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Abstract Constraining the geometry and displacement of crustal-scale normal faults has historically been
challenging, owing to difficulties with geophysical imaging and inability to identify precise cut-offs at depth.
Using a modified workflow previously applied to contractional systems, flexural-kinematic (Move) and thermal-
kinematic (Pecube) models are integrated with apatite (U-Th)/He (AHe) and apatite fission track (AFT) data from
Teton footwall transects to constrain total Teton fault displacement (D,,,,.). Models with slip onset at ~10 Ma and
flexure parameters that best match the observed Teton flexural profile require D,,,. > 8 km to produce young
(<10 Ma) AHe ages observed at low elevation footwall positions in the Tetons. For the same slip onset, models
with D, of 11-13 km provide the best match to observed AHe data, but displacements >16 km are required to
produce observed AFT ages (13.6-12.0 Ma) at low elevations. A more complex model with slow slip onset at
~25 Mafollowed by faster slip at ~10 Ma yields a good match between modeled and observed AHe agesataD,,,
of 13-15 km. However, this model predicts low elevation AFT ages 6—8 Ma older than observed ages, even at
D,,.. values of 16-17 km. Based on this analysis and integration with previous studies, we propose a unified
evolution wherein the Teton fault likely experienced 11-13 km of Miocene-recent displacement, with AFT data
likely indicating a pre-to early Miocene cooling history. Importantly, this study highlights the utility of using
integrated flexural- and thermal-kinematic models to resolve displacement histories in extensional systems.

1. Introduction

The Basin and Range province in the western United States is characterized by crustal-scale extensional faulting,
with the “basins” and “ranges” developing as the down-dropped hanging walls and the uplifted footwalls,
respectively, in these normal fault systems (Wernicke, 1981). Despite decades of research focused on the initi-
ation and growth evolution of crustal-scale normal faults in this system (Colgan et al., 2006, 2008; Curry
et al., 2016; Densmore et al., 2004), estimates of the finite extensional strain accommodated by these structures
has been mostly limited to cross-section reconstructions constrained by near-surface structural geometries
(Colgan et al., 2008; Long, 2019; Rodgers et al., 2002) or studies that integrate limited available geophysical
imaging (Allmendinger et al., 1983, 1987a, 1987b; Brown et al., 1987; Long, 2019; Velasco et al., 2010). These
challenges aren't simply limited to Basin and Range normal faults, as interpreting the kinematic and tectonic
evolution of crustal-scale normal faults across a range of settings has remained persistently challenging (Galadini
& Galli, 2000; Ortner et al., 2022). Like normal faults and low-angle detachments of the Basin and Range, many
of these structures yield limited cut-offs and other markers to determine offset, and thus identifying techniques
that allow the structural evolution of these systems to be characterized could provide significant uplift for
extensional studies. Numerous studies applying a range of techniques (e.g., geophysics, stratigraphy, thermo-
chronology, etc.) have estimated the magnitude and timing of footwall uplift for Basin and Range normal faults
(Brown et al., 2017; Ehlers et al., 2003; Stockli et al., 2002, 2003; Thigpen et al., 2021) but linking footwall uplift
to total displacement magnitude requires a kinematic model that can be used to evaluate the isostatic flexural
response of crustal-scale normal fault evolution.

As an example, the active Teton fault in northwestern Wyoming accommodates crustal-scale intraplate extension
in the northeasternmost Basin and Range province (Figure 1). The Teton fault lies at the junction of four distinct
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tectonic provinces (Figure 1a; Basin and Range, Snake River plain/Yellowstone hotspot track, Laramide Gros
Ventre uplift, Sevier fold-thrust belt), yet despite being one of the most prominent crustal-scale normal faults in
the U.S., both the age of fault slip onset and total (and episodic) displacement along the Teton fault has remained
controversial (Anders & Sleep, 1992; Anders et al., 1989; Barnosky, 1984; Behrendt et al., 1968; Brown
et al., 2017; Byrd et al., 1994; Lageson, 1992; Pierce & Morgan, 1990, 1992, 2009; Thigpen et al., 2021). Given
this dynamic setting, the Teton-Yellowstone region has been subjected to varying levels of Mesozoic to early
Tertiary crustal shortening, late Tertiary to Quaternary extension, normal faulting, and volcanism, crustal uplift
and subsidence associated with the Yellowstone volcanic province (Smith et al., 1990, 1993). The Teton Range
also lies within the Intermountain Seismic belt (Smith & Sbar, 1974), where Miocene-Quaternary normal faults
generate earthquakes in response to intraplate extension (White et al., 2009). Evidence for Quaternary motion on
the Teton fault is observed in post-glacial moraine ruptures, with total offsets of 3-52 m (Byrd et al., 1994; Smith
et al., 1993; Thackray & Staley, 2017). Recent fault motion is documented by terrestrial and lacustrine paleo-
seismology studies along the modern Teton fault scarp (Byrd & Smith, 1990; DuRoss et al., 2019, 2021; Larsen
et al., 2019; Smith et al., 1993; Zellman et al., 2018, 2019a, 2019b).

In this study, we use the Teton fault as a test case of an integrated workflow to constrain total displacement
using thermochronology and flexural-kinematic (Move, Petroleum Experts) and thermal-kinematic (Pecube,
Braun, 2003) modeling. The Pecube methodology utilized here follows that of McQuarrie and Ehlers (2015). In
this study, the models are used to derive fault evolution scenarios that most closely reproduce: (a) the flexural
wavelength and amplitude of the footwall uplift and the resulting erosional history, (b) the flexural wavelength
of the adjacent hanging wall basin, and (c) the resultant exhumation and cooling history that can be compared
with thermochronologic dates from Mount Moran, which is considered to represent the locus of maximum
displacement for the Teton fault (e.g., Brown et al., 2017; Thigpen et al., 2021). To do this, flexural-kinematic
models are used to evaluate the subsurface fault geometry and the effective elastic thickness of the crust based
on comparisons between the modeled and observed isostatic response, which controls the width of the flexural
uplift and that of the adjacent hanging wall basin. By using the subsurface geometry of the fault (and the
flexural parameters) that yield a the best match to surface observables such as the flexural-wavelength of the
footwall uplift, fault displacement magnitude and fault slip timing can be further evaluated using comparisons
between AHe and apatite fission track (AFT) cooling data and AHe/AFT age predictions derived from thermal-
kinematic models. The results of this study provide new insight for the controversial kinematic evolution of the
Teton fault and the resulting footwall topographic history. Constraining the total displacement on the Teton
fault and the age of slip onset is critical for understanding the fault activity and slip history, the lateral extent of
this structure (e.g., Brown et al., 2017), and the consequences this may have for seismic hazard evaluation in
the Teton-Yellowstone region (e.g., White et al., 2009). More broadly, these models help define the range of
critical parameters that directly influence the magnitude of footwall exhumation, the correlation between
footwall uplift and hanging wall drop, and the resultant cooling histories in extensional settings like the Basin
and Range.

2. Geologic Setting

The Teton region preserves a tectonostratigraphy composed of Late Archean para- and orthogneiss and Prote-
rozoic monzonitic, mafic, and ultramafic basement rocks unconformably overlain by Cambrian-Miocene sedi-
mentary units and capped by Eocene volcanoclastic flows of the Absaroka Volcanic Supergroup and Pliocene to
recent volcanic flow and tuff units associated with the adjacent Yellowstone caldera system (Chrisitiansen
etal., 1978; Love & Albee, 1972; Love & Reed, 2000; Love et al., 1978, 1992). The Teton fault, interpreted to be
active from Miocene to recent, forms the eastern margin of the modern Teton Range (Brown et al., 2017; Byrd
et al., 1994; Edmund, 1951; Horberg et al., 1949; Love & Reed, 1971). The uplifted footwall west of the Teton
fault is primarily composed of Archean-Proterozoic basement and Cambrian-Permian sedimentary units sepa-
rated by the “Great Unconformity,” which is exposed primarily in the northern and southern end of the Teton
Range. At Mount Moran, which is composed almost entirely of basement lithologies, the unconformity is
famously exposed immediately below the summit, where the mountain is capped by a thin veneer of Cambrian
Flathead Quartzite (Love et al., 1992).

Extensive geologic mapping in the footwall of the Teton fault yields precise thicknesses estimates for Paleozoic-
Jurassic sedimentary units (Love & Albee, 1972; Love & Love, 2000; Love & Reed, 1975, 2000; Love
et al., 1992; Reed, 1973). This, coupled with exposure of the basal Cambrian unconformity on the summit of
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Figure 1. (a) Regional digital elevation model (DEM) of the Teton-Yellowstone region, which represents the confluence of the northeastern Basin and Range, the

Yellowstone hotspot track, the Sevier thrust belt, and the Wind River Range basement uplift. The position and timing of plume eruptions along the Snake River plain
derived from Pierce and Morgan (1992, 2009). (b) DEM of the study area, showing the position of Basin and Range normal faults (orange), the Teton fault (red), Sevier
and Laramide thrust faults (black), the three most recent caldera eruptions (Yellowstone-Lava Creek, white; Mesa Falls, light brown;, Huckleberry Ridge, dark brown).
Thigpen et al. (2021) projections of the paleo-Teton fault across the modern Yellowstone caldera are also shown. Line A—A’ shows the position of the swath topographic
profile in Figure 5. (c) Google Earth image of the Teton Range from the northeast, showing the locations of Mount Moran, Grand Teton, Rendezvous Mountain, Eagles
Rest Peak, Jenny Lake, Leigh Lake, Jackson Lake, and Signal Mountain. The approximate position of the Teton fault, the uplifted footwall represented by the Teton
Range, and the downdropped hanging wall represented by the Jackson Hole basin are also shown. (d) Zoomed in Google Earth image of Mount Moran, showing the
location of samples along the Mount Moran transect of Brown et al. (2017) and Thigpen et al. (2021). The average AHe ages (+1s) and apatite fission track central ages
(%2s, italicized) are included for each sample. Details for all samples are included in the supplementary material (Tables S1 and S2 in Supporting Information S1).

