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ABSTRACT

Persistent organic pollutants are stored in environmental reservoirs globally. Tracking the mass
and movement of these pollutants is critical for assessing environmental health for human and
wildlife populations. Recently, glaciers have been identified as secondary reservoirs for persistent
organic pollutants. Downstream lakes and rivers have increased risk of exposure with climate
change and loss of glacier mass. Two glaciers, Palisade and Middle Palisade Glaciers, in the Sierra
Nevada Mountains, California, United States, were modeled for total mass of the persistent
organic pollutant, 4-nonylphenol (4NP). The model used LiDAR measurements of surface snow
and geographic information systems (GIS) to extrapolate vertical and horizontal 4NP gradients.
Concentrations of 4NP in surface snow were sampled in locations based on a range of topogra-
phical shielding indices and analyzed via gas chromatography-mass spectrometry. The Middle
Palisade Glacier, the smaller and more shielded glacier, had a total mass of 1,677 + 560 kg 4NP/
km?. The Palisade Glacier, which is larger and more exposed to atmospheric deposition, held an
estimated 3,456 + 843 kg 4NP/km?. Meltwater concentrations for the Middle Palisade and Palisade
Glaciers were 1.3 £ 0.05 pg/L and 6.1 + 1.3 pg/L, respectively. These values demonstrate that both
glaciers store a significant amount of 4NP and will act as secondary sources of 4NP for down-
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stream water bodies.

Introduction

Persistent organic pollutants (POPs) are globally distrib-
uted through atmospheric transport. Aerosols and dust-
borne contaminants are capable of long-range transport
over oceans and continents and along a latitudinal gradi-
ent (Shao et al. 2011). Traces of polychlorinated biphenyls
(PCBs) have been found in the Antarctic Peninsula, hun-
dreds of kilometers from the source (Khairy et al. 2016).
Once deposition has occurred in a region, depending on
the terrain, POPs can be stored for long periods of time
(Kirchgeorg et al. 2016). Glaciers are known to accumu-
late atmospherically derived contaminants and have pro-
vided records of the deposition of POPs over time
(Gregor et al. 1995; Donald et al. 1999). These compounds
are then re-released into meltwater or spring runoff. In
some regions with a history of industrial legacy pollutants,
glaciers are considered a secondary pollutant source for
POPs in downstream lakes and rivers (Bogdal et al. 2010).

4-Nonylphenol (4NP) is a persistent organic pollu-
tant that mimics the female sex hormone 17-f-
estradiol, causing it to behave as an endocrine

disruptor, with significant consequences on reproduc-
tive health in humans and wildlife (Vazquez-Duhalt
et al. 2005). 4NP is generated from the breakdown of
the surfactant nonylphenol polyethoxylate (NPE) and
through direct manufacture. It is estimated that
between 45 and 230 million kilograms of NPE are
produced globally every year (U.S. Environmental
Protection Agency [U.S. EPA] 2010). Due to increasing
regulations, the use of NPEs in the United States has
not increased in recent years (Ying, Williams, and
Kookana 2002); however, global production of NPE
has increased (Bergé et al. 2012). The U.S. EPA has
set water quality criteria for 4NP at 6.6 ug/L for acute
exposure and 1.7 pg/L for chronic exposure (U.S. EPA
2005). As of 2018, 4NP and its parent compound have
been added to the list of substances that require a Toxic
Release Inventory (U.S. EPA 2010). Other countries
have set more stringent maximum contamination limits
on 4NP concentrations. For example, Environment
Canada has limits that are more conservative at
0.7 pg/L for chronic exposure (Canadian Council of
Ministers of the Environment 2002).
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Compounds with low water solubility like 4NP are
more likely to undergo long-range transport due to
their affinity for the organic moiety of dust particulates
(Beyer et al. 2000). The organic carbon partition coeffi-
cient (log Koc) describes the tendency of a compound
to absorb to the organic carbon fraction of particulates.
This can be determined through a linear free energy
relationship with the octanol-water partition coefficient

Log Koc = a(logKow) + b, (1)

where a and b are coefficients dictated by the nature of
the compound (Schwarzenbach and Gschwend 2016).
The log Ko for 4NP, based on a log Kow of 4.48, has
been calculated to be 4.03 using the coefficients 0.79
and 0.49 for a and b, respectively, for alkylphenols
(Schwarzenbach and Gschwend 2016). This shows sus-
ceptibility for 4NP to bind and travel attached to parti-
culate matter and agrees with the experimental values
determined by Burgess et al. (2005). 4NP also poten-
tially travels as an aerosol due to its relatively high
octanol-air partitioning ability (log Koa), which is on
the order of 7.9 (Lyons, Van de Bittner, and Morgan-
Jones 2014). Wania and Dugani (2003) suggested that
a log Kos between 6.5 and 10 allows for long-range
aerosol transport of persistent organic pollutants.

Because of 4NP’s tendency to partition to organic
material, the highest environmental concentrations of
4NP can be found in soil and sediment. In a Minnesota
study, river water and sediment were tested down-
stream of a wastewater treatment plant (Writer et al.
2012). Water concentrations were 0.620 + 0.390 pg/L
and sediment was found to have 140 pg 4NP/kg.
Wastewater treatment plant effluent in particular can
have especially high concentrations of 4NP, averaging
2.84 pg/L near Southern California wastewater treat-
ment outflow (Bulloch et al. 2015). Volatilization of
4NP can cause some atmospheric concentrations to be
as high as 2.2 to 70 ng/m®> (Dachs, Van Ry, and
Eisenreich 1999). Once airborne, 4NP will partition to
dust, rain, or snow (Lei and Wania 2004). A study of
4NP concentrations in rain and snow showed an aver-
age concentration of 0.253 ug/L in rain and 0.242 pg/L
in snow meltwater (Fries and Piittmann 2004).

