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Abstract In Grand Teton National Park (GTNP), both glacial and tectonic activity have played major roles in shaping the
landscape. Here, we evaluate the impacts of late Quaternary Teton Fault slip and subglacial erosion in GTNP. We are
in the process of using 10Be surface exposure dating to generate records of time-integrated Teton Fault slip at multiple
locations throughout GTNP, which will allow us to assess spatial and temporal patterns of tectonic activity over the past
∼15 ka. We are also working to determine rates of subglacial erosion through 10Be-14C-36Cl triple isotope dating. The
results obtained through this novel combination of cosmogenic nuclide techniques will contribute toward a unified view of
landscape evolution in alpine environments.

Introduction

Glacial erosion and tectonism are powerful agents of
landscape change, and together are responsible for
creating some of the most dramatic topographic relief
on Earth (Thomson et al., 2010). Understanding the
past, present, and future evolution of Earth’s surface
requires quantitative assessments of climatically- and
tectonically-driven disturbances (NASEM, 2020). The
iconic landscapes of Grand Teton National Park
(GTNP) provide an ideal natural laboratory for such
investigations. Here, we evaluate the impacts of late
Quaternary glaciation and tectonism on landscape
evolution in GTNP. To achieve this goal, we will de-
velop quantitative records of time-integrated Teton
fault slip and subglacial erosion through cosmogenic
nuclide dating methods. Our specific aims include
(1) generating 10Be surface exposure chronologies of
fault-offset depositional features, which will allow us
to constrain offset rates; and (2) triple-isotope cosmo-
genic surface exposure dating of bedrock in valleys

along the eastern Teton Range to reconstruct glacial
history and subglacial erosion rates.

Background

Teton Fault motion

Much of the topographic relief in the Teton Range
can be attributed to uplift along the Teton fault, an
eastward-dipping, range-bounding normal fault that
extends ∼70 km along the eastern front of the range
(Figure 1; Smith et al., 1993). Total stratigraphic off-
set along the Teton fault far exceeds present topo-
graphic relief (∼2 km) and is estimated to be 6-9
km since its inception between 13 and 5 Ma (Smith
et al., 1993). Well-preserved fault scarps displacing
Pinedale-age glacial moraines (Licciardi and Pierce,
2008; Pierce et al., 2018) and disturbed sediment
layers in fault trenches (Byrd et al., 1994; Zellman
et al., 2020) provide convincing evidence for late
Pleistocene and Holocene fault activity. Estimates of
Pleistocene-Holocene Teton fault slip range from 1.0
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Figure 1. Map of GTNP with 10Be ages of end moraines, lateral moraines, and glacially-scoured bedrock. 10Be ages
shown in ka at 1 standard deviation internal uncertainty. Modified from Pierce et al. (2018)

and 5.0 mm a-1 (Pierce and Haller, 2011), but re-
cent work suggests that slip rates may have been
both temporally-and spatially-variable (e.g., Thack-
ray and Staley, 2017; DuRoss et al., 2020; Hampel
et al., 2021). A paleoseismic record from Jenny Lake
sediments confirms these inferences, indicating that
large-magnitude seismic events occurred more fre-
quently immediately following regional deglaciation at
∼15 ka (Larsen et al., 2019). However, these records
come from a select few locations within GTNP (Fig-
ure 1) and provide integrated fault offset information
for only three time intervals: 15-10 ka, 10-8 ka, and
8-5 ka. To fully assess the spatial and temporal vari-
ations in Teton fault motion, there is a need for ad-
ditional, quantitative fault offset reconstructions from

other locations and landforms within GTNP.

Subglacial erosion

During the Pinedale glaciation, which culminated at
∼15 ka in the eastern Teton Range, alpine glaciers
extended into Jackson Hole, building suites of large,
well-preserved moraines (Figure 1; Licciardi and
Pierce, 2008; Pierce et al., 2018). Recession from the
Pinedale end moraines progressed quickly, reach-
ing the cirque at Lake Solitude by ∼13 ka (Liccia-
rdi and Pierce, 2008). Similarly, bedrock 10Be ages
from Glacier and Avalanche Canyons suggest rapid
glacial retreat from the Pinedale maximum positions
(Figure 1). Although the chronology of glacial ac-
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tivity in the eastern Teton Range is relatively well-
constrained, few quantitative estimates of subglacial
erosion rates exist for GTNP. Estimates of basin-
averaged erosion rates are on the order of 0.2 mm a-1

since the Pinedale glaciation (Tranel et al., 2015) and
likely varied on glacial-interglacial timescales (Tranel
et al., 2011). However, these studies did not quantify
the subglacial component of erosion, but rather inte-
grated the effects of multiple processes acting on the
landscape.