Mount Moran, provides relatively robust constraints for the total thickness of stratigraphy eroded from above the
uplifted basement units in the footwall near Mount Moran. In the hanging wall, however, stratigraphic cut-offs are
much more limited, as development of the active graben system has led to burial of most footwall units beneath
glacial deposits of the Bull Lake (~150 ka) and Pinedale (~14 ka) advances (Pierce et al., 2018). Exceptions to
this include multiple buttes that rise out of the Jackson Hole basin. Signal Mountain, which lies ~7 km east of
Mount Moran (Figure 1c), exposes a westward dipping interlayered sequence of Eocene and Pliocene volcanic/
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Table 1

Previous Estimates of Teton Fault Displacement

Study Displacement (km) Criteria

Blackwelder (1915) >3.0 Physiographic, stratigraphic

Edmund (1951) 2.1-4.3 Stratigraphic, structural

Fryxell et al. (1941) 24 Stratigraphic, geomorphic

Lavin and Bonini (1957) 5.0-6.0 Gravity

Behrendt et al. (1968) 7.0 Gravity, seismic refraction

Tibbetts et al. (1969) 7.0 Seismic refraction

Love and Reed (1971) 7.6-9.1 Stratigraphic

Love (1977, 1987) 9.0-11.0 Stratigraphic

Gilbert et al. (1983) 2.1-29 Huckleberry (Kilgore) tuff

Roberts and Burbank (1993) 3.5 Thermochronology

Byrd et al. (1994) 2.5-3.5 Gravity, seismic refraction, geodetic data
Brown et al. (2017) >6.0 Thermochronology

Thigpen et al. (2021) >11.4-12.6 Thermochronology, flexural modeling

Note. Modified from Byrd et al. (1994).

clastic (Hominy Peak Formation, 48.6 = 0.7 Ma; Kilgore Tuff, 5.57 £ 0.19 Ma) and Miocene sedimentary units,
including the Teewinot and Colter Formations (Love, 2004; Love et al., 1992). The dip of these hanging wall units
is interpreted to reflect post-depositional rollover due to motion on the underlying Teton fault. Although some
studies have used westward projection of these units to estimate more recent Teton displacement (e.g., Gilbert
et al., 1983; Smith et al., 1993), the lack of geophysical imaging beneath the glacial units between Signal
Mountain and Mount Moran represents a serious limitation for this approach.

These challenges with subsurface imaging have led to a large range of Teton fault displacement estimates (2.1—
12.6 km) and slip onset ages of (2-28 Ma; Table 1). The lowest estimates for Teton fault maximum displacement
(D0 are derived from integrated stratigraphic and geophysical constraints for post-depositional rotation of
either the ~2 Ma Huckleberry Ridge tuff (2.5-3.5 km, Byrd et al., 1994) or the ~4.45 Kilgore-Heise tuff (3.8—
6.7 km displacement; Gilbert et al., 1983; Smith et al., 1993) in the Teton fault hanging wall. Other stratigraphic
studies that rely on extrapolated cut-offs of the Precambrian-Paleozoic unconformity in Jackson Hole basin yield
Teton D,,,, values of 6-9 km (Love & Reed, 1971). Earlier gravity (Lavin & Bonini, 1957) or integrated gravity
and seismic refraction studies (Behrendt et al., 1968; Tibbetts et al., 1969) yield D,,,,, values of 5—7 km based on
an interpreted depth to basement of ~5 km immediately to the east of the Teton fault, however regional subsurface
mapping (e.g., Blackstone, 1993; Wyoming State Geological Survey, 2022) indicates that the depth to basement
in that area is likely >6.5 km.

Low temperature thermochronology has also been used in earlier attempts to constrain the cooling and uplift
history of the Teton Range and displacement on the Teton fault (e.g., Brown et al., 2017; Roberts & Bur-
bank, 1993; Thigpen et al., 2021). Low temperature thermochronometers such as apatite (U-Th)/He (AHe) and
AFT record the time that rock particles passed through closure temperatures (7.) zones of 80—40°C and 120—
60°C, respectively, and therefore they can provide critical information about the thermal history of rock particles
in active tectonic settings (Ehlers & Farley, 2003; Green et al., 1989; Ketcham et al., 1999, 2007; Laslett
et al., 1994; Rahn & Grasemann, 1999; Stiiwe et al., 1994). Brown et al. (2017) used inverse thermal history
modeling (QTQT; Gallagher, 2012) of AHe data collected along an elevation transect at Mount Moran to establish
a fault onset timing of 13-8 Ma. Because AHe ages at the bottom of the transect were generally younger than the
onset age and thus were considered reset, that study inferred a minimum of 2 km of uplift, representing the
present-day total relief, must have occurred. Numerical models of some simple normal fault systems (e.g.,
Thompson & Parsons, 2009) indicate that footwall uplift accounts for 33% of the total displacement, with the rest
accommodated by hanging wall drop. Brown et al. (2017) combined their footwall uplift estimates with this value
to estimate a total minimum Teton fault offset of ~6 km. Thigpen et al. (2021) integrated new AHe data with the
pre-existing data of Brown et al. (2017) into new inverse thermal history models that included revised geothermal
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gradient estimates based on surface heat flow values (Blackwell & Richards, 2004). This was recognized to be
critical for thermal history modeling, as surface heat flows increase considerably from south to north along strike
in the Teton Range. The results of these new inverse and geothermal gradient models were then combined with a
simple flexural-kinematic model of Helfrich (2020) to produce Teton fault displacement estimates of 11.4—
12.6 km. Adding to the controversy, both Brown et al. (2017) and Thigpen et al. (2021) used their displacement
estimates and empirical fault length-displacement scaling relationships to propose that the Teton fault was
originally much longer and likely extended across the modern Yellowstone hotspot track prior to ~2 Ma.
However, because these estimates rely on a suite of assumptions that may not encapsulate the geodynamic
evolution of the Teton region specifically, uncertainty remains in these displacement estimates.

3. Methods

Research on Basin and Range normal faults surrounding the Snake River plain has led to a growing understanding
of the overall geometry and behavior of normal faults and the relationship between fault length, total displace-
ment, and footwall uplift in extensional terranes (Anders & Sleep, 1992; Anders et al., 1989; Byrd et al., 1994;
Densmore et al., 2004; McQuarrie & Rodgers, 1998; Pierce & Morgan, 1992, 2009). In extensional terranes like
the Basin and Range, thinning of the upper crust along crustal-scale normal faults produces an isostatic response
that results in flexural uplift of the normal fault footwall coeval with hanging wall drop due to extension
(Beaumont, 1979; Turcotte, 1979; Walcott, 1970; Watts et al., 1982). The magnitude of footwall uplift and the
corresponding crustal length scale over which this occurs are directly impacted by lithospheric flexural rigidity,
total fault displacement, fault dip, and the depth to detachment and/or depth at which the fault becomes listric
(e.g., Densmore et al., 2004). Because of this, it is possible to assess the isostatic behavior of the upper crust by
testing a range of flexural rigidities, fault geometries, and total slip magnitudes.

To evaluate the range of displacement scenarios, 2-D flexural-kinematic and thermal-kinematic models are used
to forward model the isostatic, erosional, and thermal evolution of the Teton fault and Teton Range. In the first
phase of modeling, we complete flexural-kinematic models that consider sequential displacement of 2—17 km to
exceed the entire spectrum of proposed Teton fault D,,,. values proposed by previous studies. A range of
parameters, including near-surface fault dip, depth to listric detachment (Z,), and effective elastic thickness
(T,), and D,,,,. were evaluated in the flexural-kinematic models (Figure 2a). In the second phase of modeling,
we choose the flexural-kinematic model that best approximates the observed flexural characteristics of the
Teton Range near Mount Moran for thermal-kinematic modeling scenarios. The thermal-kinematic models
yield predicted thermochronologic dates for each displacement scenario that can be compared with thermo-
chronology data from the Teton Range. Specifically, modeled derived dates are compared to AHe and AFT
ages from the footwall transect of Brown et al. (2017) and Thigpen et al. (2021) near Mount Moran (Figure 1d
and Tables S1 and S2 in Supporting Information S1), which is interpreted by those studies to record D,,,, for
the Teton fault.

3.1. Flexural-Kinematic Modeling

Flexural-kinematic models were produced using Petroleum Experts Move software. Fault displacement in Move
is forward modeled using the fault parallel flow algorithm (Egan et al., 1997; Kane et al., 1997), which involves
translation of hanging wall particles along flow lines parallel to the fault plane while maintaining line lengths in
the hanging wall. Fault slip is implemented in either 1 or 2 km increments. Each displacement increment involves
multiple steps (Figure 2b), including: (a) displacement along the model Teton fault, (b) flexural-isostatic
adjustment of the deformed crust, (c) erosion of the uplifted footwall, (d) flexural-isostatic adjustment of the
eroded crustal profile, and (e) sediment deposition in the hanging wall basin. During the entire process, an x—y
point cloud with a grid spacing of 0.5 km is also deformed along with the section to produce particle vector fields
that are used as inputs for the thermal-kinematic models.

