cr concentrations, while the other
rivers had a wide range of Cr concentrations. The Little Susitna
had relatively high Cs concentrations and Castner had high U
concentrations in most samples, clearly distinguishing these rivers
from the others.

3.2 Longitudinal and temporal changes in
stream water chemistry

For the Matanuska, Knik, and Little Susitna rivers, we
had enough mainstem sample sites to investigate longitudinal
(upstream to downstream) and temporal changes (Figures 4-6).
For these rivers, we selected As to represent trace elements, Ca?t
to represent major cations, HCOj to represent major anions, and
YD to represent rare earth elements and Y (REE+Y).

In the Matanuska River (Figure 4), As concentrations were
highest at the upstream site (M1) and decreased substantially
between M1 and M2, before showing a slight increase between
M2 and M5. Remarkably, As concentrations were similar at each
site across all months during both years of sampling, with some
variability at M1 during 2022. Ca’>* and HCOj concentrations
were generally lowest at M1, highest at M2, and intermediate at
M3 through M5. An exception to this trend was the May and
September 2022 samples that show high Ca?* concentrations at
MI. Yb concentrations were variable, with no clear longitudinal
trends from month-to-month. At site M1, Yb concentrations were
consistently low in 2022 but were variable in 2023. Notably, the
highest Yb concentrations were observed during May 2022 and
May 2023, likely reflecting inputs during snowmelt runoff.

In the Knik River (Figure5), As concentrations generally
increased from upstream to downstream. May samples from both
years deviated from this trend, with the highest As concentrations
at K2. Ca?t and HCO; concentrations were generally highest
upstream (K1 and K2), lowest at K3, and intermediate at K4. Yb
concentrations were typically highest at K4, especially during 2023.

In the Little Susitna River (Figure6), As concentrations
increased from LSI to LS1.5 and then decreased from LSI.5 to
LS4. The highest As concentrations were found at LS1.5 in May
both years. Ca?* and HCO; concentrations varied, but they tended
to increase along the transect (from LS1 to LS4). For both Ca?t
and HCOyj, longitudinal trends did not vary consistently between
seasons. Yb concentrations generally increased from LS1 to LS4,
though the largest Yb concentrations were found at LS3 in August
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Bivariate plots of trace and major element concentrations in all mainstem river samples.
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2022 and May 2023 when they were ~2-4 times higher than the
other samples.

3.3 Variability in water stable isotope
composition across watersheds

Water stable isotope (§>H and §'0) composition varied widely
across watersheds, with the lowest (most negative) values in the
Matanuska River and the highest (least negative) values in the
Little Susitna River (Figure 7). The plot shows the water stable
isotope values for all mainstem river samples collected as part of our
study. Many of the Canwell and Castner samples overlapped with
the Matanuska samples in isotopic space, while the Knik samples
overlapped with the Little Susitna samples. The Gulkana samples
plotted in intermediate space, overlapping with samples from many
other rivers. Given the scatter among river samples from each
watershed, average values are also shown (Figure 7, inset). Based
on average values, the stable water isotopic composition of the
rivers ranked from lowest to highest was Matanuska (8’H =
—175%0 and 380 = —23%), Castner, Canwell, Gulkana, Knik,
Moose, and Little Susitna (8’H = —145%o and 880 = —19%o).
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Average isotopic values from all rivers plotted along the global
meteoric water line (GMWL), suggesting limited evaporation in
the watersheds. The strongly negative isotopic values at Matanuska
are surprising given proximity to the Pacific Ocean, but may be
related to the relatively high average elevation of the subwatersheds
at each of our sampling sites (Table 1) or predominance of
meltwater contributing to streamflow. The isotopic values in the
Knik River were much less negative than the Matanuska, which was
unexpected because the two watersheds are located adjacent to each
other in the Chugach Range. The relatively negative isotopic values
at Castner, Canwell, and Gulkana are likely related to these sites
being the furthest north and most inland of all our sample sites. The
less negative $2H and 8!80 values at Little Susitna were expected
due to the watershed’s low elevation and proximity to the ocean.

3.4 Endmember water sources inferred
from water chemistry

We compared major ion water chemistry of mainstem

river samples with springs, precipitation, glacier meltwater, and
precipitation to identify water sources within each watershed using
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a site-specific PCA (Figure 8). In each plot, precipitation chemistry
from NADP and glacier meltwater samples from Little Susitna and
the Delta Range were used to represent a dilute endmember, since
these samples were not collected from each watershed. We made
the endmember comparisons qualitatively, without performing
mixing calculations, due to limited number of endmember samples
in each watershed. A quantitative endmember mixing analysis
would require more detailed sampling across these large and
remote watersheds, which was beyond the scope of our study.