Snow in flight can scavenge particles and aerosol
during formation (Wania et al. 1998). Because of this
ability, snow is capable of adsorbing aerosol and parti-
culate-bound 4NP. As a result, in seasonal snowpack,
significant concentrations of 4NP are expected. Lyons,
Van de Bittner, and Morgan-Jones (2014) found that
seasonal snow concentrations were 10 to 100 times
higher than surface water concentrations. As seasonal
snow melts, meltwater is filtered through soils and
eventually joins with surface water. Burgess et al
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(2005) suggested that there is little movement of 4NP
once it reaches the soil due to its high Koc value.
However, in the case of glaciers or permanent snow-
fields, meltwater does not encounter soil until it reaches
the subglacial till. Glaciers effectively become
a reservoir for POPs that could potentially last for
decades. For example, legacy pollutants such as PCBs
that have not been in use for decades are being released
from Swiss glaciers (Bogdal et al. 2010; Kirchgeorg et al.
2016).

Climate change can drive change in the chemistry of
glacier meltwater. Increased melt rates mean that con-
centrations of POPs in meltwater increase (Bogdal et al.
2010). Current use pesticides have been found in the
meltwater of the Lys and Forni Glaciers in the Italian
Alps (Ferrario, Finizio, and Villa 2017). Concentrations
ranged from 1.0 to 2.5 pg/L. These glaciers are located
downwind of agricultural areas, similar to the Sierra
Nevada glaciers. POPs, including organochloride pesti-
cides, were found in glacier meltwater from more
remote glaciers in the Canadian Rockies, with concen-
trations ranging from 0.1 to 0.2 pg/L, an order of
magnitude less than that in glacier meltwater near
agricultural regions (Blais et al. 2001). Organochloride
pesticides have been detected in Himalayan glacier
snow samples, although meltwater from glaciers in
this region primarily carries legacy pollutants such as
polycyclic aromatic hydrocarbons and PCBs (Kang
et al. 2009; Sharma et al. 2015). Therefore, it can be
expected that climate-driven changes in chemistry of
discharged meltwater may be having global effects on
adjacent headwater ecosystems.

The Sierra Nevada mountains create a physical bar-
rier between western California’s Central Valley and
the Great Basin Range to the east. The Central Valley
is one of the most productive agricultural regions in the
United States, with heavy pesticide use and periodic
droughts (Sunding et al. 1997). Particle-bound and
aerosolized 4NP have been shown to undergo long-
range transport over the Sierra Nevada and deposit on
the east side (Lyons, Van de Bittner, and Morgan-Jones
2014). The prevailing wind direction is consistently
from the west to the east, making this a convenient
system for modeling. The Sierra Nevada Range receives
the majority of its precipitation as snow and is home to
several low-latitude glaciers (Molotch and Meromy
2014). Because of the economic importance of the
seasonal snowpack as a water source for the Los
Angeles basin, snow volumes are carefully monitored
in this region.

Recently, LiDAR has become the tool of choice for
snow volume measurements through the Jet Propulsion
Laboratory’s Airborne Snow Observatory. LiDAR
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systems are composed of active sensors that transmit
light pulses to produce highly accurate measurements
of the Earth’s surface. LIDAR systems integrate three
technologies: laser ranging for distance measurement,
Global Positioning System (GPS) to determine the sen-
sor’s geographic position and height, and an inertial
measurement unit to record the precise orientation of
the sensor on the aircraft (Aronoff 2004). Recent stu-
dies have proposed LiDAR as a safe, cost-effective, and
efficient method of mapping snow depth (Deems et al.
2013).

The goal of this study is to estimate the total mass of
4NP currently stored in the Palisades (37.0992° N;
118.5097° W) and Middle Palisade Glaciers (37.07149°
N; 118.4575° W) of the Sierra Nevada mountains,
California. Glaciers in this region of the Sierra Nevada
are young, appearing in the Little Ice Age about
700 years ago (Matthes 1939). These high-elevation
glaciers (3,960 m) have surface areas of 1.3 and
0.34 km?, respectively. Using LIDAR volume measure-
ments in combination with geographical information
systems (GIS), seasonal snow and glacier volumes were
accurately calculated and combined with field measure-
ments. This model was then used to determine the
mass of 4NP in the Middle Palisade and Palisade
Glaciers.

Methods
LiDAR snow measurements

The National Aeronautics and Space Administration’s
Airborne Snow Observatory collects data during two per-
iods, snow-covered and snow-free, to analyze seasonal
snow changes. To calculate snow depth, two LiDAR
data collections representing snow-free and snow-
covered dates are required (Deems et al. 2013). The gen-
eration of digital elevation models (DEMs) from the

LiDAR capture of surfaces allows for the examination of
snow depth changes. Subtracting the difference between
the two data sets provides snow depth for the area of
interest. Snow volume was determined based on snow
depth. Snow coverage from the Airborne Snow
Observatory was recovered in LiDAR data exchange
(LAS) files, and DEMs were taken from LiDAR raster
files. Both data sets included point cloud data that covered
the research study area. The first set of point cloud data
was collected on 30 August 2014 and served as the snow-
off layer. A second set of point cloud data collected on
28 April 2018 served as snow-on. The Create LAS Dataset
tool in ArcGIS Pro (Version 2.5, ESRI) was used to create
two LAS data sets representing snow-on and snow-off.
Specifying WGS 1984 UTM Zone 11 N as the horizontal
coordinate system and WGS 1984 as the vertical coordi-
nate system verified that there were point cloud data in
the glaciers of interest. A polygon feature class was created
of the target area, and the point cloud data of the glacier
area of both data sets were isolated using the Extract LAS
tool.