For the flexural-isostatic adjustments, the difference in the cross-sectional area of material (as a 2-D proxy of
volume) between the deformed topographic surface and the topography of the previous step represents the
flexural-isostatic load to be accommodated. When the load is removed or “unloaded,” the footwall rises
isostatically by a quantity dependent on the flexural properties of the lithosphere. The flexural isostatic response
to unloading using a continuous 2D beam is described by Watts (2001):
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Figure 2. (a) Schematic set-up, parameters, and components of flexural-kinematic models. Normal fault displacement is accommodated both by hanging wall drop and
isostatic footwall uplift. Modeled normal fault geometries are characterized by a range of near surface fault dips (45, 60, and 70°), and two listric detachment depths (15
or 20 km). (b)—(g) Sequence of steps involved in the flexural-kinematic forward modeling workflow. (b) Initial model fault geometry controlled by near surface fault dip
and listric detachment depth. (c) Fault displacement applied as either 1 or 2 km increments in each step. Hanging wall particle motions are prescribed using the fault
parallel flow mechanism in Move. (d) After each increment of displacement, isostatic uplift of extended crust is calculated according to the process described in
Methods. (e) Following the post-displacement isostatic adjustment, the model footwall is incrementally eroded, with the magnitude of erosion at each time step
determined by the number of time steps and the total erosion thickness prescribed for each model. (f) Isostatic response to erosional unloading is calculated using the
same methodology in panel (d). (f) In the final step for each displacement increment, the hanging wall accommodation space remaining after fault motion and isostatic
adjustment is filled to the elevation of the model zero datum. The basin sedimentary fill has a constant material density of 2,700 kg m ™~ and depth-dependent compaction
is not considered here. All steps are then repeated for each increment of displacement.
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L dw
q= W+(ﬂm—pl-)gw

where g is the applied vertical load (N m™2), D is the flexural rigidity, p,, is the density of the mantle
(3,300 kg m_3), p. s the density of the eroded crustal material (2,700 kg m_3), w is the vertical deflection of the
beam, and g is the acceleration due to gravity (9.81 m s~2). Lithospheric flexural rigidity D is described by:

_ ET}
T12(1-12)

where E is Youngs modulus (70 MPa for all models), T, is the effective elastic thickness (Lowry & Smith, 1994;
Tesauro et al., 2015; Watts & Burov, 2003), and v is Poisson's ratio. The effective elastic thickness of a thin plate
overlying a fluid is characterized by Turcotte and Schubert (2002):

T,=M,12(1 - /%) EK'

where elastic thickness is described by the bending moment (M,), Poisson's ratio, and curvature (K). In the Teton
footwall, effective elastic thickness (7,) values of 5-15 km have been estimated based on analysis of gravity and
topography (Lowry & Smith, 1994) and regional heat flow, lithosphere composition (and age), regional stress
orientations, and earthquake focal depth (Lowry & Smith, 1995). Accordingly, the flexural-kinematic models
presented here evaluate 7, values of 5, 10, and 15 km. Also, because limited geophysical imaging of Basin and
Range normal faults (e.g., Chavez-Pérez et al., 1998; Velasco et al., 2010; Von Tish et al., 1985; Wernicke &
Burchfiel, 1982) has indicated that they are commonly steeply dipping (45-70°) near the surface and flatten into
shallow dipping listric detachments at depth, the impact of varying these parameters was also tested in our
flexural-kinematic models. In this workflow, near surface dip was varied between 45° and 70° and depth to listric
detachment (Z,) was varied between 15 and 20 km (e.g., Mohapatra & Johnson, 1998; Smith & Bruhn, 1984). All
flexural-kinematic parameters and model variants are shown in Table 2.

In the model workflow, erosion of the footwall uplift is implemented with each displacement increment, with the
maximum thickness of material eroded from the highest elevation part of the model profile. The eroded thickness
then decays to zero down the flexural slope (to the left) of the model topography (Figure 2a). The maximum
thickness eroded for each increment represents a percentage of the total model erosion distributed equally
throughout the model evolution. The unconformable contact between Late Archean basement gneiss and basal
Cambrian Flathead Sandstone on the summit of Mount Moran indicates that >2.0 km of Paleozoic-Cretaceous
section has been eroded from above Mount Moran based on stratigraphic thicknesses derived from detailed
mapping. Specifically, this includes stratigraphic thicknesses of ~1.4 km for Cretaceous units (Thermomopolis
Shale, Frontier Formation, Cody Shale, and Bacon Ridge Sandstone), ~120 m of Jurassic units (Sundance
Formation), ~300 m for Triassic units (Dinwoody and Chugwater Formation), and 1.0-1.3 km for Paleozoic units
(Christiansen et al., 1978; Love et al., 1992). Because of this, most flexural-kinematic models include total eroded
thicknesses of ~2.0-2.3 km over the entire model run. The only exception to this is flexural-kinematic Model 3,
where the flexural response produced a total footwall uplift magnitude of only 1.7 km, which would have resulted
in complete removal of the footwall if the 2.0-2.3 km of erosion thickness was applied.

Model topographic profiles are compared with a swath topographic profile from the modern Teton Range (Line
A-A'; Figure 1b). The swath profile was constructed using a 10 m digital elevation model and the SwathProfiler
ArcGIS add-in (Pérez-Peiia et al., 2017). The SwathProfiler calculates maximum, minimum, and mean elevation
profiles for 50 equally spaced topographic profiles within a 6,000 m wide swath normal to the Teton fault in the
vicinity of Mount Moran. The resultant mean swath profile of the observed topography is then compared with the
range of results from the flexural-kinematic models to define a reference case model that displays the best-fit
between the modeled and observed topography. The model that best matches the observed flexural profile of
the Teton Range is then carried forward for thermal-kinematic modeling.
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Table 2
Flexural-Kinematic Numerical Parameters and Dimensions, Model Variants, and Summary of Results

Global model parameters

Model domain x =310 km y =30 km
Node spacing 0.5 km
Crustal density (p,) 2,700 kg m~>
Mantle density (p,,) 3,300 kg m™?
Effective FW HW

Near- surface elastic Listric flexural basin Total Eroded FwW
Model fault dip thickness detachment D, . width width footwall  thickness relief
variants (degrees) (T,, km) depth (km) (km) (km) (km) uplift (km) (km) (km)
Model 1 70 5 20 13 41.0 22.1 4.5 2.0 2.5
Model 3 60 15 20 13 93.3 239 1.7 1.4 0.3
Model 4 45 15 20 13 93.0 26.5 2.5 23 0.2
Model 5 45 10 20 13 98.1 26.9 2.9 2.0 0.9
Model 6 70 10 15 13 73.8 16.5 2.8 1.9 0.9
Model 7 70 15 20 13 95.5 22.4 2.7 1.9 0.8
Model 10 60 5 20 13 50.6 21.6 4.0 2.1 1.9
Model 11 45 5 15 17 65.1 17.7 4.7 2.2 2.5
Model 12 60 5 15 17 60.0 18.5 4.8 2.1 2.7
Model 13 70 5 15 17 58.4 10.3 5.1 2.1 3.1
Note. D, —maximum model displacement. FW—footwall. HW—hanging wall.

3.2. Thermal-Kinematic Modeling

In the final step of the modeling workflow, a reference case flexural-kinematic model is coupled with a thermal-
kinematic Pecube model (Braun, 2002, 2003; Braun et al., 2012). Here, we use the modified Pecube-D code
(McQuarrie & Ehlers, 2015) that incorporates velocity fields from the flexural-kinematic models developed in
Move to generate predicted synkinematic footwall cooling histories that can be compared with thermochronology
data. To do this, the Pecube-D code solves the 2-D heat transport equation for a prescribed kinematic velocity and
surface evolution scenario to yield a forward model of the crustal thermal field. In Pecube-D, the topographic
surface from Move is provided at each timestep so that the thermal model is calculated using the evolving flexural-
kinematic surface topography. Pecube-D scenarios were run using the simulation cluster in the Earth System
Dynamics Research Group at the Universitat Tiibingen.

All material properties and parameters for thermal-kinematic models are shown in Table 3. The value for the bulk
thermal conductivity (3 Wm™! K™) was assigned based on measured data in the Teton Range (Heasler, 1987).
Specific heat capacity (880 J kg™' K™') corresponds to a measured mean value for granite (Touloukian
et al., 1989). In the Pecube-D code, the geothermal gradient is defined by setting an atmospheric lapse rate of
6°C km™~! above the model surface (Dirks, 1982; Masbruch et al., 2012) and fixed boundary temperatures for the
surface (4°C) and the base of the model at 110 km depth (1,300°C).

Radiogenic heat production in the crust is then prescribed as a surface heat production value (A,) and optional
e-folding depth (ey), which describes the exponential decrease in heat production with depth in the model space
(McQuarrie & Ehlers, 2015, 2017). For this model, we use an A, value of 3.5 me_3, which is within the
range of global average values for granite, and an e-folding (e,) depth of 15 km. Combined, these values yield
an initial geothermal gradient of 27-25°C km™" in the upper ~3 km of the model crust. Because subsurface
heat flow evolves with time as material motion drives heat advection, we compare final model geothermal
gradients with gradients predicted from observed surface heat flow values in the central and northern Teton
Range (Blackwell & Richards, 2004; Heasler, 1987). Mantle (3,300 kg m~>) and crustal (2,700 kg ) density
values used in flexural-kinematic modeling were also used for thermal-kinematic modeling.
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Table 3

Parameters Used in Thermal-Kinematic (Pecube) Models

Five of the thermal-kinematic models (R1, R2, R3, R5, and R7) use a constant
displacement rate, so greater total displacement results in faster average slip

Property

. rates. Because the oldest AFT central age in the Moran data set is ~38 Ma
Model input

Material properties

Surface heat production (4,)
Thermal conductivity (k)

Specific heat capacity (c)

(Brown et al., 2017), the model thermal field is activated at 48 Ma. This
produces AFT ages of ~38 Ma for samples in or near the AFT partial

3.5 pW m™> annealing zone at the onset of fault slip in the case of a simple uplift and
30Wm ' K! exhumation history. In all but one thermal-kinematic model, displacement
880 T kg™! K~! starts at 10 Ma, based on inverse thermal history modeling results of Thigpen

et al. (2021) that indicate rapid footwall cooling starting at ~10 Ma. In a final

-folding depth 15 ki
e-folding depth (¢) o s model, fault slip is initiated at ~25 Ma and then accelerated at ~10 Ma to
Crust density (pc) 2,100 gz evaluate a potential earlier uplift onset in the Moran inverse thermal history
Mantle density (pm) 3,300 kg m™ model of Thigpen et al. (2021).
Upper crustal geothermal gradient (0-5 km) 27-26°C km™"
Parameter Model input 4. Results

Numerical parameters
Model domain
Onset of fault motion
Model grid spacing
Surface T at sea level
Atmospheric lapse rate

Basal temperature

4.1. Flexural-Kinematic Modeling

x=310km, y = 110 km ) )
Ten 2-D models were constructed to evaluate a range of flexural-kinematic

10 Ma parameters for the Teton fault. The final model stage for Models 1, 3, 4-7,

500 m x 500 m and 10-12 are shown in Figure 3. The full flexural-kinematic evolution of
4°C Model 13, chosen as the reference model based on the justification detailed

6°C km~" later in this section, is shown in Figure 4. The full flexural-kinematic
1.300°C evolution of models summarized in Figure 3 is included in the supple-

mentary material as Figures S1-S9 in Supporting Information S1. A sum-
mary of flexural-kinematic results are presented in Table 2 and detailed
results for each model timestep are included in Table S3 in Supporting Information S1. Model results were
evaluated against three observational metrics of the present-day Teton topography (Figures 2a and 5),
including: (a) the general shape of the Teton footwall uplift, including the flexural half-wavelength and
interpreted finite amplitude, (b) the approximate width of the Teton hanging wall (Jackson Hole) basin as
derived from the modeled depth to pre-Cenozoic basement (12-17 km, Foster et al., 2010), and (c) the
maximum relief of the footwall block, represented by the modern Teton Range, from the Jackson Hole valley
floor to the summits of Mount Moran (~1.8 km) and the Grand Teton (~2.2 km). To be considered viable,
flexural-kinematic models must approximate the general flexural shape of the Teton footwall uplift and hanging
wall basin, yield sufficient uplift on the eastern side of the range to allow for ~2 km of overburden erosion
(e.g., Christiansen et al., 1978; Love et al., 1992), and still preserve the observed relief at minimum (1.8—
2.2 km).