For the Knik watershed (Figure 8, upper left), the first two
principal components (PCs) explained 79% of the variability in
the water chemistry dataset, with 60% of the variance from PCl

Frontiersin Water

and 19% of the variance from PC2. PC1 was most influenced by
SOif, while PC2 was most influenced by Mg?>* and Cl~. The
glacier and precipitation samples plotted together on the left side
of the PC2 vs. PC1 plot and the spring samples plotted toward the
right side. The mainstem river samples and most of the tributary
samples plotted in between the glacial meltwater/precipitation and
spring endmembers, suggesting that they contain a mixture of
dilute meltwater, precipitation, and groundwater.

For the Matanuska watershed (Figure 8, upper right), the
first two PCs explained 82% of the total variability, with 70%
from PCl and 12% from PC2. PCl was most influenced by
80277, NOj, Mg2+, and Cl7, and PC2 was most influenced by
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NOj3 and CI™. The glacial meltwater and precipitation samples
plotted on the negative end of both the PC1 and PC2 axes,
with some of the tributary samples (mainly from non-glacial
watersheds) plotting toward the positive end of both PC1 and
PC2. The mainstem river samples and the remainder of the
tributary samples plotted between the glacier samples and non-
glacial tributaries.

For the Little Susitna watershed (Figure 8, lower left), the first
two PCs explained 73% of the total variability, with 45% from
PCI and 28% from PC2. PC1 was most influenced by KT, ClI~,
NOj, and PC2 was most influenced by Nat, NOj, and CI™. The
precipitation and glacial meltwater samples plotted on the left side

Frontiersin Water

of PC1, while some of the spring samples plotted toward the right
side. The mainstem samples plotted along a trend from LSI near
the glacial samples to LS3 and LS4 on the positive end of PCI.
This trend suggests increasing groundwater inputs from upstream
to downstream along the Little Susitna River.

For the Delta watershed (Figure 8, lower right), the first two
PCs explained 85% of the variance, with 70% of the variance
from PC1 and 15% of the variance from PC2. PC1 was most
influenced by SOi_and Cl7, and PC2 was most influenced by
Na™ and SOi_. Generally, the mainstem river samples plotted
between the glacial and precipitation cluster on the left and
tributary and subglacial samples on the right. The subglacial
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sample collected at the toe of the Castner Glacier plotted on
the positive end of PCl and negative end of PC2, far from
the supraglacial and periglacial water samples. The distinct
chemistry in the subglacial sample highlights the importance
of meltwater interactions with underlying bedrock and glacial
till. The Castner stream samples (CT1, CT2) plotted lower on
PC2 and slightly higher on PC1 than other samples from the
watershed. Generally, the Canwell and Gulkana samples plotted
near each other, closer to the glacial and precipitation cluster
and further from the subglacial endmember relative to the
Castner samples.
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3.5 Endmember water sources inferred
from water stable isotope data

To further investigate endmember contributions, we used
water stable isotope (3?H vs. 8'80) values of mainstem river
sites and endmembers for each watershed (Knik, Matanuska,
Little Susitna, and Delta Range; Figure 9). Glacier, tributary,
and spring endmembers were included in this figure. For the
Matanuska subplot, glacier endmember samples were obtained
from a Matanuska glacier water stable isotope dataset (Ensminger
etal., 2001).
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FIGURE 7
Plot of water stable isotope (3°H vs. §'80) measurements for all mainstem river samples. The dashed line is the global meteoric water line (GMWL).
The inset plot shows average 8°H vs. §'8O for each river.

The Knik watershed subplot (Figure 9, upper left) shows that
isotopic composition of mainstem river samples (except at site K4)
overlapped with spring samples. Site K4 receives inputs from the
Matanuska River due to groundwater mixing in the floodplain,
indicated by more negative 8*H and 3'30 values. The Matanuska
subplot (Figure 9, upper right) shows the isotopic composition
of mainstem river samples overlapping with glacial samples, with
more negative isotopic values relative to most of the tributary and
spring samples. The Little Susitna subplot (Figure 9, lower left)
shows LS1 and LS1.5 plotting near the glacial endmember samples
and the rest of the sites (LS2, LS3, LS4) plotting with the spring
samples. The Delta Range subplot (Figure 9, lower right) shows
the isotopic composition of most mainstem river samples falling
between the subglacial and supraglacial endmembers.

