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ABSTRACT

Rock glaciers are important headwater landforms that play a key role in alpine hydrology. North American rock glaciers are esti-
mated to contain the third largest water volume equivalent globally, and over 3800 rock glaciers have been mapped in Colorado
alone. However, these features are often overlooked in alpine water budgets. In this study, we present initial results using ge-
ophysical, hydrochemical, and repeat structure from motion data to investigate the ice presence, downslope movement, and
influence on stream chemistry of the Lake Agnes rock glacier in the northern Front Range, Colorado, USA. We measured an
average velocity of 23 +4cmyear! in the upper 400m of the rock glacier, with maximum velocities up to 36 +4 cmyear—'. Rock
glacier-fed streams (n =2) near the spring remained below 2.5°C throughout the summer, mixed-source streams (n = 3) remained
below 3.5°C, and a non-rock glacier stream (1 =1) reached 13.5°C. Rock glacier streams additionally recorded elevated ion con-
centrations and pH relative to the mixed-source and lake-fed streams. Geophysical surveys suggest that the rock glacier has an
internal structure consisting of a ~3-m-thick active layer, underlain by an ice-poor layer up to 10 m thick and by an ice-rich layer
up to 18 m thick, with total rock glacier thickness between 20 and 30 m. This study supports the presence of ice within the Lake
Agnes rock glacier and documents the rock glacier's influence on basin hydrochemistry. In many basins, including Lake Agnes,
the reduced climate sensitivity of rock glaciers and their sustained cold-water input to mountain streams will likely provide a
refuge for cold-water species in a warming climate.

1 | Introduction insulates ground ice, providing a refuge for species dependent
on cold water streams for habitat, from microbial communities
to aquatic macroinvertebrates to fish [2, 5-9]. However, these

long-term sources of cold water are relatively understudied and

Rising air temperatures impact glaciers, snowpack, snowmelt
timing, and stream temperatures, influencing the presence

and survival of certain cold-water alpine species [1-4]. As gla-
ciers disappear, particularly in the Southern Rocky Mountains,
ground ice—such as is present within active rock glaciers—
will likely play a greater role in maintaining cold streams in a
warming climate. Thick debris cover dampens melt rates and

are often not considered as future water resources [10-16].

Rock glaciers are lobate- or tongue-shaped debris landforms
created by current or former permafrost creep and found in
mountain environments [17-19]. Rock glaciers have a range
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of morphologies, dictated by slope, glaciological setting, and
climatic controls [5, 12, 20]. A rock glacier of glacial origin
generally has a core with massive ice and is considered to be
the end member of the glacier—debris-covered glacier—rock
glacier continuum [5, 21, 22]. The periglacial model describes
how interstitial ice or ice lenses form from freezing rain, melt-
water, groundwater, and/or snow and ice accumulations, which
are buried by rock and eventually induce permafrost creep
[12, 23-26]. These two origin models have varying internal rock
glacier structures (massive glacial ice vs. interstitial ice) that aid
in interpreting origin as well as ice content (with massive ice
estimated to have a higher percent ice content) for hydrological
estimations and runoff implications [12].

Rock glaciers can be difficult to study because of their coarse,
blocky, and unstable surfaces that conceal ice beneath the sur-
face. Geophysical surveys allow for subsurface interpretation
and are the main tool used to estimate rock glacier depth to
ice, bedrock, and internal structure [13, 27-31]. For example,
ground-penetrating radar (GPR) can help determine whether
a rock glacier is composed of massive or interstitial ice, the
depth of the active layer, and internal layers [27, 31, 32].
Seismic refraction is similarly used to identify internal struc-
ture based on changes in seismic velocity that correspond to
changes in material (e.g., rock and air in the active layer, ice
or rock and ice mixture, and bedrock; [29, 30]). The thick sur-
face debris layer, which makes rock glaciers difficult to study,
is also what makes them more resilient to warming tempera-
tures, as the debris partially insulates the ice from external
climate forcings [5, 33]. Active rock glaciers are able to per-
sist even when the environmental equilibrium line altitude
is above their maximum elevations, and some ground ice has
persisted throughout the Holocene [5, 34-36].