In all models, uplift, erosion, relief magnitude and footwall flexural half-length increased systematically with
increasing increments of modeled Teton fault displacement. These increments of increasing displacement also
drive a progressive decrease in the width of the modeled hanging wall basin, as the rollover anticline develops to
the east of the basin (to the right in model space). In general, models with 7, values of 10 km (Models 5 & 6) and
15 km (Models 3, 4, and 7) have footwall uplift profiles that yield poor fits when compared with the observed
uplift profile (Figures 5a—5c). Additionally, these higher 7, models produced significantly lower total uplift on the
eastern side of the range, which considerably limited preserved relief after accounting for the requirement that
>2.0 km of overburden must be removed by erosion. Even at modeled fault displacements of 13 km, models with
T, values of 10 and 15 km produced total uplift magnitudes of 1.9-2.0 km and 1.7-2.7 km, respectively, limiting
preserved relief to 0.2-1.2 km.

Models with T, values of 5 km yield the best general fit to the modern flexural profile (Figures 5d—5g) and yield
considerably greater uplift magnitudes than models with 7, values of 10-15 km. In the models with 7, values of
10 and 15 km, the longer wavelength of the stronger flexural beam leads to reduction of the uplift amplitude in
these models (Figures 5b and 5c). For the 5 km 7, models, varying the near surface fault dip and depth to listric
detachment parameters yields minimal variation in model response. In these models, displacement magnitude acts
as the primary control on increasing footwall flexural half-wavelength, decreasing hanging wall basin width, and
increasing total footwall uplift. Models 12 and 13, which have near surface fault dips of 60° and 70°, respectively,
otherwise have identical model parameters and yield virtually indistinguishable results for given intervals of fault
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Figure 3. 2-D cross-sections showing the final geometry for flexural-kinematic models. (a) Model 1. (b) Model 3. (c) Model

4. (d) Model 5. (e) Model 6. (f) Model 7. (g) Model 10. (h) Model 11. (i) Model 12. Model parameters are indicated above
each cross-section and the results of footwall flexural wavelength, hanging wall basin width, total footwall uplift (Uy,,), total
erosion (eg,), and footwall relief are indicated for each model increment. Models include no vertical exaggeration. Full
model results showing the geometry at each displacement increment are included in the supplementary material (Figures S1—
S9 in Supporting Information S1).
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Model 13 ,T, = 5 km, Z, = 15 km, fault dip = 70°, no vertical exaggeration
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Figure 4. Flexural-kinematic results of Model 13 for selected displacements of (a) 2 km, (b) 6 km, (c) 9 km, (d) 11 km,
(e) 13 km, and (f) 17 km. Model parameters are indicated above (a) and the results of footwall flexural wavelength, hanging
wall basin width, total footwall uplift (Us,), total erosion (e, ), and footwall relief are indicated for each model increment.
Models include no vertical exaggeration.

displacement (Figures 5f and 5g, Table 2 and Table S3 in Supporting Information S1). Model 11, which has the
same parameters as 12 and 13 but with a near surface fault dip of 45°, yields a slightly longer footwall flexural
uplift half-wavelength and a considerably wider hanging wall basin than that observed in the Teton swath
topography (Figure Se). Based on these results, Model 13 (Figure 4) was chosen as the reference flexural model
for thermal-kinematic modeling, however other models with 7, = 5 km, including Models 11 and 12, would likely
yield similar results in this workflow.

4.2. Thermal Kinematic Modeling

Six thermal-kinematic models were run; five models were run with constant displacement from 10 Ma to present
and D, values of 9 km (R1), 11 km (R2), 13 km (R3), 15 km (R5), and 17 km (R7). A final model (R7_25) was
also run to evaluate an earlier displacement initiation at ~25 Ma, followed by accelerated displacement from

max

10 Ma to present. Slip onset timing for all six models is based on the results of inverse thermal history models
from the Teton Range (e.g., Thigpen et al., 2021). As mentioned in the methods, the thermal field in the model is
activated at ~48 Ma to replicate the oldest AFT central age from the summit of Mount Moran (e.g., Brown
et al., 2017). Thus, when fault slip is initiated at 10 Ma, points that are at T < T for a given thermochronometer
should yield cooling ages of ~38 Myr, assuming a simple uplift history. Model points that are at 7> T, for a given
thermochronometer may be exhumed through T, during model evolution and thus reflect the time at which this
occurs. Because the majority of the model-predicted AHe ages used in this analysis are at 7> T, (i.e., deeper than
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Figure 5. Comparison between flexural-kinematic model results and the swath topographic profile for the Teton Range at
Mount Moran. Swath profile shown as heavy black line (mean) and range of elevations shaded in gray. Details for generating
the swath topography are discussed in the Methods and flexural-kinematic results are summarized in Table S1 in Supporting
Information S1. Model parameters evaluated include effective elastic thickness (7,), depth to listric detachment (Z,), and

near surface fault dip. Each model result includes the final topography surface at a given increment of D,

mav the geometry of

the eroded material wedge above the modeled Teton Range, and the shape of the flexural half wavelength of the footwall
uplift and the hanging wall basin. (a) Model 3. (b) Model 4 and Model 7. (c) Model 5 and Model 6. (d) Model 1 and Model 10.

(e) Model 11. (f) Model 12. (g) Model 13.
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Figure 6. Results of thermal-kinematic Model R1. (a) Predicted apatite (U-Th)/He (AHe) ages (y-axis) at the model surface for selected displacement increments from
model x-positions 140-160 km (x-axis) that includes the Teton fault and adjacent footwall uplift and hanging wall basin. Colored circles represent model surface ages for
x-positions of 148.0-152.0 km, with lighter colors approaching 152.0 km. Blue colors indicate hanging wall surface nodes east of (the right in the model) of the Teton
fault. (b) Diagram of model x-position and model elevation showing the location the modeled Teton range front at the displacement intervals shown in panel (a) and the
relative positions of the model surface ages for the x = 148.0-152.0 km positions and the M1-M8 observed thermochronology ages of Brown et al. (2017) and Thigpen
et al. (2021). Colored circles correspond to the same colors in panels (a)—(f). (c) Elevation-AHe age plot comparing modeled (colored circles) and observed (yellow
triangles with uncertainties) ages. The elevation-age relationship, shown as a linear fit between the two youngest predicted AHe ages that lie on the modeled Teton fault
(red line, 44 m Ma™}), represents the unreset slope discussed in the main text. (d) Predicted apatite fission track (AFT) ages at the model surface for the same x-positions
shown in panel (a). (¢) Diagram of model x-position and model elevation showing the relative positions of modeled and observed AFT ages. (f) Elevation-AFT age plot
comparing modeled and observed AFT ages. Points at the modeled Mount Moran summit and those on the eastern range front representing the Teton fault are linked by a
similar red line as (c).

T,) at the time of fault initiation and therefore should yield ages younger than fault slip onset, emphasis is here
placed on the age-elevation trends of reset samples along the modeled range front rather than the absolute ages
determined by the prescribed model start time. Here, we consider fully reset AHe ages to be <10 Ma. A summary
of the predicted AHe and AFT cooling ages for the parts of the models that represent the footwall uplift and
hanging wall basin (x-positions 140.0-160.0 km) and the modeled range-front transect representing Mount Moran
in each scenario are shown in Figures 611 and results are summarized in Table 4. Complete results for all
thermal-kinematic models, including the sections showing the thermal evolution, are included in the supple-
mentary material (Figures S10-S16 and Table S4 in Supporting Information S1).
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Figure 7. Results of thermal-kinematic Model R2. All parameters and symbols are identical to those in Figure 6. (a) Predicted apatite (U-Th)/He (AHe) ages (y-axis) at
the model surface for selected displacement increments from model x-positions 140-160 km (x-axis). (b) Diagram of model x-position and model elevation showing the
location the modeled Teton range front at the displacement intervals shown in panel (a). Colored circles correspond to the same colors in panels (a)—(f). (c) Elevation-
AHe age plot. The two elevation-age relationships slopes (red line) are interpreted to highlight the upper unreset AHe ages (43 m Ma™") and the 10 Ma-recent fault
motion (223 m Ma ™) discussed in the main text. (d) Predicted apatite fission track (AFT) ages at the model surface for the same x-positions shown in panel (a).

(e) Diagram of model x-position and model elevation showing the relative positions of modeled and observed AFT ages. (f) Elevation-AFT age plot comparing modeled
and observed AFT ages. Points at the modeled Mount Moran summit and those on the eastern range front representing the Teton fault are linked by a similar red line

as (¢).