The workflow for processing the data is shown in
Figure 1. The snow-covered surface served as the digital
surface model (DSM), and the snow-free surface was
represented as the digital terrain model (DTM). The
digital height model (DHM) is the result of the differ-
ence between the surface model and terrain model
(Equation (2)).

DHM = DSM — DTM. ©)
The DHM was generated using the Minus Geoprocessing
tool to subtract cell values of the two corresponding rasters.
This stores the snow elevation difference of the two snow
coverage periods as the height (z) value of each cell in the
DHM. The DHM was then clipped to the glacial snow area
using the Extract by Mask tool so that cells contained in the
area were included in the raster. After the DHM was
generated, any negative values were set as null and removed

{ N
Snow-On LAS
LAS Dataset Dataset
\ 7

Minus
(DSM-DTM)

47/ DSM /L
{ N
Snow-Off LAS
DTM
LAS Dataset/ ) Dataset 7 /L
\ >

y

Extract by SARHAHIL
Values
Mask
(values <)

Times
(Spatial Snow Volume
Resolution) Raster

Figure 1. Outline of the workflow from LiDAR data to snow volume done in ArcGIS Pro.



from future calculations. The raster’s values were then
multiplied by the raster’s spatial resolution. This resulting
raster contained the components of a cuboid in each cell
necessary for volume measurements: the height (z), width
(x), and length (y) of the cell. This transformed the DHM
into a raster that contained a snow volume value for each
cell. Total seasonal snow volume was quantitatively
described by using the Zonal Statistics as Table tool to
find the sum of all cell values. This final additional step
reported an estimation of the total accumulation of snow
between two time periods. Data are shown in Table 1. Error
bars represent the measurement uncertainty.

Topographic shielding index

In some cases, measured concentrations were used for
4NP mass calculations, but not all regions of a glacier are
accessible for direct measurement. The horizontal distri-
bution of an airborne pollutant is not homogeneous.
Distribution is dependent on the topography of the
region, the source of the contaminant, and the prevailing
wind direction (Lyons, Van de Bittner, and Morgan-Jones
2014; Lyons and Benvenuti 2016). These parameters were
used to determine the topographical shielding coefficient
(7). Shielding describes the interference of physical topo-
graphy with atmospheric deposition of particulate matter
and associated pollutants.

The topographic shielding index denoted as (t), an
indicator of the shielding effect of a ridgeline or physi-
cal barrier, is calculated as

_S*H
D

where S is the slope of the ridge, H is the height of the ridge
from the sample site, and D is the horizontal distance from
the same sample site.

To automate and simplify the topographic shield-
ing calculation workflow, a model was constructed in
ModelBuilder as a geoprocessing tool in a toolbox.
The model incorporates wind direction, distance,
elevation, and slope values in the calculation. The
custom tool prompts the user for parameter inputs
for model execution. The inputs include a point fea-
ture class containing elevation, slope, and wind
direction fields; a ridgeline segment with elevation
and slope; and a polygon used to clip geodetic lines

T
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to measure distances to the ridge. The model was
performed with a 90-m input point grid that con-
tained slope and elevation fields that were spatially
joined from a U.S. Geological Survey DEM.

The model consisted of a series of steps. There are
three components to prepare the shielding calculation
visualized in Figure 2. A copy of the input feature
points was made and given X and Y coordinates in
UTM at a resolution of 90 x 90 m. A minimum bound-
ing geometry was created to encircle all of the points in
the input feature class. The diameter of the minimum
bounding geometry was calculated and reported as the
“extend distance.” Using the wind direction field as
a parameter, a new feature class containing the shortest
line connecting two points was generated using the
Bearing Distance to Line tool. These line features,
known as geodetic lines, were based on the values
reported in the X and Y coordinates, distance, and the
newly introduced bearing or wind direction field.

Finally, these geodetic lines were clipped to the ridgeline
polygon, provided as an input parameter. A ridge distance
field was added to the line feature class and populated by the
geodetic length of each line feature calculated using the
Calculate Geometry Attribute tool. The input parameter
ridgeline line feature class containing elevation and slope
for each feature segment was spatially joined to the geodetic
line features. Fields were joined so that the result was a point
feature class containing the variables needed to calculate
topographic shielding values. Lastly, the shielding value was
calculated by dividing the product of slope and the ridge
elevation difference by the horizontal distance to the ridge.
The topographic shielding value is reported without units
as a scalar number for each input point. Wind direction for
the region was taken from the National Renewable Energy
Labs data set (National Renewable Energy Labs 2018). It
should be noted that wind direction is nearly uniformly
from west to east in the Sierra Nevada. The Pacific Ocean is
a significant heat sink to the west, and orographic uplift
creates almost continuous easterly winds. Because of these
geographic factors, modeling this region can make use of
the consistent weather patterns.

Sample site selection and sample collection

Sample sites were selected to be representative of the range
of conditions on each glacier (Figures 3a and 3b). Some

Table 1. Values derived from snow-on/snow-off differences in LiIDAR measured snow volume for the year 2014 (snow-off) and 2018

(snow-on).

LiDAR study area Surface area® (m?)

LiDAR seasonal snow depth (m) (2018)

Seasonal snow volume (compacted) (m3)

1,293,990 + 6,567
342,300 + 990

Palisade Glacier
Middle Palisade Glacier

1.8 +0.0083
2.75 £ 0.0155

2,328,530 + 23,285
939,970 £ 9,400

Note. ?Surface area measured with ArcGIS Pro polygon tool. All values shown with first standard deviation for measured area values.
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Figure 2. The model workflow for the topographical shielding index is graphically represented in three steps.

areas were inaccessible due to hazardous conditions.
Topographical shielding values were used to extrapolate
concentrations that could not be accessed. A land ridge
separates the Middle Palisade Glacier into two sections.
Only the southern section of the Middle Palisades Glacier
is included in this study. From this point on, reference to
the Middle Palisade Glacier indicates the southern section
of the Middle Palisades. Samples were acquired in June and
August 2018 and June 2019.