The presence or absence of a rock glacier or permafrost within
a basin can impact short-, intermediate-, and long-term water
storage because of impacts on snowmelt and precipitation run-
off, seasonal ice melt, and internal ice melt [37, 38]. In the La
Sal Mountains, Utah, rock glaciers were found to act as an im-
pervious surface and increase runoff from alpine basins, repre-
senting 15%-30% of total basin runoff [37]. Work in the Green
Lakes Valley, Colorado, documented a substantial contribution
of rock glaciers to late summer/early fall (September-October)
streamflow and an increase in late season discharge over a ~30-
year timespan (1982-2009; [39]). Water samples from a rock
glacier stream in the Uinta Mountains, Utah, were aged from
0 to 2years, suggesting that both snowmelt/annual ice melt
and ice from the rock glacier interior contributed to streamflow
[14]. Water chemistry from a rock glacier in the Austrian Alps
also supports a combination of snowmelt, internal ice melt, and
precipitation contributing to streamflow throughout the sum-
mer [40]. These studies illustrate the importance of hydrologi-
cal contributions from rock glaciers, particularly to late-season
discharge.

In addition, streamflow characteristics and water chemistry
are important in determining ecosystem function and capacity
[41-43]. Rock glaciers contribute significantly to the biogeo-
chemistry of alpine headwaters and support a higher microbial
richness and diversity than clean ice glaciers [41]. Rock glacier
streams from intact rock glaciers (i.e., have internal ice) tend to

have elevated ion concentrations as well as lower temperatures
as compared with non-rock glacier basins, although specific ion
concentrations are mountain range or even basin specific, and
are dependent on local lithology [14, 39, 41, 43]. Rock glaciers
that maintain even very low discharge streams late in the sum-
mer can sustain aquatic life where ephemeral streams may not
[2]. In certain basins, the reduced climate sensitivity of rock gla-
ciers and their sustained cold-water input to mountain streams
could mitigate the predicted habitat loss for endemic species [2,
6-9, 44].

Colorado is home to over 3800 rock glaciers, vastly outnum-
bering the ~16 glaciers present today [45]. Rock glaciers cover
a much larger spatial extent, occupying nearly 13 times more
area in the Front Range than glaciers [46]. Previous studies in
Colorado have documented displacement rates, hydrological
impacts, and internal structure of a few individual rock gla-
ciers, though these studies are limited spatially and temporally.
Photogrammetric analysis documented average horizontal rock
glacier velocities from 14 to 20 cmyear™ in the Front Range [47],
whereas in situ measurements ranged from 5 to 10cmyear!
[48, 49]. Displacement in rock glaciers indicates ice presence,
which has been confirmed in the Green Lake 5 rock glacier
through geophysical surveys, observing a depth of 4-5m of the
active layer and a total rock glacier thickness of 16-18 m [13, 50].
This ice presence also influences basin hydrology, with water
draining from this same rock glacier rarely exceeding 2.5°C [50],
and rock glacier baseflow constituting 38% of the hydrograph
between June and October [43]. Late-season streamflow in
Green Lakes Valley increased between 1982 and 2009, likely be-
cause of the melting of permafrost ice [39]. Although the Green
Lakes Valley has received concentrated attention, few studies
have examined the spatial and temporal distribution of rock gla-
cier influence on basin hydrology elsewhere in Colorado and the
western United States.

In the present study, we incorporated geophysical, hydrochem-
ical, and repeat uncrewed aerial vehicle (UAV) structure from
motion (SfM) data to investigate the ice presence, displacement
rate, and hydrologic influence of the Lake Agnes rock glacier in
the northern Front Range, Colorado. Although rock glacier in-
fluence varies between individual landforms, a case study of the
Lake Agnes rock glacier expands the scarce data available con-
cerning the status and role of rock glaciers in alpine watersheds
within the western United States.

2 | Study Area

The Lake Agnes rock glacier is located in a north-facing cirque
within the Never Summer Mountains of northern Colorado,
USA (40°28'34.14"N, 105°54'8.22"W; Figure 1). The rock gla-
cier is 0.16km?, is 700m long, ranges in elevation from 3260 to
3525m asl with an average slope of 30°, and is classified as ac-
tive [45, 46]. The rock glacier itself is composed of at least two
distinct units, with geomorphological evidence of an active unit
in the upper 400m, overriding an inactive or relic unit in the
lower 300m. The nearest long-term weather station is the Joe
Wright SNOTEL station (site 551), located 6.2km northeast of
Lake Agnes at 3096-m elevation. At this site, the mean annual
air temperature is 1.51°C and the mean annual precipitation is
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FIGURE1 | Location of the Lake Agnes rock glacier with watersheds outlined for the non-rock glacier (plum), mixed-source (green), and basin

outlet (purple) streams (basemap provided by ESRI, 2022; contours produced from USGS, 2021). The location of geophysical surveys (blue lines)
and stream sites (triangles) are also present. Dark blue lines represent streams, with dashed lines indicating intermittent or below-surface streams.