4.2.1. Constant Slip Displacement (Models R1, R2, R3, RS, and R7)

Modeled AHe and AFT cooling ages and age trends produced by thermal-kinematic models are controlled by the
prescribed thermal model onset (~48 Ma), the fault slip onset (either 25 or 10 Ma), the magnitude of total
displacement, the slip rate as a function of displacement magnitude (e.g., greater displacement magnitudes require
higher slip rates), and the prescribed thermal parameters that control geothermal gradient and the degree of
advectionary heat transport. In all thermal-kinematic models, the thermal parameters yield an initial steady-state
geothermal gradient of ~27°C km™" for the uppermost crust (Figure 12). With the onset of fault slip, footwall
uplift and exhumation drive transient modification to the footwall isotherm geometry manifested in two ways.
First, uplift of the crustal section leads to footwall heat advection in the middle and upper crust, which is apparent
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Figure 8. Results of thermal-kinematic Model R3. All parameters and symbols are identical to those in Figure 6. (a) Predicted apatite (U-Th)/He (AHe) ages (y-axis) at
the model surface for selected displacement increments from model x-positions 140—160 km (x-axis). (b) Diagram of model x-position and model elevation showing the
location the modeled Teton range front at the displacement intervals shown in panel (a). Colored circles correspond to the same colors in panels (a)—(f). (c) Elevation-
AHe age plot. The two elevation-age relationships slopes (red line) are interpreted to highlight the upper unreset AHe ages (41 m Ma™") and the 10 Ma-recent fault

motion (255 m Ma™')

discussed in the main text. (d) Predicted apatite fission track (AFT) ages at the model surface for the same x-positions shown in panel (a).

(e) Diagram of model x-position and model elevation showing the relative positions of modeled and observed AFT ages. (f) Elevation-AFT age plot comparing modeled
and observed AFT ages. Points at the modeled Mount Moran summit and those on the eastern range front representing the Teton fault are linked by a similar red line

as (¢).

in the bulk temperature increase at depth between the initial steady-state geotherm and the final model step
(Figure 12c). This advection also drives an increase in the near surface geotherm (max. ~33°C km™" in Model R7,
x-position geotherm 152, Figure 12d) for the crust below the elevation of the hanging wall surface. Importantly,
this range in geothermal gradient from initial to final model conditions (27-33°C km™") is consistent with the
range of possible gradients indicated by models of Thigpen et al. (2021) that were constrained by surface heat
flow measurements of Blackwell and Richards (2004) in the northern Teton Range. The second transient
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Figure 9. Results of thermal-kinematic Model R5. All parameters and symbols are identical to those in Figure 6. (a) Predicted apatite (U-Th)/He (AHe) ages (y-axis) at
the model surface for selected displacement increments from model x-positions 140—160 km (x-axis). (b) Diagram of model x-position and model elevation showing the
location the modeled Teton range front at the displacement intervals shown in panel (a). Colored circles correspond to the same colors in panels (a)—(f). (c) Elevation-
AHe age plot. The two elevation-age relationships slopes (red line) are interpreted to highlight the upper unreset AHe ages (40 m Ma™") and the 10 Ma-recent fault
motion (335 m Ma™!) discussed in the main text. (d) Predicted apatite fission track (AFT) ages at the model surface for the same x-positions shown in panel (a).

(e) Diagram of model x-position and model elevation showing the relative positions of modeled and observed AFT ages. (f) Elevation-AFT age plot comparing modeled
and observed AFT ages. Points at the modeled Mount Moran summit and those on the eastern range front representing the Teton fault are linked by a similar red line

as (¢).

modification of the geotherm occurs in the higher elevation footwall that represents the uplifting range front
(including the footwall AHe + AFT transect). There, a significant reduction in geothermal gradient occurs due to
lateral and upward heat conduction during footwall exhumation (min. ~12°C km™", Figure 12d).

HELFRICH ET AL.

16 of 29



.
N\\I Tectonics 10.1029/2024TC008308
ADVANCING EARTH
AND SPACE SCIENCES
Model R7, d,,., = 17 km, slip onset = 10 Ma across-strike distance (km)
140 150 160
C T T T T I T T T T
50 — hanging wall basin
C model footwall uplift 7
YOSy e - _________-_-----—-—-—-—-——Z
= < —
=
o 30— model displacement
& %0 C model surface ages (x = 148-152) ’j7 km
3 F ©0©®0 0000 footwall T e
§ 20— @ @ O model hanging wall 13 km
€ E —— 9km
106 Q/Teton fault ——— 6km
= apatite (U-Th)/He (AHe) T 2km
@@ .t . . . . I . . . .
model x-position (km) AHe age (Ma)
140 142 144 146 148 150 152 154 156 158 160 50 45 40 35 30 25 20 15 10 5 0
45 4.5
4.0 Model R7 AHe /A Mt. Moran observed 4.0 ~/ Mt. Moran observed AHe (+10) Model R7 AHe
35 model footwall uplift 35 top elevation of reset
AHe ages = 2.6 km
30 AT K __—modeled eastern Teton 3.0 / //
e‘E/ 25 / range front g . D =17 km
= >
220 9 2.
° “&l © 20 A1 390 m Ma'
$15 M3 15 -
=4 Q ~279
£1.0 M4 E 10 m Ma™!
M5 i i
05 @/M:anglng wall basin 05
M7T— O@®
(b) 0.0 (C) 0.0 ° M8—— AT
across-strike distance (km)
140 150 160
. T T T T T T T T
50 — model footwall uplift hanging wall basin

—_ 40 =
© =
s / model displacement
(9] [ —
e 30 r model surface ages (x = 148-152) —=— 17 km
3 C Q@O OOOOQ footwall 16 km
8 20— @ @ © model hanging wall 13 km
g E Teton fault —— 9km
€ E -—-- 6km

10 ——2km

C apatite fission track (AFT)
(d) .t . . . . 1 . . . .
model x-position (km) AHe age (Ma)
140 142 144 146 148 150 152 154 156 158 160 50 45 40 35 30 25 20 15 10 5 0
4.5 4.5
Model R7 AFT Model R7 AFT
4.0 4.0
A Mt. Moran observed /- Mt. Moran AFT central age (+20)

35 model footwall uplift 35
30 AT W ____modeled eastern Teton 3.0
€ range front €
x25 225
> >
(o)
: 2.0 M1 % 2.0 ’
§ 1.5 % 15
£1.0 M4 ) ) E1.0 A M4

05 hanging wall basin 05

(e) 0o = () o0 e M8, A

Figure 10. Results of thermal-kinematic Model R7. All parameters and symbols are identical to those in Figure 6. (a) Predicted apatite (U-Th)/He (AHe) ages (y-axis) at
the model surface for selected displacement increments from model x-positions 140—160 km (x-axis). (b) Diagram of model x-position and model elevation showing the
location the modeled Teton range front at the displacement intervals shown in panel (a). Colored circles correspond to the same colors in panels (a)—(f). (c) Elevation-
AHe age plot. The two elevation-age relationships slopes (red line) are interpreted to highlight the upper unreset AHe ages (40 m Ma™") and the 10 Ma-recent fault
motion (390 m Ma™") discussed in the main text. (d) Predicted apatite fission track (AFT) ages at the model surface for the same x-positions shown in panel (a).

(e) Diagram of model x-position and model elevation showing the relative positions of modeled and observed AFT ages. (f) Elevation-AFT age plot comparing modeled
and observed AFT ages. Points at the modeled Mount Moran summit and those on the eastern range front representing the Teton fault are linked by a similar red line
as (¢).

In the constant displacement models (R1, R2, R3, RS, and R7), AHe ages in the vicinity of the footwall uplift
(~150 km across-strike distance in model space) generally evolve from older unreset values to younger reset
values as displacement increases and the footwall is uplifted and exhumed. For the first three displacement
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Figure 11. Results of thermal-kinematic Model R7_25. Most parameters and symbols are identical to those in Figure 6. (a) Predicted apatite (U-Th)/He (AHe) ages (y-
axis) at the model surface for selected displacement increments from model x-positions 140—160 km (x-axis). The three different color circle gradations represent the x-
positions of 148.0-152.0 km for D,,,,, = 17 km (red to light pink), 13 km (dark to light yellow), and 11 km (dark to light green). Colored circles correspond to the same
colors in panels (a—f). (c) Elevation-AHe age plot comparing modeled (colored circles) and observed (yellow triangles with 1s uncertainties) ages. The three elevation-
age relationship slopes for D, = 17 km (red line) are interpreted to highlight the upper unreset AHe ages (33 m Ma™") and the two phases of fault motion (106 m Ma™",
224 m Ma™") discussed in the main text. (¢) Diagram of model x-position and model elevation showing the relative positions of modeled and observed apatite fission
track (AFT) ages. (f) Elevation-AFT age plot comparing modeled and observed AFT ages. Points at the modeled Mount Moran summit and those on the eastern range
front representing the Teton fault are linked by a similar red, yellow, and green lines as (c).

increments (2, 4, and 6 km), all models yield either completely unreset (>38 Ma) or partially reset (>32 Ma) AHe
ages at the model surface (Figures 6a—6c¢, 7a—7c¢, 8a—8c, 9a-9c¢, 10a—10c, and 11a—11c). These AHe ages represent
footwall particles that were completely unreset (T < T,.) when the model starts at 48 Ma and are unroofed during
initial footwall uplift.
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Table 4

Thermal-Kinematic Model Variants and Summaries of Model Predicted AHe and Apatite Fission Track (AFT) Ages and Average AHe and Central AFT Ages From

Mount Moran Transect of Brown et al. (2017) and Thigpen et al. (2021)

Model D, .« (km) X-position (km) Model elev. (m) AHe age (Ma) Elevation-AHe age-slope (m/Ma) Unreset versus reset slope (AHe) AFT age (Ma) -
Model ages
R1 9 150.0 1,474 39.6 47.0
150.5 118 8.9 44 Unreset 42.1
R2 11 150.0 2,073 42.1 47.6 -
150.5 686 9.5 43 Unreset 422
151.0 152 7.1 223 Reset 40.2 -
R3 13 150.0 2,684 422 47.7 -
150.5 1,382 10.3 41 Unreset 42.5
151.0 168 5.6 255 Reset 313 -
R5 15 150.0 3,067 39.2 47.1 -
150.5 1,932 10.6 40 Unreset 42.6 -
151.0 689 6.6 31.2 -
151.5 219 5.5 335 Reset 30.9 -
R7 17 150.0 3,373 34.0 46.3 -
150.5 2,605 11.1 34 Unreset 42.8 -
151.0 1,334 7.3 31.6
151.5 202 49 390 Reset 8.9 -
R7_25 17 150.0 3,373 46.2 50.1 -
150.5 2,605 22.9 33 Unreset 449 -
151.0 1,334 10.9 37.0 -
151.5 202 5.8 224 Reset 18.1 -
Elevation-AHe age-slope
Sample Elev. (m) Model elev. (m) AHe age (Ma) Error (Ma) (m/Ma) Unreset versus reset slope (AHe) AFT age (Ma) Error
Mt. Moran Observed Ages
MI1-8-15 3,835 1,771 23.0 2.9 35.0 3.1
M2-8-30 3,505 1,441 22.8 4.8
M3-8-31 3,304 1,240 15.3 6.8
M4-8-03 2,975 911 14.8 32 95 Unreset 13.6 2.0
M5-8-05 2,636 572 11.9 1.0
M6-8-06 2,450 386 7.5 22
M7-8-07 2,185 121 10.1 1.6
M8-8-32 2,116 52 8.7 1.8 279 Reset 11.7 1.7
Base 2,064

Note. Model results derived from surface nodes at x-positions of 150.0-151.5 representing the modeled Mount Moran transect. Nodal positions and nodes used for
unreset and reset AHe slope calculations are shown in Figures 6—11. Unreset and reset slope calculation methodology for model-derived AHe ages is explained in the
main text. Unreset and reset slope are not calculated for AFT data, as most model-derived points yield AFT ages indicative of partial annealing. Elevation values for
observed samples = actual elevations. Elevation values for observed data modified to be equivalent to model elevations by subtracting the base elevation value of
2,064 m from the observed elevation. Unreset and reset slopes for the observed AHe data derived from Thigpen et al. (2021).