Snow core sampling methods were followed according
to U.S. Department of Agriculture field sampling guide-
lines (U.S. Department of Agriculture 1984). Snow core
samples were performed in triplicate for each location to an
average depth of 1.0 + 0.2 m. Snow density was determined
in situ by weighing the empty snow core, taking the sam-
ples, and then weighing the snow core with the snow. Snow
mass was divided by the sample volume to find density. In
the field, samples were stored in 2 L hexane-rinsed Mylar
(Impak Corporation) bags. The reagent-grade hexane used
in the field was obtained from Sigma Aldrich. Field blanks
were created using 500 mL of deionized water transferred
to a sampling bag while in the field. Snow water volume per
snow core averaged 0.485 + 0.25 L. After transport, melted
samples were transferred to 1 L hexane-rinsed amber jars
and acid-shocked with 6 M HCI to pH 2. Samples were
stored at 4°C until analysis.

Meltwater samples were collected immediately down-
stream of their glacier source; meltwater collection sites are
indicated with “MW” (meltwater) in Figures 3a and 3b.
Using gloved hands, 500 mL of water was collected at 0.2 m
below the surface of the water in a 500 mL hexane-rinsed
amber jar and acid-shocked to pH 2. Samples were col-
lected and analyzed in triplicate.

Wind speed, wind direction, and elevation were
noted with a handheld Kestrel 2000 device at a height
of 2 m. Relative humidity and temperature were taken
using an Allied Electronics hygrometer humidity meter.

Sample extraction and analysis

Liquid:liquid extraction was performed with high-
performance liquid chromatography-grade hexane

(Sigma Aldrich) on 100 mL of snow water from each
sample in triplicate according to EPA Method 3500C
(U.S. EPA 2007). Samples were spiked with 4-heptylphe-
nol (Sigma Aldrich) in order to determine a percentage
recovery. Method standards were recovered at 95 percent
or higher for all samples. Extracted samples were concen-
trated on a Kuderna-Danish Solvent Evaporator
(Organomation, Inc.) to 10 to 15 mL. These were further
concentrated by blowing a stream of nitrogen gas over
them until their volume was 1 mL. Each sample was
analyzed on a Varian 431 gas chromatograph and
a Varian 220 mass spectrometer with an ion trap mass
analyzer using splitless injection. The injector tempera-
ture was set at 250°C with a helium carrier gas flow of
1 mL/min on a 30 m x 0.25 mm, 0.25 um DB-1 MS Ultra
Inert Column (Agilent 122-0132). The column tempera-
ture began at 50°C and was held constant for the first
3.5 minutes of the run. The temperature was then ramped
at a rate of 10°C/min up to a maximum of 275°C where
the temperature was held constant for 5 minutes for
a total run time of 36 min. All isomers of nonylphenol
should come out between the retention times of 18 and
19 minutes. Detection limits were determined by taking
three times the standard deviation of the baseline with
a value of 0.25 pg/L. On the mass spectrum, the isomers of
interest for 4NP are identified by the m/z ratios of 107,
121, 135, 149, and 163. The detection range on the Varian
430-221 gas chromatograph-mass spectrometer spans 50
to 600 m/z. Peaks were integrated using Varian MS
Software Version 6. To ensure that column conditions
did not deviate significantly, a hexane blank was run to
readjust the signal to noise ratio after five sample runs.
Five-point calibration curves from 4NP were created with
average R” values above 0.995. 4NP (PESTANAL, analy-
tical standard) for standards was obtained from Sigma
Aldrich.

Data management

All field data were entered into Excel spreadsheets, which
were converted to .csv files. The .csv files were stored in an
ArcGIS Pro geodatabase. LAS files from the National
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Figure 3. (a) Sampling locations on the Palisade Glacier shown here with shielding index value gradient overlaid (37.1009° N,
118.5116° W). GPS points refer to glacier center mean. (b) Sampling locations on the Middle Palisade Glacier for 2018 and 2019
shown here with shielding index value gradient (37.0703° N, 118.4620° W). GPS points refer to glacier center mean for the southern
section of the Middle Palisade Glacier. The northern section of the Middle Palisade Glacier (37.0753° N, 118.4687° W) was not

sampled due to inaccessibility.

Aeronautics and Space Administration were converted to
DEMs and stored in ArcGIS Pro databases. Statistical ana-
lysis was done in R (R Core Team 2019). Loess (locally
estimated scatterplot smoothing) curve fitting was used to

look at linearity in the relationship between concentration
and In(t) and assess the quality of fit in differences by year
and glacier. Mean responses were used to determine con-
fidence interval.
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Model construction

Mass calculations
Mass of 4NP in the glacier (Mynp) was determined by

My — - Pe*Ce. @
Pw

where V is the total glacier volume (m?), p, is density of
the glacier (kg/m>), p,, is the density of water (kg/L),
and Cyyp is the concentration of 4NP in the snow water
(mass/L). Snow sampling was done from June to
August 2018 and 2019, representing the end of the
snow years when seasonal snow has compressed to
a measured average density of 625 (+70) kg/m’ in the
Middle Palisade Glacier and 540 (+120) kg/m3 in the
Palisade Glacier.

In assessing the total mass of a persistent organic
pollutant in a glacier, the glacier is treated as three
vertical compartments characterized by density (p,).
Seasonal snow is considered to have one relatively uni-
form density, rain-on-snow events within this layer
notwithstanding. Older layers of firn are compressed
under the seasonal snow layer. They contain a density
gradient from firn to glacier ice, or a transitional layer.
The oldest and deepest part of the glacier is considered
to have a consistent density, that of glacier ice. Each
compartment is assessed separately and then summated
to represent total mass.