[Colour figure can be viewed at wileyonlinelibrary.com]

1132mm (from 1981 to 2018; [51]). The landcover within the
Lake Agnes catchment is mainly exposed rock, with patches
of vegetation (shrubs, grasses) surrounding the shores of Lake
Agnes. The surrounding bedrock and rock glacier source ma-
terial are granodiorite of Miocene age, with principal minerals
of andesine, potassium feldspar, quartz, hornblende, biotite, and
minor pyroxene [52]. Talus slopes additionally exist beneath the
headwalls of the cirques and could contain small amounts of
permafrost ice.

The study area is grouped into three main basins: (1) the
non-rock glacier basin (0.7km?, mean slope=29°, mean as-
pect=162°); (2) the mixed basin (1.2km?, 14% rock glacier cover-
age, mean slope =33°, mean aspect=232°); and (3) the full basin
(2.7km?, 6% rock glacier coverage, mean slope = 32°, mean as-
pect=209°), which encompasses Basins 1 and 2, as well as Lake

Agnes (0.1km?) (Figure 1). The non-rock glacier basin contains
three small protalus ramparts that are minimally to moderately
active [45] and a small lake (0.01km?) that feeds the non-rock
glacier stream. Protalus ramparts additionally line the bottom of
the headwall in the southeast portion of the mixed basin.

Lake Agnes is located 4km west of the Continental Divide,
draining naturally as a headwater into the North Platte Basin.
However, Lake Agnes is also the headwaters of the Michigan
Ditch. This transmountain diversion moves nearly 3 mil-
lion cubic meters of water from the North Platte Basin to the
Poudre River annually, supplying water to the Joe Wright
Reservoir, which stores and supplies water for communities
along Colorado's Front Range (NSOS, 2017). Consequently, Lake
Agnes is an important headwater for both the North Platte Basin
and the Poudre River Basin.
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3 | Methods

This study incorporates geophysical, hydrochemical, and re-
motely sensed data from June to October 2019, 2020, and 2021 to
investigate the ice presence, movement, and hydrologic contribu-
tion to late-season streamflow from the Lake Agnes rock glacier
(Figure 2). Field campaigns in late summer 2020 were impacted by
the Cameron Peak fire [53] as the field site was inaccessible.

3.1 | Water Quality and Streamflow

A total of 78 water samples were collected and filtered in situ
(0.45-um Restek Syringe filters) at seven stream locations (two
pure rock glacier, three mixed-source, one non-rock glacier, and
one basin outlet; Figure 2) throughout the 2019, 2020, and 2021
snowmelt and snow-free time periods (see Figure 5 for sample
dates). Samples were refrigerated and stored in air-tight containers

Stream {(J Type Geophysical surveys
I:I Rock glacier Lengitudinal
— —_— (141 m seismic,
|_] Mixed source 92 m GPR)
Mon-rock glacier g‘gansvsrse
— (92 m seismic,
@ Stream gauge 90 m GPR)

FIGURE 2 Summary of locations of sampled streams with stream
type and geophysical surveys. The upper right shows the hillshade de-
rived from the digital elevation model, colored by the elevation of the
rock glacier derived from the UAV survey on August 31, 2019. Note that
the basin outlet sampling site is not shown in this figure—see Figure 1
for location. The orthoimage was produced from the UAV survey on
August 31, 2019. [Colour figure can be viewed at wileyonlinelibrary.
com]

until they were processed for stable isotopes (§°H and 8'%0) in 2019
at the University of Wyoming Stable Isotopes Lab and in 2020-
2021 at the Colorado State University NREL EcoCore Lab. Ion
concentrations were analyzed at the Rocky Mountain Research
Station's Biogeochemistry Lab (Ca?*, Mg?*, Na¥, K¥, NH,*, Cl,
NO,-, PO 43‘, SO 42‘) via ion chromatography. Water temperature,
pH, and electrical conductivity (EC) were collected in situ using
a handheld sensor (Apera PC400S) at the time of sampling. Rock
glacier and mixed-source streams were measured within 30m of
the spring. Two stream gauges (TruTrack WT-HR data logger) re-
corded stream stage at 15-min intervals at mixed-source streams
(Streams 3 and 6; Figure 2) draining the rock glacier and upper
basin throughout the snow-free period.

In situ discharge measurements were collected using the tracer
dilution method [54]. By conducting these measurements at
different stream heights, we created a rating curve to convert
the stage record into a hydrograph for each gauge location
(Figure S1). A total of seven manual discharge measurements
were used to create the rating curve for the stream gauge at
the eastern rock glacier outflow (Stream 3; R2=0.99), and five
measurements were used for the western rock glacier outflow
(Stream 6; R2=0.99; Figure S1).