After ~8 km of total displacement, all models yield two AHe age populations; the older sample population has
continued to rise in elevation with continued uplift, but the magnitude of footwall uplift and subsequent exhu-

mation results in reset (<10 Ma) model AHe ages at lower elevation at or near the base of the modeled footwall

(Figures 6¢c—11c). These reset points were derived from model depths with 7 > T.. at the model start time. With

increasing displacement magnitude, these relatively young ages are translated to higher and higher elevations via

footwall uplift. In addition, new lower elevation points are brought to the surface that, predictably, record
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Figure 12. Evaluation of model-derived geothermal gradients predicted for the footwall uplift zone. (a) Thermal field for final model step (D,
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= 17 km) for Model R7.

max

Location of (b) inset shown. (b) Zoomed inset of model region at the faulted transition from footwall uplift to hanging wall basin. Geotherm profiles shown in panels
(c) and (d) are indicated. (c) Model geotherms at x-positions of 148, 149, 150, 151, and 152 km to a depth of 8 km for the final step of Model R7. The initial geotherm
prior to the onset of fault displacement at x-position 150 km is also shown. The bulk upward shift in the footwall geotherms from model start to finish results from heat
advection in the uplifting footwall. (d) In the highest elevation parts of the footwall, geotherm shape varies as function of x-position due to the interplay between bulk
footwall uplift/advection and exhumational cooling. Bulk surface-directed heat advection drives near-surface compression of the isotherms and elevation of the

geothermal gradient, which is highlighted by the near surface geothermal gradient of ~33°C km™" at an x-position of 152 km. In the higher elevation parts of the model
footwall, lateral and vertical cooling of the uplifted range reduces the geothermal gradient as low as ~12 C° km™" near the modeled range top at x-position 150 km.

progressively younger ages. This younging of the lower elevation points as displacement increases yields an
elevation-AHe age gradient with younger ages at lower elevation progressing to older ages at higher elevation, as
generally predicted in thermochronologic studies of normal faults (e.g., Ehlers, 2005).

In these models, emphasis is placed on evaluating three key results. First, the threshold amount of exhumation
required to uplift and exhume fully reset (i.e., <10 Ma) AHe and AFT ages in the model footwall produces a
minimum displacement constraint for the Teton fault, as fully reset ages are observed in the Teton fault footwall.
Next, it is important to note the maximum elevation of any reset AHe and AFT ages, as this can be a key indicator
of the total uplift the footwall has experienced after bringing those reset ages to the surface. Lastly, the different
slopes in the elevation-AHe age plots (Figures 6—11c) can highlight changes such as the onset of uplift (and
faulting) as well as the slip rate, as higher slip rates should theoretically yield higher values for the elevation-age
relationship. All three of these model characteristics can be directly compared with the same characteristics from
the observed data along the Mount Moran transect, which is summarized in Table 4. Because the Moran transect
only includes three observed AFT dates and none of them yield fully reset central ages (i.e., <10 Ma), we did not
calculate elevation-age slopes for the AFT data.

In Model R1 (D,,,,, = 9 km, 0.9 km Ma™'), one AHe age ~ 8.9 Ma is predicted along the base of the modeled
footwall after a displacement of 9 km (Figures 6a—6¢c). Because of the grid resolution used in the thermal-
kinematic models (500 m X 500 m), 2—4 cooling ages can be extracted along the modeled transect for each
time step, depending on the total relief. In Model R2 (D,,,. = 11 km, 1.1 km Ma™") two reset AHe ages of
~9.5 Ma and ~7.1 Ma are recognized after 11 km of displacement, with the highest reset age lying ~0.7 km above
the valley floor (Figures 7a—7c). For reference, the modeled valley floor lies at a datum elevation of 0.0 km. At a
D, of 13 km, Model R3 (~1.3 km Ma™") yields reset AHe ages of ~10.3 and ~5.6 Ma in the footwall at
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elevations of ~1.4 and ~0.2 km above the valley floor (Figures 8a—8c). Like Models R1 and R2, Model R3 only
yields reset AHe ages at the surface once the 8 km displacement threshold is reached. Ata D, of 15 km in Model
R5 (1.5 km Ma™"), reset AHe ages (~9.5 Ma) are predicted as high as ~1.9 km above the valley floor (Figures 9a—
9¢). AtaD,, . of 17 km in Model R7 (1.7 km Ma_l), areset AHe age of 11.1 Ma is predicted at an elevation of
~2.6 km above the valley floor (Figures 10a—10c). Although the modeled age point is technically older than the
reset age cut-off of ~10 Ma specified above, these higher elevation points would have been below this cut-off
when initially exhumed but have increased in age as the footwall continued to uplift to the end of model time.

max

The AHe age-elevation gradients for the constant displacement models all show two elevation-AHe age slopes; a
relatively low slope (40-44 m Ma™") composed of older unreset ages at higher elevation and a relatively steep
slope composed younger reset ages at lower elevation. The higher elevation slope reflects the “unreset” over-
burden, which has a thickness that is controlled by the depth to 7, (i.e., deeper Tc = thicker overburden sequence).
The depth to T, is, in turn, controlled by the initial prescribed geothermal gradient. Because the initial geothermal
gradient is the same for all models, this unreset overburden age-elevation slope is generally consistent across all
models (4044 m Ma™"; Figures 6¢—11c). The steeper slope at lower elevations in each model represents the age-
elevation gradient produced for points that are progressively exhumed from depths initially deeper than T..
Because these points were reset prior to uplift, the elevation-AHe age slope reflects the rate of footwall uplift, with
increasing uplift rate corresponding to higher displacement rates. These slopes range from 223 to 390 m Ma™",
with the higher values corresponding to models with higher maximum displacements and thus faster average slip
rates for the same ~10 Ma displacement time (Figures 6¢—11c).

In all models, AFT ages were also tracked for comparison with AFT central ages of Brown et al. (2017) from the
Moran transect. In the constant displacement models, AFT ages show a similar evolution to the modeled AHe
ages, wherein AFT ages in the footwall adjacent to the modeled Teton fault gradually decrease in age as
displacement is accumulated and exhumation progresses (Figures 6d—6f, 7d—7f, 8d—-8f, 9d-9f, 10d-10f, and 11d—
11f). This progressive decrease in AFT ages reflects exhumation of model points from depths where temperatures
are hot enough to drive partial AFT annealing (120-60°C; Green et al., 1989; Laslett et al., 1994). In constant
displacement Models R1 (D,,,, = 9 km) and R2 (D,,,. = 11 km), AFT ages in the modeled footwall <0.2 km
above the valley floor are ~42.1 Ma (Figures 6e and 6f) and ~40.2 Ma (Figures 7e and 7f), respectively, at the end
of the model run. In Models R3 (D,,,, = 13 km) and RS (D,,,, = 15 km), points with partially reset AFT ages
ranging from 31.3 to 10.9 Ma are predicted for the model footwall (Figures 8e—8f and 9e-9f) at the end of the

max max

model run. Of the constant displacement models, only R7 (D,,,, = 17 km) produces enough footwall uplift and

max

erosion to exhume completely reset AFT ages of ~11.0 Ma and ~8.9 Ma after displacements of 16 and 17 km,
respectively. These reset ages are predicted at ~0.2 km above the modeled valley floor (Figures 10e and 10f).

4.2.2. Early (25 Ma) Slip Onset (Model R7_25)

Model R7_25 was run to examine a potential earlier transient cooling scenario for the Moran transect as indicated
by inverse thermal history modeling of Thigpen et al. (2021, their Figure 4a). In that model, the expected thermal
history for the lowest elevation sample (M8) includes an initial cooling pulse from 25 to 18 Ma followed by an
accelerated cooling pulse from ~10 Ma to present. In the model presented here, this potential cooling scenario is
implemented with 4 km of displacement at a constant rate (~0.7 km Ma™") from 25 to 19 Ma and a second pulse
involving an additional 11 km of displacement at an accelerated constant rate (~1.1 km Ma™") from 10 to 0 Ma.

In Model R2_25, reset ages for both the AHe and AFT systems are identified as those younger than the onset of
slip at ~25 Ma. Like the constant slip models, Model R2_25 yields no reset AHe ages in the footwall until at least
8 km of displacement has been accumulated (Figure 11a). For the 8 and 9 km displacement increments, the lower
elevation parts of the model footwall yield predicted AHe ages of 18.5 Ma and 14.8 Ma, respectively, with both
points located near the base of the transect at the valley floor. As displacement increases, the AHe ages at the base
of the modeled transect become progressively younger and the reset AHe ages reach progressively higher ele-
vations (Figures 11b and 11c¢). For displacement magnitudes of 11-13 km, the model AHe ages define two
elevation-age slopes along the footwall transect, including a relatively low slope (~67 m Ma™"') at higher ele-
vations and a slightly steeper slope (~105 m Ma™") at lower elevations. At displacement magnitudes >14 km, the
model yields three AHe age-elevation slopes that presumably represent the pre-fault period and the two pulses of
fault slip, respectively. At 17 km of displacement, these age-elevation gradients are 33 m Ma™", 106 m Ma™"', and
224 m Ma™! (Figures 11b and 11c).
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AFT ages in the modeled footwall yield a similar evolution to those in constant displacement Model R7, wherein
relatively young AFT ages that pre-date fault motion (>25 Ma) are only observed once a displacement magnitude
of 16 km is reached. At those displacements of 16 and 17 km in Model R2_25, reset AFT systems in the model
footwall yield predicted ages of 19.7 Ma and 18.1 Ma (Figures 11d-11f), respectively. Both points are at a model
elevation of ~0.2 km above the valley floor.