Seasonal snow is defined as the snow accumulated
during a single snow year. Snow mass balance models
vary from glacier to glacier, and the details are often
difficult to quantify due to insufficient data. However,
with the advent of LiDAR to provide extremely accurate
values for snowpack depth in the Sierra Nevada moun-
tains, Sierra Nevada glaciers have become excellent can-
didates for modeling pollutant accumulation (Painter
et al. 2016). Net snow mass balance, which incorporates
the seasonal snow, can be determined by looking at the
mass of snow and ice that remains at the end of a
snow year. To do this, summer balance, or snow-off, is
often compared with the winter balance, or snow-on
(Cuftey and Paterson 2010). LiDAR analysis during the
winter gives the snow-on coverage that can be compared
with summer months for snow-off. Snow-off data were
taken from a low snow year (2014) to represent the low
end of possible glacier volumes, and snow-on was taken
from an average snow year (2018). These values can be
found in Table 1. Because the LIDAR measurements
were taken for fresh snowfall, it can be assumed that
by the end of the snow year, the surface snow was
compacted from its lowest density (pgesn = 330 kg/m3 )
to its average summer density (Psummer = 625 kg/m3)

when the samples were taken. Snow volume was
adjusted for this compaction. This is also a convenient
way of determining seasonal snow depth. For LiDAR
sensors, vertical accuracies are typically reported on the
magnitude of 15 cm with average ground point spacing
of 1.5 m (Deems and Painter 2006).

To find the density of the transitional layer, a density
gradient was applied. Densification of firn is time and
depth dependent and includes the refreeze rate of the
snow, the temperature of the firn, and the accumula-
tion of new snow on the glacier. The empirical
approach used the classic Herron and Langway (1980)
model of firn compaction and gives consistent results
for a wide range of glaciers, including temperate gla-
ciers. Using the following relationship of densification
with depth,

p.=pi— (pi—p)e (5)

where p, represents density at depth z (m), p; is the
density of ice (917 kg/m’), p, is the density of the
surface snow (kg/m3), and C is a constant for
a specific glacier. The value for C can be estimated by
1.9/z;, where z, is the depth of the transition from firn
to glacier ice. The density of the transition layer for the
Middle Palisade Glacier was calculated to 20 m based
on the typical transition layer depth according to Huss
(2013). The Huss study shows that in nineteen firn
cores from glaciers including several temperate glaciers,
the firn layer reaches maximum density (850 kg/m®) at
approximately 20 m. The transition depth (z,) for the
Middle Palisade Glacier was calculated to be 15 m. This
slightly lower value is to be expected in a lower latitude
glacier where the freeze-thaw cycle occurs more fre-
quently than at higher latitudes.

To calculate mass in the transition layer, a 90 x 90 m
square surface area was defined based on a GIS-
generated grid. Equation (1) was applied to 90 m x
90 m x 1 m volumes for the transitional 15 m using
a different density for each 1-m increment of depth
and then summated for all fifteen increments. The
mass found within all individual grid volumes within
the Middle Palisade Glacier was added to determine
the mass in the transitional 15 m of snow. The mass
in the remaining glacier was determined using
a single density of 917 kg/m’ (Reeh et al. 2005).

The concentration for each 90 m x 90 m square was
used to find mass in the seasonal firn and transition
layers. The meltwater concentration was used to find
mass in the glacier ice. The mass values for all layers
were summated vertically and all grid squares were
summated horizontally.
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Table 2. Parameters for the slope-dependent thickness estimations and the resulting values for glacier thickness, total volume, and

glacier ice volume.

Total
Average basal  Average Mean surface Average glacier Transitional snow  Glacier ice
sheer stress® density  slope® (adjusted Thickness®  thickness of volume volume to 15 m volume
Glacier AH (km)' (kPa) (kg/m?) degrees) (m) glacier (m) (m3) depth® (m?) (m)
Palisades Glacier 0.55 74.85 820 12.31 55.4 435 501 x 107 1.73 x 10’ 3.28 x 107
Middle Palisades 0.35 51.6 788 18.42 26.1 20.5 7.1 x 10° 521 x 10° 1.91 x 10°
Glacier

Notes. ®Calculated for central flowline of glacier, bFor the North Middle Palisade Glacier, the maximum depth is less than 15 m, so volumes are calculated

to 11.2 m.

Volume calculations
Glacier volume estimates have been made by various
methods. For regions with sparse data available, extrapo-
lations have been made from areas with more complete
data sets. In a review of six methods of volume modeling,
Frey et al. (2014) found good agreement between the
slope-dependent thickness estimates, field-validated
models such as GlabTop 2, and models based on ice
volume fluxes like the Huss and Farinotti model (Huss
and Farinotti 2012). Applied to glaciers in the Himalayan
and Karakoram regions, these three methods of volume
estimation had differences of less than 13 percent.
Because the slope-dependent thickness estimates were
originally developed for the European Alps, where most
glaciers are valley glaciers similar to the Sierra Nevada
region, they could justifiably be used for volume estimates
in this study (Haeberli and Holzle 1995).

According to this estimation method (Haeberli and
Holzle 1995), the mean ice thickness along the central
flow line of the glaciers can be estimated by

e — T

7™ fpgsin(a)’
where hy is the ice thickness along the central flow line
(m), T is the average basal sheer stress along the central
flow line (kPa), f is the shape factor given to valley
glaciers, p is the average density (kg/m3), g is the
gravitational constant, and a is the mean surface slope
along the central flow line. The mean basal sheer stress
is a function on the elevation change along the central
flow line of the glacier (AH) using the empirically
determined expression

(6)

7=0.5+159.8(AH) — 43.5(AH)?, (7)

where AH is given in kilometers (Haeberli and Holzle
1995). This formula specifically applies to glaciers that
have a change in elevation that is less than 1.6 km,
which is true of all glaciers in this study. Elevation
change, glacier surface area, and the mean surface
slope along the central flow line were measured using
ArcGIS Pro. Mean surface slope was determined using
a 10 m DEM. Relative to other estimation methods,
using DEMs consistently overestimates mean slope by

10° for glaciers less than 20 km” (Frey et al. 2014). The
slope values were corrected by subtracting 10°. Average
density values were calculated by the density values in
1-m vertical increments through the thickness of the
glacier. Density at depth was calculated using Equation
(6). Typical densities for glacier ice have been reported
at 917 kg/m’> (Cuffey and Paterson 2010) and were used
for calculations at depths greater than 15 m.