Recent research suggests that the efficiency of sub-
glacial erosion is related to sliding velocity, and that
the highest sliding velocities are achieved in settings
with high mean annual precipitation (Cook et al.,
2020). The Teton Range has a dramatic gradient in
modern mean annual precipitation, with a nearly or-
der of magnitude difference in precipitation amounts
between its eastern and western flanks (Daly et al.,
2008). During the Pinedale glaciation, this con-
trast may have been even more pronounced (Fos-
ter et al., 2010). Ongoing work in the western Teton
Range indicates that those glaciers experienced at
least one readvance after regional deglaciation, and
that these readvance phases were minimally-erosive
(Ward et al., 2019). This scenario may have also oc-
curred in the eastern Teton Range. Three 10Be ages
from bedrock in Glacier Gulch do not get progres-
sively younger upvalley (Figure 2), which would be
expected under a scenario of monotonic ice retreat
with high rates of subglacial erosion.

Research questions

The overall goal of this project is to generate new
quantitative estimates of landscape change that can
be used to assess the relative roles of glaciation and
tectonism in driving Quaternary landscape evolution
in GTNP. We have undertaken a targeted campaign
of cosmogenic nuclide dating in the eastern Teton
Range to address the following research questions:

What are the spatial and temporal patterns of
Teton fault motion during the Late Pleistocene
and Holocene? We targeted large, stable boulders
on the surfaces of fault-offset depositional features
for 10Be surface exposure dating (Figures 3 and 4).

By combining the 10Be ages with published estimates
of fault offset and/or slip from LiDAR (Thackray and
Staley, 2017; Hampel et al., 2021), we will be able to
generate centennial-scale reconstructions of cumula-
tive fault motion at multiple locations.

What is the late Pleistocene glacial and glacio-
erosional history of valleys draining the eastern
Teton Range? We will reconstruct the history of
deglaciation and glacial erosion from triple-isotope
cosmogenic nuclide dating in Glacier Gulch (Fig-
ure 2). We will measure the concentrations of three
cosmogenic isotopes in bedrock surfaces: 10Be, in
situ 14C, and 36Cl. The concentrations of these iso-
topes in bedrock surfaces reflect the interplay be-
tween ice/snow cover, glacial erosion, and exposure.

Methods

To address our research questions and quantify rates
of Quaternary landscape evolution in Grand Teton
National Park, we measure concentrations of in situ
cosmogenic nuclides in exposed rock surfaces. Over
the past few decades, in situ cosmogenic nuclides
have emerged as the “standard method” for dating
both glacial and fluvial landforms (Granger et al.,
2013). These techniques rely on the production of
rare isotopes within mineral crystal lattices when rock
surfaces are exposed to cosmic radiation (Gosse and
Phillips, 2001). The accumulation of these cosmo-
genic isotopes occurs in the upper ∼2-3 m of rock
surfaces and is directly related to the duration of sur-
face exposure. Thus, by measuring the concentration
of a particular cosmogenic nuclide and dividing that
value by a site-specific production rate (e.g., Lifton
et al., 2014, 2015), we are able to calculate an expo-
sure age for a given rock surface.

Quantifying fault offset rates using 10Be surface
exposure dating

The age of Quaternary depositional features such as
alluvial fans and debris flows will be developed using
10Be surface exposure dating techniques. Exposure
ages for boulders on the uppermost surface should
correspond to the final stage of fan construction. If
a feature is offset by a preserved fault scarp, the
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Figure 2. Map of Glacier Gulch. Average 10Be ages from moraine boulders (yellow dots; Pierce et al., 2018) and
individual 10Be ages from bedrock (green dots; Pierce et al., 2018) are indicated at 1 standard deviation internal
uncertainty. Locations of new bedrock samples that are in processing are shown as orange dots.

modern displacement must have accumulated after
the surface was abandoned. Measurements of fea-
ture age and fault offset can therefore be used to de-
termine cumulative offset rates since the feature was
constructed (e.g., Ritz et al., 1995; Siame et al., 1997;
Frankel et al., 2007).