5. Discussion
5.1. Flexural-Kinematic Model Constraints on Teton Fault Displacement

The model results presented here provide multiple constraints for Teton fault displacement magnitude. First, the
modeled flexural response to normal faulting can be used to eliminate displacement scenarios that cannot
reproduce critical aspects of the modern Teton system. In particular, any viable displacement solution must yield a
footwall uplift magnitude sufficient to generate both the ~1.8 km of modern relief on the eastern range front at
Mount Moran and the required >2.0 km of erosion indicated by the estimated thickness of missing Paleozoic-
Quaternary stratigraphy above Mount Moran (e.g., Christiansen et al., 1978; Love et al., 1992). In our models,
total footwall uplift is an isostatic response to both crustal extension and erosion of the uplifted footwall block and
is equivalent to the sum of eastern range front relief and the eroded thickness of the footwall block (Figure 2a).

In the flexural-kinematic Model 13, a total footwall uplift magnitude of ~1.8 km, equivalent to the modern relief,
is reached at a displacement magnitude of 6 km (Figure 4b). Because the total erosion of ~2.1 km is equally
distributed across each of the displacement increments, ~13 km of displacement is required to produce a total
footwall uplift magnitude of ~3.9 km (Figure 4f), equivalent to the >3.8 km required from observations. In the
same model, displacement magnitudes of 9 and 11 km yield footwall uplift magnitudes of 2.7 and 3.3 km,
respectively, although these uplift magnitudes could be marginally increased if the entire >2.0 km of footwall
erosion had occurred by the time the model reaches these displacement increments. In the current flexural-
kinematic model, displacement magnitudes of 9 and 11 km are only prescribed to have eroded 0.9 and 1.1 km
of footwall stratigraphic thickness, respectively. Despite these complexities, the results of Model 13 indicate that
Teton fault displacement must be significantly greater than 6 km and could potentially be as high as 13+ km.

5.2. Thermal-Kinematic Model Constraints on Teton Fault Displacement

Comparisons between the observed AHe and AFT data and the results of the thermal-kinematic models presented
here provide further constraints on Teton fault displacement. In the thermal-kinematic models the predicted
cooling ages are controlled by a combination of particle motions as prescribed by the flexural-kinematic model,
the rate and magnitude of footwall block exhumation, and the transient thermal evolution of the crust. In these
models, isotherm geometry is modified by surface-directed heat advection due to uplift in the model footwall and
downward deflection of isotherms in the hanging wall due to sedimentation and burial of relatively cold material
in the model basin.

In the Teton-Yellowstone system, migration of the Yellowstone supercaldera into its present position imparts
additional complexities to the thermal state of the crust and the present-day (and paleo-) isotherm geometry. To
address this, Thigpen et al. (2021) developed multiple 1-D thermal models to estimate along strike variation in
geothermal gradient beneath the Teton Range. In those models, which were constrained by measured surface heat
flow values of Blackwell and Richards (2004), the possible range of upper crustal geothermal gradients were
calculated for a range of representative crustal thermal parameters (e.g., radiogenic heat production, thermal
conductivity, basal mantle heat flux). Near Mount Moran, those models yield a modern upper crustal geothermal
gradient of 26-29°C km ™! for surface heat flow values of ~0.087 W m~2 (Blackwell & Richards, 2004). These
calculations highlight that despite the proximity of the Yellowstone hotspot to the modern Teton range,
geothermal gradient values are not predicted to be anomalously high. The thermal-kinematic models presented
here yield an initial upper crustal thermal gradient of ~27°C km and a final gradient of 27-33°C km™" for the
upper crust beneath the modeled footwall at the end of the model run (Figure 12).

If the geothermal gradient generally represents the crustal heat flow conditions in the upper 5 km of Teton crust,
then integration of the thermal-kinematic and flexural-kinematic models with the thermochronology data pro-
vides critical constraints for Teton fault evolution. As a reminder, for the comparison between the observed and
modeled AHe and AFT systems, we are primarily interested in: (a) the AHe and AFT ages of samples exhumed
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along the footwall transect, (b) the elevation-AHe age slopes along the footwall transect, and (c) the highest
elevation of reset AHe samples along the footwall transect, which is influenced primarily by footwall uplift
magnitude. To enable better direct comparison between the models and the observed transect values for (c), the
approximate elevation of the Jackson Hole valley floor was subtracted from the elevation at which each sample
was collected, to make the elevation of the AHe and AFT samples above the valley floor equivalent to the model
derived points, which has a datum value of O m at the valley floor. For example, the valley floor elevation at the
base of the Moran transect is ~2.06 km, so this is subtracted from the elevation reported for each transect sample
in Brown et al. (2017). As a reminder, the thermal field in the model is initiated at 48 Ma and fault slip in the
constant displacement model begins at ~10 Ma. In the variable displacement model, fault slip begins at 25 Ma and
accelerates at 10 Ma.

Along the Mount Moran transect, AHe data of Brown et al. (2017) and Thigpen et al. (2021) define a high-
elevation elevation-AHe age slope of 95 + 13 m Ma™' (Figure 6c). Additionally, a second age-elevation
gradient of 279 m Ma™' was calculated using a projection from the highest elevation reset Moran transect
sample to an inferred depth of the AHe T, interpreted as the 0 Ma age (Figure 6¢; Thigpen et al., 2021, their
Figure 6d). The inflection point between the two elevation-AHe age slopes, which is generally interpreted as the
time of footwall uplift onset due to fault slip at Mount Moran, is ~10 Ma. Along the Mount Moran transect, reset
AHe ages are observed as high as 0.5 km above the valley floor.

In the constant displacement thermal-kinematic models presented here, all models yield an elevation-AHe age
slope of 40-44 m Ma ™" for the higher elevation parts of the transect and then steeper elevation-AHe age slopes
ranging from 223 to 390 m Ma™" for D, scenarios from 11 to 17 km (Models R2, R3, R5, and R7; Figures 6¢—
10c). For the 9 km D,,,. scenario (Model R1; Figure 6c¢), the magnitude of footwall uplift and subsequent
exhumation is below the threshold to exhume the steeper elevation-age slope that reflects 10 Ma-recent active
fault slip. Model R2, with a D, of 11 km, yields a low elevation slope of 223 m Ma™", slightly lower than that
observed along the Moran transect. However, the top elevation of reset samples in the model is ~0.7 km
(Figure 7c), close to value of ~0.5 km at Mount Moran. Models R3 and RS, which have D,,,,
15 km, yield reset elevation-AHe slopes of 255 m Ma~" and 335 m Ma~', respectively, that bracket the observed
reset elevation-AHe age slope observed at Moran. In the R3 model, the highest elevation reset samples occur at
~1.4 km above the valley floor (Figure 8c), which is just on the high end of the observed values, whilst the reset
samples in the RS model occur at a considerably higher elevation above the valley floor (~1.9 km, Figure 9¢). The
lower elevation-AHe age slope of 390 m Ma™" for Model R7 (D,,,, = 17 km; Figure 10c) is considerably higher

max —

values of 13 and

than the observed gradient at Mount Moran. Combined, these models indicate that, for a fault slip onset of ~10 Ma
and slip at a constant rate, modeled D, values of 11-13 km appear to be most consistent with the observed AHe
values along the Moran transect.

Comparisons between the observed and predicted AFT data in the constant displacement models are generally
less diagnostic of a particular D, value but may yield important insights for a more complex structural evo-
lution. Along the Moran transect, three AFT samples of Brown et al. (2017) for the upper, middle, and lower parts
of the Moran transect yield central ages 38.0 = 3.1 M, 13.6 + 2.0 Ma, and 11.7 & 1.7 Ma, respectively. A fourth
AFT sample from Moran Bay on the North flank of Mount Moran yields a central age of 9.5 £+ 1.4 Ma. Like the
AHe data, the sample elevations have been adjusted to allow direct comparison with the modeled AFT ages
(Figures 6f—10f). In Models R1 and R2, the magnitude of uplift and erosion is not sufficient to exhume partially
reset AFT ages (Figures 6f and 7f). Models R3 and RS yield partially reset (~30 Ma) AFT ages at maximum
elevations of ~0.8 km above the modeled valley floor (Figures 8f and 9f). Of the constant displacement models,
only Model R7 km yields completely reset AFT ages of ~10 Ma that can compare favorably with the observed
AFT ages at low elevations along the Moran transect. In that model, these ages only occur at displacement
magnitudes of 16 and 17 km (Figure 10f), which are significantly higher D, values than those indicated by the
AHe data.