The average thickness along the central flow line is
extrapolated to average thickness across the glacier by
accounting for the curvature of the glacier valley with the
equation

he = hy 7. (8)

The average thickness of the Middle Palisade Glacier
was estimated at 20.5 m and the average thickness of
the Palisade Glacier at 43.5 m. Thicknesses estimated
by this model are similar to low-latitude glacier thick-
nesses of 35 m estimated by Huss and Farinotti (2012).

To find the volume of glacier ice, the surface snow
and transition layer volumes were subtracted from the
total volume of the glacier. All values used to find
glacier volume are reported in Table 2.

Results

Surface snow and firn have measureable concentrations
of 4NP at all locations on both glaciers (Table 3). The
average concentration for the Palisade Glacier was
0.035 mg 4NP/L snow water with a range of 0.0063 to
0.1 mg 4NP/L snow water. The Middle Palisades had an
average concentration of 0.0251 mg 4NP/L snow water
with a range between 0.0097 and 0.05 mg 4NP/L snow
water. Standard deviations for analytical error of tripli-
cates for each site are given on Table 3. These concen-
trations are consistent with previous research, where we
found seasonal snow concentrations between 0.08 and
0.1 mg 4NP/L snow water (Lyons, Van de Bittner, and
Morgan-Jones 2014). Figure 4 shows the relationship
between topographical shielding and concentration.
Concentration is indirectly proportional to shielding.
Deposition on the glacier is dependent on its proximity
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Table 3. Average concentrations for the surface snow on each glacier sampled for milligrams per liter of snow water and for
meltwater given in milligrams per liter water.

Sample

Glacier Year  abbreviation Latitude Longitude  Concentration (mg/L snow water) SD Shielding Elevation (m)
Palisades 2019 PG1 37.1063 —-118.507 0.0968 0.0248 339 3417
Palisades 2019 PG2 37.10213 -118.508 0.0733 0.0148 5.62 3,803
Palisades 2019 PG3 37.09815 -118.512 0.021 0.00379 11.96 3,915
Palisades 2019 PG4 37.09935 -118.514 0.0063 0.00085  23.47 3,965
Palisades 2019 PG8 37.101 -118.513 0.0095 0.0022 27.94 4,012
Palisades 2019 PG9 37.09789 —-118.507 0.0091 0.0011 25.96 3,952
Palisades 2019 PG10 37.10089 -118.505 0.029 0.0072 10.40 3,828
Palisades average 0.035 0.0078

Middle Palisades 2018 MP1 37.07149 —-118.45746 0.0097 0.00048  13.11 3,673
Middle Palisades 2018 MP3 37.07079 —118.45834 0.0188 0.00103 15.74 3,722
Middle Palisades 2018 MP4 37.07004 —118.46194 0.029 0.0019 15.61 3,843
Middle Palisades 2018 MP5 37.07112 —118.46344 0.0115 0.00149 19.88 3,886
Middle Palisades 2018 MP6 37.072427 —118.464183 0.0120 0.00123 2435 3,677
Middle Palisades 2019 MP7 37.07173333 -118.457016 0.0770 0.02151 3.92 3,722
Middle Palisades 2019 MP8 37.071033 —118.458216 0.0189 0.00169 15.76 3,882
Middle Palisades 2019 MP9 37.070308 —118.462377 0.0235 0.00104  15.25 3,772
Middle Palisades 2019 MP10 37.070308 —118.458097 0.0488 0.0019 8.19 3,876
Middle Palisades 2019 MP11 37.068528 —118.459878 0.0023 0.00039 2447 3,835
Middle Palisades average 0.0251 0.00327

Note. The surface snow samples represent all samples at all locations. For the Palisades, sample size = 21; for the Middle Palisades, sample size = 30.
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Figure 4. The relationship between topographical shielding index (1) and concentration is logarithmic, shown here with error bars
representing standard deviation between triplicate samples taken at each sampling location.

to the headwall and in relation to the predominant
wind direction as shown by a correlation coefficient
(R*) of 0.89 between the calculated shielding value
and concentration. Concentrations are also inversely
proportional to elevation, because higher elevation
sample sites tend to be closer to the headwall and
more shielded.

The average concentration for the Palisade Glacier is
slightly higher than that of the Middle Palisades. The
difference is influenced by the geomorphology of the

two glaciers. The surface area of the Palisade Glacier is
roughly three times that of the Middle Palisade Glacier
and extends downslope away from the headwall,
experiencing less shielding. The Middle Palisades is
narrower and lies closer to the headwall, which pro-
vides more protection from deposition. The extent to
which each glacier is shielded (Figure 5) was deter-
mined using the shielding raster in ArcGIS Pro. On
a scale of 1 to 55, a topographical shielding value of less
than 15 was considered a low shielding value that
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Figure 5. Chart depicts the percentage of the glacier that is either highly shielded (t > 30), moderately shielded (t = 15-30), or
minimally shielded (t < 15). Because of the geomorphology of the Palisade Glacier, 60 percent of the glacier has low shielding and
shows higher deposition versus the Middle Palisades, which only has low shielding over 22 percent of its area.

allowed for deposition; 15 to 30 was considered mod-
erately shielded, and greater than 30 was considered
highly shielded. Concentrations became nondetectable
at shielding values of 30 or higher. Sixty percent of the
Palisade Glacier has low shielding (t < 15) and is
susceptible to atmospheric deposition, compared to
22 percent of the area on the Middle Palisades.