3.2 | Geophysics: Seismic Refraction and GPR

Geophysical techniques are well-established for gathering in-
formation about the internal structure of rock glaciers [29].
GPR measures variations in dielectric properties, and for rock
glaciers specifically, these properties vary for air, ice, and
rock. Seismic refraction tomography (SRT) uses changes in
seismic velocity to infer internal layering. Typically, rock gla-
cier structure consists of a surface layer of rock and air (the ac-
tive layer during unfrozen conditions) with P-wave velocities
ranging 500-1500m/s, a heterogenous layer of rock and ice
with intermediate velocities ranging ~3000-4000m/s, an un-
frozen, fine-grained layer, and then bedrock below with high
velocities (> 4500m/s), although velocities are dependent on
rock type and ice content [29, 30].

Two seismic refraction surveys were conducted in October 2019
using a Geometrics Geode Exploration Seismograph 24-channel
data acquisition system, one longitudinal profile (141 m, 3m geo-
phone spacing), and one transverse to flow (92 m, 4 m geophone
spacing). After removing the spikes, the 4.5-Hz geophones were
attached directly to boulders using plumber's putty to increase
contact. The energy source was a 5-kg sledgehammer hit against
a metal plate, and traces were stacked eight times per location to
improve the signal-to-noise ratio. First arrivals were manually
picked, and the data were inverted using Geogiga Seismic Pro
software (Version 9.0), with inversion velocities constrained be-
tween 300 and 6000m/s.

We used Sensors & Software DVL 500 and PulseEkko Pro 100MHz
antennas [27, 31] to conduct GPR surveys in common-offset con-
figuration to survey two transects coinciding with the seismic
transects in July 2020. Antennas were separated by 1 m, and traces
were collected every 0.25m, with a time-sampling interval of
100ps and 32 stacks at each survey location. An Emlid Reach RS2
RTK multiconstellation GNSS system was used for geolocating
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GPR traces for the longitudinal line, and GNSS points were col-
lected every 10m along the transverse line. The slight discrepancy
in elevation profiles for GPR and SRT is likely due to small hori-
zontal offsets during surveys to find more suitable ground.

Radargrams were processed in ReflexW software (Version 9.0;
Sandmeier Geophysical Research, 2019) with the following
steps: (1) move start time, (2) dewow filter, (3) divergence com-
pensation, (4) butterworth bandpass filter, and (5) running aver-
age filter. An assumed electromagnetic wave velocity of 0.13m/
ns was chosen based on previous studies working in a similar
environment [32, 55].

One electrical resistivity survey was attempted using a
SuperSting-R8 for an along-flow profile (167m, 3m spacing), but
poor coupling between electrodes and boulders resulted in fre-
quent high voltage errors and insufficient data collection. Placing
saline water-soaked sponges between electrodes and boulders [29]
did not improve coupling sufficiently to produce usable data.

33 | SfM

UAV surveys were conducted on August 31, 2019, and
September 24, 2021, using a DJI Phantom Pro 4 and DJI Mavic
Pro 2, respectively. Flights were planned using Pix4Dcapture
and flown in a double grid pattern with 80% overlap and at
an average height of 73m above the surface. Ground con-
trol points (GCPs; n=10; 0.05-m accuracy) consisted of 1-m
square black and white targets. An additional four “natural”
GCPs (e.g., distinct rock fractures, corners, and features; see
Figure S2) were used for consistency and coregistration be-
tween years. Agisoft Metashape software (Version 1.7.6) was
used to process images (n=>555 for 2019, n=1797 for 2021)
from each acquisition date for SfM. During processing, the
raw images were first filtered by image quality (> 0.6) and
then aligned with a bundle adjustment using default settings
for key point and tie point limits. Low-quality points were
filtered from the model using a reconstruction uncertainty
(geometry) of 10.0 and a projection accuracy (pixel matching
errors) of 3.0. GCP coordinates were imported and manually
identified on each image where the GCP was visible. A camera
optimization was then run to improve the location estimates
of the cameras. A high-quality dense point cloud was then cre-
ated and used to create a digital elevation model and orthomo-
saic for each of the surveyed years. To improve the alignment
between images for displacement calculations, all products
were coregistered to the 2019 orthomosaic using stable areas
such as bedrock. Center coordinates for GCPs were measured
using two Emlid Reach RS2 GNSS units (one as a base station
and one as a rover) for a postprocessed kinematic (PPK) sur-
vey. Postprocessing was performed using the RTK Library and
documentation (RTKLib version 2.4.3 [56]).