4 Discussion

4.1 Bedrock type and glacier coverage
affect water chemistry and isotopic
composition of glacial streams

Variability in bedrock type and glacier coverage (Table 1) likely
influenced water chemistry in each of the seven glacial rivers we
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sampled in Southcentral Alaska. River samples were distinguished
by their overall water chemistry in the LDA (Figure 2) and by
specific elements in the bivariate plots (Figure 3). In the plot
of LD2 vs. LD1 scores, the Castner and Little Susitna samples
plotted separately from the other sites, possibly reflecting distinct
underlying bedrock (metamorphic rocks at Castner) or glacial
coverage (small glaciers at Little Susitna) in these watersheds.
In contrast, the Matanuska and Knik samples overlapped in the
plot of LD2 vs. LD1, likely due to similar watershed lithology
and glacial coverage. The bivariate plots also tended to separate
the Little Susitna and Castner samples, while the Matanuska and
Knik samples generally clustered together. Longitudinal changes
in water chemistry in the Matanuska, Knik, and Little Susitna
rivers illustrate a transition from dominant glacial meltwater inputs
upstream to increasing groundwater contributions downstream.
Additional information about glacier inputs may be gained from
water stable isotopes in each river (Figures 7, 9). Below, we describe
water chemistry in each stream in relation to bedrock type and
glacier coverage.

Castner Creek water chemistry was distinct from that of other
streams, likely because it is in the only watershed dominated by
metamorphic rocks (Table 1). In the plot of LD2 vs. LD1, the
Castner samples were clearly distinguished along the negative end
of LD2 (Figure 2). The distinct lithology of the Castner watershed
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Site-specific PCA plots for the Knik, Matanuska, Little Susitna, and Delta Range (Castner, Gulkana, and Canwell) watersheds comparing samples
collected during July—August 2023 from mainstem river sites with tributaries, glacial meltwater, precipitation, and springs.

may explain the relatively high U concentrations and low Cr
concentrations (Figure 3). The Castner samples were toward the
negative end of the isotope plot compared to samples from other
watersheds (Figure 7). This may reflect the high fraction of glacier
coverage (~50%) and relatively high latitude of this watershed
(Table 1).

The Little Susitna had distinct water chemistry, which may
be explained by granitic bedrock at the headwaters and relatively
low glacial coverage (ranging from 24% at the headwaters to
0.2% at the mouth). In the plot of LD2 vs. LDI1, the Little
Susitna samples were at the positive end of LD1, clearly separated
from the other watersheds (Figure 2). In the bivariate plots, Little
Susitna samples were distinct with relatively high Cs and low
U, Ca?*, and SOi_ concentrations (Figure 3). Most elements
showed increasing concentrations from upstream to downstream
along the Little Susitna transect with increasing inputs from
groundwater or tributaries draining granitic bedrock (Figure 6).
For example, Ca’", HCOj, and REE concentrations increased
steadily along the transect, suggesting weathering and groundwater
inputs are increasingly important at the downstream sections
of the river. Trace element concentrations, including As, were
high at LS1.5 during May and September, suggesting snowmelt-
and precipitation-driven flushing during these months. The Little
Susitna samples had the least negative 8*H and $'®O values
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(Figure 7), possibly reflecting the low glacier coverage, relatively
low elevation, and proximity to the Pacific Ocean. Due to the
similarity in bedrock in the adjacent Moose Creek watershed, the
Moose Creek samples were nearest to the Little Susitna samples in
the LDA plot (Figure 2) and bivariate plots (Figure 3). Generally,
the Little Susitna and Moose Creek streams had relatively low major
ion concentrations and high trace element concentrations due to
the igneous bedrock.

The Matanuska and Knik rivers had similar water chemistry
because the watersheds both contain predominantly sedimentary
rocks. Samples from the two rivers overlapped in LD2 vs. LD1
space (Figure 2) and in the bivariate plots (Figure 3). Yet there
were some notable differences in water chemistry between the
two rivers, likely because the Matanuska watershed also contains
some igneous and metamorphic rocks. For example, the Matanuska
River had higher Rb, SO3~, and Se concentrations relative to
the Knik River (Figure 3). The rivers were also separated in the
plot of §?H and §'0 (Figure 7), which shows the Matanuska
samples plotting more negatively than the Knik samples. Notably,
As concentrations in the Matanuska River were consistently highest
near the glacier and lower downstream, indicating that high-
elevation sources such as atmospheric deposition to glaciers and
snowpack may be the primary source of As (Figure 4). In contrast,
the Knik River showed increasing As concentrations with distance
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stable isotope dataset (Ensminger et al., 2001).
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from the glacier, suggesting that downstream sources contribute to
metal enrichment (Figure 5).