The lack of observations for some values of T during
the fitting of the prediction model creates some uncer-
tainty in the quality of the model. However, there was
no difference statistically in predictive ability between
glacier and year for the linear regression line. Because
these variables do not appear to add to the predictive
ability of the model, all samples are treated as one data
set. This implies that the topographical shielding can be
used to assess other locations in the Sierra Nevada at
other times. Confidence intervals for mean response at
a location with a given 7 were generated using the
predict function from 2018-2019 data. These upper
and lower confidence intervals were applied when cal-
culating total mass in each layer (Table 4).

The concentration of 4NP in the Palisades meltwater
was 6.1 £ 1.3 pg/L. For the Middle Palisades it was
measured at 1.3 + 0.05 pg 4NP/L meltwater. Meltwater
concentrations are at least an order of magnitude lower
than snow concentrations. This is to be expected for
several reasons. Snow consists of nonaqueous particu-
lates and water crystals. Lei and Wania (2004)

Table 4. Mass of 4NP for each glacier compartment in units of
kilograms + 95 percent confidence interval.

Mass (kg) Middle Palisades Mass (kg) Palisades

Layer of glacier

Seasonal surface snow 15.6 + 5.43 174 + 448
Transition zone 564 + 196 3,771 £ 970
Glacier ice 2.27 + 0.453 186 + 2.09
Total mass 4NP 581.9 + 196 3,974 + 970
Mass/area (kg/kmz) 1,677 + 560 3,456 + 843

described partitioning between nonpolar compounds
with high Kow values and snow. Because of the parti-
culate content, snow becomes a reservoir for POPs.
Meltwater does not represent the particulate-bound
4NP concentration. Low meltwater concentrations
also reflect the morphology of the glacier. Percolation
through the ablation zone of glaciers eventually brings
melting snow water through fissures in the glacier ice to
the meltwater (Hooke 1989). Layers of the glaciers that
predate industrialization are not likely to have accumu-
lated 4NP or other POPs, so dilution of 4NP concen-
tration is expected during this process. Studies of
glacier meltwater from European glaciers near agricul-
tural regions show similar concentrations of POPs
(Ferrario, Finizio, and Villa 2017).

The results of the model give a mass estimate for
each vertical compartment of the glaciers studied. The
most recent snow from the previous snow year repre-
sents one season of 4NP accumulation. The total mass
of 4NP found in seasonal snow in the Middle Palisade
Glacier was 15.6 + 5.43 kg, and that in the Palisade
Glacier was 17.4 + 4.48 kg (Table 4). The range repre-
sents the combined standard deviation for analytical
error and spatial measuring error. The combined
error in the total masses indicates that the two glaciers
do not have a statistically different amount of 4NP in
annual snowfall. Normalized for area and time, the
Middle Palisades receives 44.96 mg/m°/year and the
Palisades receives 15.13 mg/m?/year, indicating that
the Palisade Glacier had more variability in mass load-
ing over its total area. These values represent
a relatively high amount of 4NP deposition annually.
In an urban catchment near Paris, France, 4NP fluxes
ranged from 44.0 to 84.0 pg/m*/year for atmospheric
deposition (Bressy et al. 2012). The Sierra Nevada gla-
ciers have deposition rates three orders of magnitude
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higher than those reported in the Bressy study, which
represents a region that does not have an intensely
farmed region upwind.

Transition zone masses were determined to be the
highest of the three layers for the Middle Palisade and
Palisade Glaciers, 564 + 196 kg and 3,771 + 970 kg,
respectively (Table 4). 4NP found in the transitional
zone from snow to firn can be considered the result of
historical deposition. There is little to no degradation
of 4NP under anaerobic conditions, so it can be
assumed that 4NP at depth is fairly persistent (Ying
et al. 2003). However, deposition of POPs reflects air
circulation patterns and emission trends. It has been
shown that even minor environmental changes can
cause variations in POP deposition in mountain gla-
ciers (Meyer and Wania 2007; Wang et al. 2010). Graca
et al. (2016) showed that use patterns for 4NP
increased dramatically after the 1980s. For this model,
the transition zone masses are assumed to have deposi-
tion rates consistent with current trends in 4NP use.
These zones are subject to the most conjecture in the
model, and ice cores to depth will be needed to ascer-
tain the validity.

Glacier ice layers were determined to have the least
amount of 4NP. Middle Palisade Glacier was calculated
to hold 2.27 + 0.453 kg and Palisade Glacier was calcu-
lated to hold 186 + 2.09 kg (Table 4). The large differ-
ence between the two is largely due to the difference in
calculated depth (20.5 and 43.5 m, respectively). This
assumes that the firn transitions to ice at about 15 m,
the remaining volume being glacier ice. Glacier ice
should in theory represent pre-industrial levels of
POPs. However, because of fissures in the ice, upper
layers of snow water can percolate through glacier ice.

The total mass of 4NP in the Middle Palisade Glacier
was 582 + 196 kg 4NP with an average mass per area of
1,677 + 560 kg/km®. The meltwater concentration was
1.3 + 0.05 pg 4NP/L meltwater. This was significantly
less than the Palisade Glacier with a total mass of
3974 + 970 kg 4NP and an average of
3,456 + 843 kg/km>. The meltwater concentration of
the Palisade Glacier was also higher, measured at
6.1 £ 1.3 pg 4NP/L meltwater.