Orthomosaics from 2019 (2.3cm per pixel) and 2021 (1.8cm per
pixel) were used to estimate 2D horizontal displacement using
the feature-tracking IMCORR module [57] within the SAGA tool-
box in QGIS [58]. This module identifies pixel patterns between
two georeferenced images and estimates displacement between
small subsections of the images. We used the following parame-
ters within IMCORR: a search window size of 128 x 128 pixels, a

reference window size of 64 X 64 pixels, and a grid spacing of 1 m.
Displacement within stable control areas (i.e., bedrock) should be
the accumulation of error from producing the orthomosaics as
well as the image correlation process. As these stable areas should
not have moved within the 2-year time period, we use the median
value of calculated displacement within control areas (0.04m) as
the bias between orthoimages and can be considered the detection
limit. Therefore, areas showing a surface displacement lower than
0.04m are considered below the detection level.

4 | Results
4.1 | Water Quality and Streamflow

Hydrochemical results (pH, temperature, ion concentrations,
8'80) of stream samples distinguish between rock glacier,
non-rock glacier, and mixed-source streams (Figure 3). Rock
glacier-fed streams (measured within 30m of the spring) were
statistically different (p <0.05) from the other stream types with
elevated Nat, Mg?*, Ca*, K+, SO,*>~, EC, and pH, whereas stream
temperatures remained low (< 2.5°C) throughout the summer.
The non-rock glacier stream maintained low EC throughout
the summer, never exceeding 40uS/cm. Conversely, rock gla-
cier streams were statistically different (p <0.05) from all other
streams with consistently high EC values (> 100uS/cm). The
mixed-source streams and basin outlet recorded increasing val-
ues throughout the summer, with a maximum of 85 and 58 uS/
cm in October, respectively. Rock glacier streams were slightly
more alkaline than the other streams with a median pH of 8.1,
whereas the median pH for non-rock glacier, mixed, and outlet
streams were 7.6, 7.5, and 7.6, respectively.

The non-rock glacier stream experienced seasonal temperature
variation, increasing from 1.8°C during snowmelt to 13.5°C in
August 2021 (Figure 3). The basin outlet stream also had seasonal
variations in temperatures, ranging from 1.8°C to 8.6°C. The
mixed-source streams ranged in temperatures from 0.6°C to 3.5°C,
whereas the rock glacier streams ranged from 0.6°C to 2.5°C.

The 8'80 from the rock glacier streams displayed little variation
throughout the year, with values ranging between —17.3%. and
—16.0%0 (Figure 4). The basin outlet showed a similar range in
8'80 values. The mixed-source and non-rock glacier streams
both had depleted 80 values early in the summer during
snowmelt (~—18%o), similar to the values observed in the rock
glacier stream and basin outlet. However, the mixed-source and
non-rock glacier stream 80 values increased throughout the
summer (reaching ~—15%o). The values for both the non-rock
glacier and outlet streams deviate in slope from the global me-
teoric water line (GMWL), whereas the mixed-source and rock
glacier streams maintain the GMWL slope (Figure 4B).

Discharge from mixed-source Streams 3 and 6 exhibits sea-
sonal and annual variability in runoff, influenced by snow-
pack, snowmelt, and precipitation (Figure 5). Stream 3 had
consistently greater discharge in 2020 and 2021 (an average
of 3.7 times higher in July), although diurnal oscillations
in Stream 6 in the second half of July in 2019 exceeded the
discharge of Stream 3. Stream 3 had low yet persistent flow
throughout the entire summer, whereas Stream 6 ran dry in
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FIGURE 3 | Time series for 2019, 2020, and 2021 of water quality for rock glacier, non-rock glacier, mixed-source, and basin outlet streams.

Values for the two rock glacier and two mixed-source streams were averaged per sample date. EC stands for electrical conductivity. We were un-

able to collect water samples in August, September, and October 2020 because of the nearby Cameron Peak fire. [Colour figure can be viewed at

wileyonlinelibrary.com]

late September and early October in 2020 and 2021. However,
Stream 6 is a short reach (approximately 30m between the
front of the rock glacier and the lake) with boulders (up to
~70-cm diameter) such that flow could be heard subsurface
even when the surface stream was dry. Discharge in the sec-
ond half of July was the greatest in 2019, followed by 2020,
then 2021, reflected by the July snow cover in the Lake Agnes
basin (Figure 6).

4.2 | Geophysics: Seismic Refraction and GPR

The seismic velocity model estimated for the upper lobe of the Lake
Agnes rock glacier is composed of a low-velocity layer adjacent to
the surface with velocities ranging from 300 to 2000m/s (Zone 1),
a medium-velocity layer beneath this with velocities ranging from
2000 to 3500m/s (Zone 2), and a high-velocity layer even deeper
with velocities of > 4000 m/s (Zone 3; Figure 7). In the longitudinal
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line is the local meteoric water line (LMWL), and the gray dashed shows the slope for each stream type. Electrical conductivity versus 880 values
for all water samples (C), colored by month of the year that the sample was collected, with shape representing the stream type. [Colour figure can be

viewed at wileyonlinelibrary.com]

profile, the low-velocity layer ranges in thickness from 4 at 42m
along the profile to 10 at 70m along the profile. From 36 to 64m
along the profile, a high-velocity layer is indicated about 8-10m
below the surface. However, this high-velocity layer is not identi-
fied from 0 to 36 m and 70-141 m along the profile.