In the R7_25 Model, the highest D, threshold of 17 km yields three elevation-AHe age slopes interpreted to
reflect: (a) exhumation of the unreset or partially reset pre-uplift material above the T, depth (b) the early uplift
pulse at ~25 Ma, and (c) the late (10 Ma-recent) rapid uplift pulse (Figure 11c). Although we would expect
something approximating these three elevation-age slopes to exist for lower displacement thresholds in this
model, the highest elevation-AHe age slope value of ~224 m Ma ™" representing the late uplift pulse predicted at a
D,,... of 17 km is not apparent in the lower displacement models. However, we interpret that lower Dmax values of
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this scenario simply didn't produce a threshold amount of footwall uplift and exhumation to expose material
reflecting this late and fast pulse of uplift, as the total exhumation (and the exhumation from 10 Ma to recent) is
lower in the lower D,, .. models (Figure 11c). We expect that, given sufficient continuing uplift and exhumation, a
relatively high elevation-AHe age slope reflecting the final fault motion pulse would reach the surface at the base
of the model transect. Despite the modeling caveat mentioned above, the predicted AHe age trends show the best
match to the observed data at a D,,,, value of 13—-14 km, and displacement magnitudes as low as 11 km yield
predicted AHe ages that are within error of many of the observed ages (Figure 11c). Like the constant
displacement models, modeled AFT ages for the R7_25 Model generally yield poor fits with the observed AFT
central ages. In this model, only displacement magnitudes of 16 and 17 km yield reset ages of ~18 and ~20 Ma at
low elevations (Figure 11f). However, this model does yield a fit to the observed AHe data at D,,,,, values of 13—
14 km (potentially up to 16 km) without the necessity of producing the relatively steep elevation-AHe slopes
(335-390 mm Ma™") that are significantly higher than the observed data in the lower elevation parts of Teton
Range (~279 m Ma™"). Thus, despite not providing a perfect match to the observed data, the multiphase uplift and
cooling history in Model R7_25 may indicate that the uplift and cooling history of the Teton Range is potentially
more complex than is considered in the constant displacement models.

5.3. Developing a Unified Interpretation for Maximum Teton Fault Displacement

The large range of previous Teton fault displacement estimates (2.1-12.6 km) and slip onset ages of (2-28 Ma;
Table 1) can, at least partially, be attributed to the diversity of techniques and evidence used to constrain in-
terpretations. These include: (a) those that are derived from geophysical data, (b) those that are derived from
stratigraphic cut-offs or rotation of hanging wall stratigraphy and (c) those that are derived from uplift and cooling
studies. Below, we consider these displacement (and fault timing) estimates in the context of our model results.

As mentioned above, integration of thermal-kinematic models and observed AHe data appear to require that
Teton D,,,, values lie between 11 and 13 km for constant displacement models with slip onset at ~10 Ma
(Models R2 and R3), or potentially as high as 16 km if slip is initiated at ~25 Ma (Model R7_25). Mapping
studies (e.g., Love, 1977, 1987; Love & Reed, 1971) that rely on extrapolated cut-offs of the Precambrian-
Paleozoic unconformity in the hanging wall basin yield Teton D,,,. estimates of 7.6-11.0 km that overlap
with the lower end of these modeled D,,,, estimates. Early geophysical studies (Behrendt et al., 1968; Lavin &
Bonini, 1957; Tibbetts et al., 1969) yield similar, albeit slightly lower D,
lower Paleozoic units overlying basement to lie at a maximum depth of 5.0-6.1 km east of Jackson Lake. By

o €Stimates. Those studies interpreted
combining this depth estimate with the ~1.8 km relief at Mount Moran, those studies interpreted a maximum
vertical displacement of 7-8 km for the Teton fault. However, more recent regional subsurface mapping (e.g.,
Blackstone, 1993; Wyoming State Geological Survey, 2022) interpreted the depth to basement in that area is to
be >6.5 km. In those studies, vertical basement offset across the Teton fault near Mount Moran is estimated to
be >8.5 km (28,000 ft; Wyoming Geological Survey, 2022, their Plate 1). In the flexural-kinematic models with
displacements that yield the best fit to the AHe data, the hanging wall basin depth (proxy for depth to basement)
yields similar results, with basin depths of ~6.0 km at a D,,,, of 9 km, ~6.7 km at a D, of 11 km, ~7.5 km
for a D,,,, of 13 km, and ~8 km for D,,,, of 15 km. This overlap between the Wyoming Geological Sur-
vey (2022) estimates and the models presented here highlights a key consistency between hanging wall basin
depths determined from geophysical data and those predicted by the integration of flexural-kinematic modeling
and thermal-kinematic modeling.

Despite the consistencies noted above, a number of studies have proposed Teton fault D,,,, estimates that are
considerably lower. Most of these relatively low Teton D,,,, estimates are derived from rotation of the ~2.06 Ma
Huckleberry Ridge (2.5-3.5 km, Byrd et al., 1994) or ~4.45 Ma Kilgore-Heise tuffs (3.8-6.7 km displacement;
Gilbert et al., 1983; Smith et al., 1993) in the Teton fault hanging wall. In the thermal-kinematic models, no
scenarios with D, values <8 km are capable of reaching a threshold of footwall exhumation that yields reset
AHe ages in the modeled footwall transects (Figure 11). In all of these models, low elevation AHe ages along the
eastern base of the Teton Range are predicted to be much older (at least >20 Ma but more likely >35 Ma),
depending on their prior uplift history. Importantly, Brown et al. (2017) reported reset AHe ages in low elevation
positions along transects for Rendezvous Mountain, Grand Teton, and Mount Moran, as well as multiple low
elevation samples between these transects. Integration of those results with our models leads us to interpret that
not only should the D,,,, value at Mount Moran be >8 km, but most positions along the Teton Range front likely
have experienced total displacements >8 km.
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However, these lower D,,,, estimates derived from rotation of volcanic units and the higher D,,,, values indicated
by our model results need not be mutually exclusive, as the fault displacement magnitude and timing indicated by
rotation of the volcanic tuffs may fit within modeled displacement scenarios presented here. Because differential
rotation of well-dated stratigraphy provides a time component, these lower D, estimates generally require an
explicit (or implicit) minimum age of Teton fault slip onset, which in the case of the volcanic tuffs would be
significantly younger (2.0-4.5 Ma) than the ages determined by inverse thermal history models of AHe and AFT
data (~10 Ma, Thigpen et al., 2021). In the R2 Model with a D, of 11 km, the constant slip rate of 1.1 km Ma™"
yields ~2.2. and ~4.9 km of Teton fault displacement in the final ~2 Ma and 4.45 Ma of model time, respectively.
For the R3 Model with a D,,,,, of 13 km, the 1.3 km Ma™" constant slip rate yields ~2.6 and 5.8 km of Teton fault
displacement for the same time interval. In the case of both the R2 and R3 Models, the displacement predictions
yield broadly similar results with the timing and displacement estimates indicated by the volcanic tuffs. Critically,
this interpretation provides a key integration between low D, /late fault onset estimates and significantly higher
D,,... estimates required to match the observed AHe data in the Teton Range.

max

Placing the observed AFT data of Brown et al. (2017) from Mount Moran into a unified displacement
framework remains as a persistent challenge. In the constant displacement models with slip onset at ~10 Ma,
only D,,,. values of 16 and 17 km in Model R7 yield completely reset AFT ages of ~10 Ma that are similar to
observed AFT ages at low elevations along the Moran transect, however these models yield a poor fit between
modeled and observed AHe data (Figure 11e). In Model R7_25, displacements of 16 and 17 km provide a better
fit between the model predicted and observed AHe data (Figure 11f), and the predicted AFT ages from these
models are older (~20 Ma) than the observed ages at low elevation near Mount Moran (11-13 Ma). We
interpret the results of these models as indicating that the AFT system at Mount Moran may record a more
complex uplift record that, at least in part, could be unrelated to Teton normal faulting and uplift of the modern
Teton Range. Complexities imparted by Laramide deformation prior to Miocene activation of the Teton fault,
including motion on and/or reactivation of the Forellen Peak fault, could have affected the composite thermal
history recorded in these footwall units (e.g., Lageson, 1992). This type of complexity was also recognized in
the previous AFT data from the Teton Range (Roberts & Burbank, 1993), which was interpreted to indicate
uplift of the basement block containing the proto-Teton Range prior to the onset of Teton fault extension. To
better characterize this older uplift history, a more comprehensive study that includes more AFT samples or
even employing a thermochronology technique with a higher 7, than the AFT system may be required. Un-
fortunately, because the study of Roberts and Burbank (1993) preceded the zeta calibration technique employed
for AFT data in Brown et al. (2017), the two data sets cannot be simply integrated or even directly compared.
Despite these challenges imparted by the AFT data, the consistencies between the model results presented here,
the observed AHe data from Mount Moran, and the previous geophysical and mapping studies (including
integration of the relatively low D,,,, estimates of multiple studies) leads us to interpret that the Teton fault in
the vicinity of Mount Moran likely records a D,,,, of >8 km from Miocene to recent, with modeled D,,,. values
of 11-16 km providing the best fit to the observed AHe data.

6. Conclusions

This analysis, which involves integration of flexural-kinematic and thermal-kinematic modeling with thermo-
chronology to test evolutionary models of crustal-scale normal faults, provides critical insights for the
displacement history of the Teton fault and uplift of the Teton Range. Previous studies have shown how footwall
uplift in extensional systems is primarily a function of crustal flexural parameters, fault geometry and detachment
depth, and displacement magnitude, and other studies have demonstrated the utility of using footwall age-
elevation thermochronology gradients to deduce uplift histories. However, the integration of particle flow vec-
tors derived from flexural-kinematic scenarios into the modified Pecube-D thermal code allows for calculation of
potentially more complex particle 7-¢ histories that result from the interplay of fault motion, isostasy, footwall
erosion, and uplift-related heat advection. In our analysis, flexural-kinematic model with relatively low T,
(~5 km) yield the best-fit to the flexural profile of the Teton Range and of those models, only those with D,
significantly >6 km can produce footwall uplift magnitudes sufficient to account for the total eroded thickness
footwall overburden (2.0-2.3 km) and the preserved modern relief near Mount Moran (~1.8 km). Thermal-
kinematic models of these flexural scenarios with D,,,, values of 11-13 km and Teton fault displacement
initiating at ~10 Ma provide the best fit to observed AHe data at Mount Moran. However, these models only yield
relatively young AFT ages (~10 Ma) observed at the base of Mount Moran in models with D,,,, values >16 km. A
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more complex model with slip initiating at ~25 Ma and accelerating at ~10 Ma provides a relatively good fit to
AHe dataup to D, values of 16 km, however those models yield predicted AFT ages of ~20 Ma near the base of
Mount Moran. We interpret these complexities in the higher 7, AFT system as potentially impacted by an older

max

and perhaps more complex uplift history for the basement block now dissected by Miocene motion on the Teton
fault. Even with these complexities in the deeper thermal history noted, this example highlights the how a
workflow previously applied to thrust belts can provide key constraints for evolutionary models of complex and
potentially controversial extensional structural systems.
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