Water chemistry in the watersheds was not perfectly explained
by bedrock type or glacier coverage. The Canwell watershed
contains mixed igneous and metamorphic rocks, for example,
but the Canwell samples overlapped in LDA space with samples
from the sedimentary-dominated Matanuska and Knik watersheds
(Figure 2). The Gulkana watershed contains mainly igneous
rocks, with a high fraction of glacier coverage, yet the Gulkana
samples plotted between Canwell (mixed bedrock with moderate
glacier coverage) and Moose Creek (sedimentary bedrock with
low glacier coverage) watersheds. Multiple complex factors
affect the geochemical signature of a stream, highlighting the
need to consider additional processes beyond bedrock type,
and glacier coverage when interpreting water chemistry in
glaciated watersheds.

4.2 Groundwater is an often-overlooked
water source in glaciated watersheds

Groundwater inputs regulate the geochemical composition of
glacial rivers, shaping water chemistry across these watersheds.

Frontiersin Water

Studies of glacial watersheds often consider glaciers as the primary
water source and determinant of water chemistry (Beamer et al.,
2016). However, our dataset demonstrates that groundwater
may have an equal or greater impact on water chemistry in
glacial rivers, especially as glaciers continue to recede. This
observation is supported by the influence of bedrock type on
water chemistry (described in Section 4.1) and by comparison with
groundwater endmember chemistry (described below). Subglacial
water, defined as meltwater that interacts with underlying bedrock
and groundwater beneath the glacier, also impacts water chemistry
near the glaciers.

The influence of groundwater on stream geochemistry varied
across watersheds. Although we did not conduct a quantitative
mixing analysis, comparisons with glacier and groundwater
endmember samples in PC space (Figure 8), and with water
stable isotope values (Figure 9) suggest the Knik and Matanuska
Rivers were the least influenced by groundwater, while the Little
Susitna River exhibited the strongest influence from groundwater.
In the Knik watershed, mainstem river samples (K2, K3, and
K4) plotted near the glacial/precipitation endmembers in the
PCA plot, implying dominant glacier inputs. However, the stable
isotopes indicate that groundwater still played a significant role
as K2 and K3 plotted near the spring endmembers (Figure 9).
In the PCA plot, the Little Susitna river samples plotted along
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a gradient with upstream samples (LS1, LS1.5) near the glacier
endmember samples and the downstream samples (LS2, LS3,
and LS4) further to the right with groundwater (Figure 8). The
isotope data (Figure 9) also highlight this trend, with Little Susitna
river samples clustering near spring endmembers. In contrast, the
Matanuska River, with the lowest 2H and $80 values (Figure 7),
showed the strongest glacial influence. The Castner, Gulkana, and
Canwell samples generally plotted between the glacial and spring
endmembers in PC space (Figure 8), with Castner samples closer
to the subglacial endmember and Gulkana and Canwell samples
closer to the glacial/precipitation endmembers, suggesting that
the streams contain a mixture of meltwater and groundwater.
Similarly, in the isotope plot (Figure 9), most of the Gulkana and
Canwell samples plotted along a gradient between the supraglacial
and subglacial endmembers. Notably, none of the mainstem
river samples in any of the watersheds plotted directly over the
glacial/precipitation endmembers in the PCA or isotope plots,
suggesting that groundwater is a key contributor to water chemistry
and quantity, even in highly glaciated watersheds.

Trace elements and major ions are mobilized through the
interaction of groundwater with moraine, sediment, soil, and
bedrock, influencing the geochemical composition of glacial
streams. These changes in water chemistry may have ecological and
water management implications (Cooper et al., 2002; Kilchmann
etal., 2004; Hood et al., 2009). Elevated U concentrations in Castner
Creek are likely sourced from subsurface bedrock weathering via
subglacial channels, while relatively high Rb concentrations in the
Little Susitna, Moose Creek, and Castner watersheds are likely
sourced from igneous and metamorphic bedrock, as suggested in
other watersheds with similar bedrock type (Morales-Arredondo
etal., 2022). Similarly, Cs concentrations were particularly elevated
in Little Susitna, likely due to interactions between groundwater
and granite bedrock. These trace element patterns underscore
how bedrock variability, subsurface processes, and water sources
collectively shape the geochemical signatures of Southcentral
Alaskan Rivers. As glaciers recede, groundwater-fed streams may be
less diluted by glacial meltwater during summer, leading to elevated
trace element concentrations that pose risks to aquatic ecosystems
and drinking water supplies (Li et al., 2024). Understanding the
spatial and temporal variability of groundwater inputs is crucial
for managing water quality in this region as it undergoes rapid
glacial retreat.