In the transverse profile, the seismic profile follows a similar
structure, with a low-velocity layer (Zone 1) consistently ~3m
thick, though this layer thickens to ~6m from 20 to 30m along
the profile as well as from 74 to 88 m along the profile. The
higher velocity (> 4000m/s; Zone 3) layer appears between 48
and 66 m along the profile at about 12-m depth.

The longitudinal GPR radargram is characterized by a relatively
consistent reflector at 3-m depth, underlain by a layer contain-
ing many reflectors to about 10-m depth. Below this is a zone
where reflectors are of a much lower magnitude. This package
is underlain by a high magnitude reflector at 30-m depth seen
from 74 to 96 m along the profile and is interpreted as the bottom
of the rock glacier.

The transverse GPR radargram is similarly characterized by a
relatively consistent reflector at 3-m depth, underlain by a layer
containing many reflectors, followed by a layer of low-magnitude
reflectors. A strong reflector is identified at ~20-m depth from 0
to 10m and 63-70m along the profile and at ~15-m depth from
79 to 89 m along the profile. The estimated rock glacier thickness
at the east end of transverse line of ~20 m corresponds to the ele-
vation difference measured between the off-glacier and the start
of the line as measured using a DEM. A furrow is present in the
transect at about 45m along the profile, with topography that
was too challenging to collect GPR traces. At 20m along the pro-
file is the top of a small ridge, with shallow, downward-dipping
reflectors angled away from the high point roughly parallel to
the surface slope.

43 | SEM

Rock glacier displacements between the 2019 (RMSE = 5cm) and
2021 (RMSE=4.5cm) orthomosaics (both resampled to 2.5cm
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FIGURE 6 | Sentinel-2 satellite imagery from July 11, 2019, July 10, 2020, and July 10, 2021, comparing snow cover in the Lake Agnes basin. The
rock glacier is outlined by a black dashed line. The non-rock glacier (magenta), mixed-source (orange), and full basin (blue) watersheds are also out-

lined. [Colour figure can be viewed at wileyonlinelibrary.com]

per pixel) confirm movement in the upper 400 m of the rock gla-
cier, whereas the lower half of the landform experiences little
to no detectable movement (Figure 8A). The average horizontal
velocity of the active rock glacier unit was 23 +4cmyear, with
maximum velocities up to 36 =4 cmyear!. The median velocity
over areas of stable bedrock was 4 cmyear, and therefore, this
value was used as the bias for the velocity calculated between
the 2years.

5 | Discussion
5.1 | Geochemistry

Elevated ion concentrations in rock glacier-sourced streams
draining the Lake Agnes rock glacier are consistent with pre-
vious studies [14, 39, 41, 43, 59]. The elevated ions are likely
sourced from groundwater within the rock glacier and have
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FIGURE 7 | Seismic velocity models overlain upon GPR radargrams for longitudinal (A) and transverse profiles (B) on the Lake Agnes rock gla-
cier (C). The black arrows indicate where the two lines intersect. The white dashed line delineates layers within the rock glacier, and the red dashed
lines outline other strong reflectors at depth. See Figure S4 for unannotated radargrams. [Colour figure can be viewed at wileyonlinelibrary.com]

been proposed to be sourced from atmospheric fallout during
previous cold periods [60, 61]. Elevated weathering products can
also, at least partially, be explained through the breakdown of
the source material, granodiorite, a rock composed mostly of
Na- and Ca-rich feldspars. Substantial contact between rock
surfaces and ice within the rock glacier can increase chemical
weathering [62], and although rock glacier creep might enhance
mechanical weathering, the low velocities of the Lake Agnes
rock glacier indicate that abrasion is likely limited.

The oxygen isotope values for both the non-rock glacier and
outlet streams deviate in slope from the GMWL, whereas the
mixed-source and rock glacier streams maintain the GMWL
slope. This suggests that the non-rock glacier and outlet streams
have evaporative influence, particularly later in the summer.
Both streams are located beneath lakes where this evaporation
likely occurs. Because the rock glacier streams do not show ev-
idence of evaporation, the higher ion concentrations cannot be
attributed to evaporative processes. The shift in oxygen isotope
values in the mixed and non-rock glacier streams from early to
late in the summer likely reflects the changing proportion of
snowmelt (depleted 880 values) to precipitation and groundwa-
ter (more enriched 8'30 values).