Quantifying subglacial erosion rates using triple-
isotope dating

In simple cases, 10Be surface exposure dating of
bedrock will provide the timing of glacial retreat
(Balco, 2011). However, in environments where ero-
sion is insufficient to remove the upper 2-3 meters of
rock, “inherited” cosmogenic isotopes from prior ex-
posure periods remain within a rock surface. While
this issue can complicate interpretations of glacial
history when using a single cosmogenic isotope,
measuring the concentrations of multiple cosmogenic
isotopes can provide insight into complex glacial his-
tory and glacial erosion. We will measure in situ 14C,
10Be, and 36Cl in bedrock surfaces in Glacier Gulch
because the ratios between these cosmogenic iso-
tope concentrations reflect both the amount of sub-
glacial erosion and the timing of deglaciation (Ward
et al., 2019).

Preliminary results

Fault offset rates

In fall 2019, we collected five rock samples for 10Be
dating from an alluvial fan just south of Jenny Lake
(Fan 1; Figure 3). The fan has a LiDAR-derived verti-
cal separation of 13.9 ± 1.1 m (Thackray and Staley,
2017). This fan had never been directly dated. How-
ever, Thackray and Staley (2017) estimated its age
as 29.1 ± 7.0 ka by assuming a constant slip rate of
0.82 ± 0.13 mm a-1 since fan deposition. Our sam-
ples included four large boulders from the fan sur-
face and one water-scoured bedrock sample from an
abandoned channel above the fan (Figure 2). These
samples are being prepared for analysis at the Uni-
versity of New Hampshire.

In summer 2021, we collected ten rock samples from
two debris flows near String Lake for 10Be dating (Fig-
ure 3). One of these features (the ‘String Lake’ de-
bris flow) is offset by the Teton Fault. Recent work
suggests the magnitude of vertical fault slip on the
String Lake debris flow is 25.3 ± 2.5 m (Hampel et al.,
2021). Similar to our approach at Fan 1, 10Be ages
from the String Lake debris flow will constrain the time
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Figure 3. LiDAR DEM showing the locations of Fan 1 (blue shading) and the two debris flows near String Lake (pink
and orange shading). Boulder (dark blue) and bedrock (green) samples collected from Fan 1 are shown by colored
dots.

that has elapsed since the debris flow occurred. By
combining the new 10Be ages with the Hampel et al.
(2021) estimate of vertical Teton Fault slip at this lo-
cation, we will be able to determine time-integrated
Teton Fault slip rate. In contrast, the second debris
flow (the ‘Aspen’ debris flow) does not appear to be
offset by the Teton Fault (Figure 4). Thus, ages from
the surface of the Aspen debris flow should provide
a minimum constraint on the timing of the last ma-
jor rupture of the Teton Fault. Processing for these
ten samples is currently underway at the University
of New Hampshire, and we expect to have 10Be ages
by Spring 2022. Taken together, the debris flows at
this site will provide key information about the tempo-
ral variations in Teton Fault slip.

Subglacial erosion

At Glacier Gulch, we collected three bedrock samples
for triple isotope dating (Figure 2). At the time of this
writing, all samples have been processed for 10Be,
and preparations for 14C and 36Cl extractions are un-
derway at the University of New Hampshire. Once

all isotope concentrations have been obtained, we
will use a Monte Carlo-based inversion model (Ward
et al., 2019) to evaluate potential exposure, burial,
and erosion scenarios. These results are anticipated
to provide new insights into the patterns of subglacial
erosion in alpine catchments.

Conclusions

Thus far, our work in GTNP suggests that offset along
the Teton Fault is both spatially and temporally vari-
able. Records of past fault motion may help to im-
prove geologic hazard assessments on both local
and regional scales. Although we do not yet have new
triple isotope data from Glacier Gulch, we hope that
the results will allow for a more comprehensive as-
sessment of patterns of glacier erosion in alpine en-
vironments and, more specifically, contribute towards
a better understanding of Pleistocene glacier change
in the Tetons. When complete, this project will provide
new constraints on Quaternary landscape evolution
in GTNP and alpine settings in general.
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Figure 4. LiDAR DEM showing the locations of debris
flows in north-central GTNP. Teton Fault trace indicated
by the yellow line. Outlines of slope failure scarps and
runouts shown by the dotted lines. Colored dots indicate
locations of samples collected for 10Be dating in summer
2021.

Future work

Future work on this project will include final process-
ing of our cosmogenic isotope samples. We antici-
pate that final results will be available in spring 2022.
By better reconstructing glacial history, we will gain
an increased understanding of biotic response to past
climate change, as well as essential context for paleo-
ecological studies (e.g., Whitlock, 1993; Krause et al.,
2015). Ultimately, integrating our results with model
simulations of past Teton fault motion (e.g., Hampel
et al., 2007) would be useful to evaluate the effects
of climate-related processes such as glacial isostatic
rebound on tectonic activity and landscape evolution.
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