Discussion

Off-target pesticides and chemicals have been modeled
in a two-dimensional space using GIS (Pfleeger et al.
2006). This model adds an additional dimension by
looking at both horizontal and vertical distributions of
4NP. The model makes use of the relationship between
topographical shielding and concentration to give
a more accurate estimation of the horizontal

distribution on the surface of the glacier. However,
vertical trends are more challenging to assess. Vertical
snow density gradients are well understood in glacial
snowpack, but there are other factors that will have
some bearing on vertical 4NP distribution. Though it
is difficult to reconstruct the historical environmental
fate of 4NP in the United States, alkylphenol polyethox-
ylates have been used as surfactants for nearly fifty
years (Ying, Williams, and Kookana 2002). It can be
assumed that accumulation patterns in glaciers would
show trends similar to those in other developed coun-
tries. Sediment cores show sharp increases in 4NP after
the early 1980s in other regions (Graca et al. 2016).
There are likey be similar trends in glacier snow layers.
In 2014, the U.S. EPA began a voluntary phase-out of
NPE wuse in industrial detergents and established
a Significant New Use Rule under the Toxic
Substances Control Act (U.S. EPA 2010). It is possible
that the phase-out would create a trend of decreasing
use in recent years that would be reflected in a lower
concentrations of 4NP in the samples taken during this
study.

Ice cores in a Swiss study examined variation for
PCB congener concentrations between 2002 and the
1940s when production started (Pavlova et al. 2014).
Concentrations peaked in the early 1970s when PCBs
were in regular use and declined when the ban on PCBs
was enacted. However, 1940s concentrations were
essentially the same as 2002 concentrations. This see-
mingly incongruous trend can be explained by the
physical chemistry of particle-bound POPs. Though
snowmelt will elute water-soluble species, particle-
bound water-insoluble compounds like PCBs and 4NP
will accumulate. During melt events, there may actually
be a local increase in particle-bound 4NP concentra-
tion. This may also be due in part to the compaction
and sintering of firn layers. In either case, as midlati-
tude glaciers are universally going through a decrease
in volume through melting, a redistribution of the 4NP
throughout the deepest layers of the glacier is expected.

It might also be expected that biodegradation will
result in a loss of 4NP. Soares et al. (2003) have shown
that Pseudomonas spp. is capable of using 4NP as
a carbon source under cryogenic, aerobic conditions.
4NP is also capable of undergoing anaerobic degrada-
tion, although whether it occurs under cryogenic con-
ditions has not been investigated (Mao et al. 2012).
Biodegradation is another factor not considered in the
model that may change the concentration of 4NP at
various depths.

The principal value of this model is to offer an
estimate of the mass contained in the surface and
lower layers of a glacier, giving an indication of how



much more of the 4NP will be transported into the
meltwater. Bogdal et al. (2010) estimated that glaciers
in the Swiss Alps still contain roughly half of the total
historically deposited POPs; these glaciers will be
releasing POPs into meltwater at increasing rates as
melt rate increases. We would expect similar trends in
the Sierra Nevada mountains. Meltwater feeds down-
stream lakes, carrying glacial flour with particle-bound
4NP and dissolved 4NP. As a result, 4NP will continue
to collect in the sediment of these lakes and be present
in dissolved form (Lyons, Togashi, and Bowyer 2019).
In some cases, lake water concentrations have already
reached bioactive concentrations of 2 pg/L or more
(Vazquez-Dubhalt et al. 2005). The potential exists for
a rise in 4NP concentration in the near future, based on
the evidence of additional mass of trapped 4NP and the
increasing melt rate of glaciers.

Conclusion

Two high-elevation glaciers in the Sierra Nevada
mountains of California were assessed for concentra-
tion and distribution of the endocrine disruptor 4NP.
The average mass per area of the Middle Palisade
Glacier was 1,677 + 560 kg/km’, and the meltwater
concentration was 1.3 = 0.05 pug 4NP/L meltwater.
The Palisade Glacier had an average of 3,456 + 843 kg
4NP/km” and a meltwater concentration of 6.1 + 1.3 g
4NP/L meltwater. Topography and glacier geomorphol-
ogy of the glaciers explain the difference in 4NP deposi-
tion and subsequent concentrations.

Because of advances in measurement technology,
glacier snow volume can be accurately assessed, espe-
cially when combined with ground-truthed density
measurements. This in turn can be used to calculate
snow mass and total snow water. When LiDAR and
GIS are paired, this information can be used to generate
mass models of not only the glaciers themselves but the
pollutants contained within them. Because GIS and
LiDAR are both capable of high spatial resolution, we
can extrapolate predictive formulas over a three-
dimensional volume. This allows reasonably accurate
models of pollutant mass to be developed by combining
these technologies with known spatial relationships.

A grid of topographical shielding indices was applied
horizontally across the glacier surface, and a stepwise
model of density was applied vertically within each grid
square. The result was a series of cubes with
a reasonable assessment of total 4NP mass in each.
These were then summated for the glacier volume.
Theoretically, any known spatial relationship could be
modeled in a similar grid pattern and calculated with
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a simple program. This model makes use of the con-
sistent wind direction in the Sierra Nevada mountains
to determine the horizontal distribution of pollutants.
Whether or not this model can be applied in other
regions is under investigation.

Glaciers are not always considered as a separate envir-
onmental compartment in models, but this study demon-
strates that glaciers represent a significant potential source
of POPs into downstream lakes and rivers. An estimate of
total mass of a POP contained in a glacier will help to
determine how much pollutant will be released and for
how long it can be expected to be input. As melt rates
change with increased temperatures, the rate of contam-
inate loading can be assessed by examining total POP
mass, glacier melt rate, and streamflow. Ecologists and
modelers alike can make use of this type of information to
determine the fate of downstream environments as para-
meters change in the face of an unstable climate. In future
work, the persistence and transport of 4NP will be further
assessed by looking at multimedia models that consider
several environmental compartments, starting with the
glacier as a secondary source. This potentially changes
risk assessment scenarios.
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