Using EC as a proxy for the sum of ion concentrations, rock
glacier-fed streams sustained relatively high concentrations
throughout the summer (mean=129uS/cm), whereas the

non-rock glacier-sourced stream remained low (< 40 uS/cm).
The increasing EC throughout the season for mixed-source
and basin outlet streams suggests an increase in groundwa-
ter contribution toward the end of the summer. In addition,
the Lake Agnes rock glacier plays an important role in main-
taining low temperatures throughout the summer. The non-
rock glacier—-fed stream reached a maximum temperature of
13.5°C, whereas the maximum temperature recorded near the
rock glacier spring was 2.5°C. The mixed streams recorded a
maximum temperature of 3.6°C, implying that the rock glacier
reduced the maximum water temperature by 10°C, a large de-
crease during the peak heat of summer. However, it is import-
ant to note that the non-rock glacier stream is located beneath
a small lake, which likely influences the thermal regime of the
stream. Regardless, rock glaciers elsewhere in North America
have recorded a similar muting of summer stream tempera-
ture increases, though this muting can be spatially limited
depending on the downstream environment [14, 32, 33, 43].
For example, the streams sourced from the Lake Agnes rock
glacier flow directly into Lake Agnes and only provide a max-
imum of 200 m of cold-water habitat.

The two mixed-source stream hydrographs in the Lake Agnes
basin exhibited similar behavior to rock glacier-fed alpine streams
in the La Sal Mountains, Utah [37], with large diurnal fluctuations
during snowmelt, followed by low flow with muted diurnal fluc-
tuations and large peaks following precipitation events. The low
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temperatures, in conjunction with minimal diurnal fluctuations,
found within the rock glacier-fed and mixed-source streams could
create a stable environment for cold-water aquatic communities to
thrive. Elevated rock glacier meltwater solute concentrations can
impact biological community assemblages and therefore change
the characteristics of the water chemistry in alpine watersheds
[43]. These key differences make it possible to distinguish meltwa-
ter sourced from rock glaciers and are important in determining
ecosystem function and capacity.

5.2 | Horizontal Velocity

A photogrammetric study of rock glaciers in the Front Range
found that long-term velocities averaged between 14 and
20cmyear~! from 1978 to 1999 [47], and this rate is within un-
certainty of what we observed at the Lake Agnes rock glacier
(2019-2021; Figure 7). The average rate of the active Lake Agnes
lobe (upper ~ 400m), 25+ 7cmyear!, is higher than InSAR-
derived velocities in the Uinta Mountains, Utah, which ranged
from 0.4 to 6 cmyear~! [63]. Slower velocities found in the middle
of the upper tongue could be due to more complex 3-D defor-
mation that is not captured in simple horizontal displacements
(i.e., if rocks are moving up or down a ridge). The lower mag-
nitude of movement in the lower half of the Lake Agnes rock
glacier indicates that although the upper half of the rock glacier
is active, the bottom half is better classified as transitional [19].
The displacement of the rock glacier confirms the presence of
ice within the upper reaches of the rock glacier, supported by the
geomorphology of steep ridge and furrow features and a steep
lateral margin (40°) on the eastern side of the upper rock glacier
(Figure 8B). This presence of ice within the landform has impli-
cations for short-, intermediate-, and long-term water storage.

5.3 | Rock Glacier Structure

Seismic refraction and GPR results provide insight into the inter-
nal structure of the upper portion of the Lake Agnes rock glacier,
and by combining the seismic tomography with interpretations
from radargrams, we can reduce some ambiguities associated
with these geophysical methods, though ambiguities remain. The
geophysical results suggest a typical layered structure to the upper
lobe, with a ~3m top layer of slow velocities interpreted to be the
active layer composed of large rocks and air space observed in both
longitudinal and transverse profiles. Beneath the active layer is a
sequence of reflectors with high magnitude, underlain by a pack-
age with weak reflectivity, interpreted to be a layer of low ice con-
tent transitioning to high ice content [13]. This package of weak
reflectivity is characterized by intermediate seismic velocities
ranging from 2000 to 4500m/s, consistent with permafrost layers
observed in other rock glaciers as well [29, 32]. It is unlikely that
the frozen layer sits directly on bedrock, but rather transitions to a
layer of unfrozen sediment just above the bedrock.