As watersheds transition from glacial- to groundwater-
dominated, they may also shift from acting as carbon sources
to carbon sinks, depending on the dominant weathering and
hydrological processes. However, the groundwater and meltwater
contributions to CO, fluxes remain poorly quantified (Zhang
and Planavsky, 2019). Whereas, subglacial chemical weathering
may generate significant CO, sources or sinks, the interaction of
groundwater with these processes and its downstream impact on
CO;, fluxes is still unclear (Zhang and Planavsky, 2019; Christiansen
et al,, 2021). Additionally, carbon fluxes may shift along a transect
depending on lithology and hydrological inputs. For example, in
the Matanuska River watershed, the system transitions from a
source to a sink of CO; as the underlying bedrock changes from
carbonate- to silicate-dominated rocks, with net sequestration of
CO3, and the potential for this to change to a CO; source as
the Matanuska and other glaciers recede (Pappala et al., 2023).
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Understanding the subglacial processes combined with the impact
of groundwater would lead to more accurate estimates of CO,
contributions along river transects. For example, the Little Susitna
shifts from being predominantly glacially sourced to groundwater
sourced along the river transect (Figures 8, 9). This shift in water
source likely creates a transition in carbon fluxes, influenced by
differences in weathering reactions between glacial meltwater and
groundwater. While bedrock composition plays a major role in
determining whether a watershed acts as a CO; source or sink,
the proportional contributions of different endmembers (glacier
meltwater, precipitation, and groundwater) likely modulate this
effect over time and space. The extent to which these shifts in
endmember sourcing impact carbon fluxes remains uncertain,
highlighting the need for future studies to quantify the evolving
contributions of different water sources to CO; fluxes in glacial
watersheds. Our dataset provides a foundation for identifying how
these processes interact and their role in regional carbon cycling.
Although our study provides only a snapshot of groundwater and
glacial inputs, these findings underscore the need for future work
to quantify their contributions to regional carbon cycling and
hydrology, particularly with ongoing glacier retreat and evolving
hydrological regimes in Southcentral Alaska.

4.3 Implications for monitoring glaciated
watersheds

Trace and major element concentrations were relatively
consistent over the two sampling seasons (2022 and 2023) despite
differences in snowpack, precipitation, and air temperature. While
having 2 years of data allowed us to verify trends in chemistry,
the relatively short time frame limits our ability to observe
how these trends may change over longer periods as glacier
coverage decreases (Hugonnet et al., 2021). Establishing long-
term monitoring programs would provide valuable insights into
the seasonal and annual changes in water chemistry and how
factors such as glacial retreat, changing precipitation patterns, and
groundwater contributions influence the evolving geochemical and
hydrological dynamics of these systems. These programs would also
allow for the collection of load and area-adjusted load data, which
would enhance our ability to characterize weathering processes in
this region.

Our study highlights important but unresolved processes that
warrant further investigation to understand watershed dynamics.
For instance, further study is needed to determine why the
Matanuska watershed shows limited groundwater contributions
and relatively low 8H and 8!80 values, a pattern distinct from
other watersheds in the region, which seem to exhibit larger
contributions from groundwater (Figures 7, 9). Combining detailed
isotopic analyses with hydrogeological studies could better quantify
contributions from glacial meltwater, groundwater, and surface
water in the watershed. Additionally, As concentrations were
elevated in the upper reaches of the Matanuska and Little Susitna
watersheds, especially during the beginning and end of the
sampling period (May and September) both years (Figures 4, 6).
Investigating the sources and mechanisms driving these elevated
values would help clarify the geochemical processes operating in
these watersheds.
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Quantifying the role of groundwater in glaciated watersheds
is essential for understanding how watersheds will evolve
as glacial melt diminishes. Incorporating isotopic tracing
methods, such as 3'%0 and §?H analyses, age dating from radon
(Adyasari et al., 2023) or trittum (Telloli et al, 2022), and
carbon flux estimates over river transects, would improve our
ability to quantify groundwater contributions and understand
how alpine watersheds change over time. These approaches,
integrated with long-term monitoring, would allow for a
better understanding of seasonal and annual variations in
groundwater influence, and the broader implications for
water resources, weathering processes, carbon cycling, and

water quality.
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