Unlike the radargrams of the Galena Creek rock glacier,
Wyoming, USA [31], we did not see a massive layer devoid of
reflectors (i.e., limited variation in dielectric properties) indicat-
ing a high purity glacial ice core. The radargrams for the Lake
Agnes rock glacier look similar to that of the Green Lake 5 rock
glacier [13], and thus, the less reflective zone is likely debris with
ice or very high ice content. A borehole would be beneficial to
aid in interpretation [29, 64], but unfortunately, this is not lo-
gistically feasible at this site. The upper lobe thickness is esti-
mated to be ~20m in the transverse profile, with thickness up
to 30m in the longitudinal profile. The high seismic velocities
(> 4500m/s) indicated from 40 to 64m along the longitudinal
profile suggest that bedrock is present 8-10 m below the surface.
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This could indicate the thinning of the rock glacier as it flows up
and over a bedrock topographic high point. However, the seis-
mic velocity model and radargram are inconsistent in this area,
making interpretation ambiguous.

5.4 | Hydrological Impacts of the Rock Glacier

Geophysical surveys and remote sensing confirm the presence
of ice within the Lake Agnes rock glacier, whereas hydrochem-
ical measurements document the impact of this ice on streams
within the basin. By comparing rock glacier-sourced streams to
non-rock glacier-sourced streams, we conclude that the Lake
Agnes rock glacier increases ion concentrations and pH while
maintaining streams < 2.5°C during the snow-free period.

Streamflow characteristics and water chemistry are important
in determining ecosystem function and capacity and therefore
influence the presence and survival of alpine species. Biologists
have recently identified the importance of “icy seeps” (i.e.,
rock glacier-fed streams) in maintaining aquatic biodiversity
in alpine basins and creating a cold-water refuge for species in
a warming climate [9, 41, 42, 65]. Rock glaciers are important
headwater features in a deglaciating world, with a delayed re-
sponse to current and future warming. Catchments containing
rock glaciers, such as Lake Agnes, are predicted to dampen the
impacts of warming temperatures for as long as these features
persist [12].

Colorado is home to over 3800 rock glaciers, with over 90% of
these features classified as active [45]. These landforms total
363km? and are abundant at high elevations, ranging from 2328
to 4066 m asl (median of 3600m asl). As indicated by the Lake
Agnes rock glacier, these features can have important hydrolog-
ical implications that are rarely considered in alpine hydrology.
Further study is needed to fully understand how rock glaciers
impact alpine hydrology and habitat at a regional scale.

5.5 | Limitations and Future Work

This study serves as a first investigation into the setting and
characteristics of the Lake Agnes rock glacier, exploring which
measurements are viable and providing useful information to
better understand the rock glacier system. The large, coarse,
blocky surface with subsurface voids provided a challenging en-
vironment for geophysical surveys. An electrical resistivity sur-
vey yielded no usable data due to electrode coupling difficulties,
and the GPR and seismic refraction lines were limited by the
challenging surface topography. Site access and the Cameron
Peak fire in 2020 limited the frequency of water samples col-
lected. Low streamflow and streambed geometry rendered the
pure rock glacier streams unsuitable for a stream gage, whereas
a rocky streambed and often subsurface flow of the non-rock
glacier stream made it also unsuitable for a stream gage. This
limited our ability to compare runoff between the different
stream types.

Valuable future work could include continuous water quality
measurements to fully capture seasonal variation and response
to precipitation events, full rock glacier geophysical surveys to

better understand ice presence within the lower half of the rock
glacier as well as storage capacity, and continuous GPS measure-
ments to capture seasonal velocity variations. Additional stream
gages in the rock glacier and non-rock glacier—fed streams and
sampling from Little Lake Agnes (above the non-rock glacier
stream) would also help to characterize the hydrologic influence
of the rock glacier within this basin. Stable isotope measure-
ments from snow, precipitation, and rock glacier ice would en-
able analysis of a mixing model to better understand the sources
for water in each of the streams.

6 | Conclusions

This study improves our knowledge of the Lake Agnes rock
glacier and provides a framework for studying the thousands
of other rock glaciers in Colorado and the western United
States, to better understand the extent and influence of sub-
terranean ice in alpine ecosystems. We confirm the presence
of ice within the Lake Agnes rock glacier and document its
influence on basin hydrochemistry, elevating ion concen-
trations, pH, and maintaining low stream temperatures. We
estimate an active layer depth of ~3m and a total rock gla-
cier thickness of 20-30m. We measured an average velocity
of 23 +4cmyear~! between 2019 and 2021 for the active lobe.
The data collected here add to the sparse record of rock gla-
cier hydrochemistry, particularly for regions outside of the
European Alps. In certain basins, the reduced climate sensi-
tivity of rock glaciers and their sustained cold-water input to
mountain streams will likely provide a refuge for cold-water
species as temperatures continue to rise, and these features
merit a closer look at their role in a warming world.
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