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ABSTRACT

Thrust systems are a primary mechanism for accommodating the conver-
gent component of oblique plate motion and are therefore key players in the 
structural development of transpressional orogens. In southern Alaska, the 
Denali fault system is a highly partitioned dextral-convergent fault system 
spatially coincident with Alaska Range topography and thus offers an oppor-
tunity to evaluate the evolution of range-bounding thrust systems in orogens 
resulting from oblique plate motion. Our analysis is focused on the late Mio-
cene–Present McCallum Creek thrust system, which consists of the McCallum 
Creek reverse fault and a kinematically linked foreland thrust system south of 
the Denali fault in the eastern Alaska Range. Apatite fission-track cooling ages, 
tephrachronology, and balanced cross sections indicate that convergence 
partitioned to the McCallum Creek thrust system has accommodated ~4 km 
of rock exhumation and ~5.5 km of south-vergent shortening since hanging 
wall rocks passed through the apatite fission-track partial annealing zone at 
ca. 6 Ma. A blind foreland thrust system developed after ca. 3.8 Ma and was 
subsequently overtaken by out-of-sequence slip on the main McCallum Creek 
fault. Incised segments of modern streams, perched terraces, and tilted Qua-
ternary deposits suggest that foreland structures are active in the Quaternary. 
Shortening on the McCallum Creek thrust system is oriented at a high angle 
to the Denali fault, making the McCallum Creek thrust system one of the only 
known structures south of the Denali fault in the Alaska Range to accommo-
date the collisional mode of active deformation in southern Alaska. The late 
Miocene reactivation of faults in the McCallum Creek area likely records evo-
lution of the Denali fault system in response to modification of the southern 
Alaska convergent plate boundary.

INTRODUCTION

Thrust faults have been identified as key structures contributing to topo-
graphic development and basin evolution in long-lived strike-slip fault systems 
(Meisling and Weldon, 1989; Erdman and Kelsey, 1992; Yin et al., 2002). Often, 

regions experiencing oblique convergence give rise to an active transpres-
sional orogen wherein the components of overall plate motion are partitioned 
into a central strike-slip fault with thrust faults at the topographic margins of 
the range (e.g., the California Coast Ranges; Unruh and Moores, 1992). In the-
oretical and analog models of oblique convergence, shortening structures are 
observed to develop both parallel and oblique to the master strike-slip fault, 
which has been interpreted to reflect the convergence angle of relative plate 
motion (Sanderson and Marchini, 1984; Tikoff and Peterson, 1998). Natural 
orogens accommodating oblique convergence contain active shortening 
structures at variable orientation with respect to the master strike-slip fault 
(e.g., Stein and Ekström, 1992), which may reflect a more complicated relation-
ship between convergence angle and the orientation of contractional struc-
tures. Furthermore, the magnitude of fault-normal plate motion may change 
along strike of the strike-slip fault system (e.g., Little et al., 2005; Spotila et al., 
2007), which predicts that thrusts may form continually during evolution of the 
fault system and that the relative importance of existing thrusts may change 
as they are translated along strike. Thus, a time-integrated model of thrust 
system development in the context of strike-slip translation and fault system 
evolution is necessary to better understand the spatial and temporal changes 
in strain accumulation, seismicity patterns, topographic growth, and basin de-
velopment in obliquely convergent tectonic settings.

Transecting southern Alaska, the Alaska Range is the topographic expres-
sion of the Denali fault system, a Cenozoic dextral-convergent fault system 
(e.g., Richter and Matson, 1971). Approximately 20% of the modern Pacific–
North America (PAC-NAM) relative plate motion is transferred from the south-
ern Alaska convergent plate margin inboard to the Denali fault system (cf. Mat-
mon et al., 2006; Elliott et al., 2013) (Fig. 1). Oblique convergence across the 
Denali fault system is accommodated by dextral slip on the master Denali fault 
and thrusting on faults at the northern (Bemis and Wallace, 2007; Burkett et al., 
2016) and southern (Haeussler, 2008; Riccio et al., 2014) margins of the Alaska 
Range. Thrusts in the Northern Foothills fold and thrust belt strike subparallel 
to the curved Denali fault and record 1–4 mm/yr of Denali fault-normal con-
vergence north of the Denali fault (Bemis et al., 2015). At the southern margin 
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of the Alaska Range, thrust faults west of 145.7°W (the Delta River) generally 
strike oblique to the Denali fault and are interpreted to accommodate counter-
clockwise rotation of the crust south of the fault (Stout and Chase, 1980; Haeus
sler, 2008) (Fig. 2). To the east of 145.7°W, one range boundary thrust south of 
the Denali fault, the McCallum Creek fault, strikes parallel to the Denali fault 
and accommodates late Cenozoic Denali fault-normal shortening (Ridgway 
et al., 2002). The variable orientation of thrust faults south of the Denali fault 
implies that they generally accommodate contrasting modes of regional block 
motion: Denali fault-normal contraction east of 145.7°W and rotation-related 
convergence to the west. Understanding the activity of these variably oriented 
thrust faults through time and how they interact to accommodate relative plate 
motion requires knowledge of fault kinematics, geometry, and timing of slip.

Here, we present new geologic mapping, structural data, and six new apa-
tite fission-track (AFT) cooling ages from plutonic and low-grade metavolcanic 
rocks to reveal the late Miocene–Quaternary shortening history for the Mc-
Callum Creek fault and a kinematically linked system of blind thrust faults de-
forming the foreland basin. Acknowledging that the McCallum Creek fault has 
experienced earlier phases of slip (e.g., Terhune et al., 2015; Benowitz et al., 

2015), our description of the McCallum Creek thrust system herein refers only 
to convergent deformation that occurred from the late Miocene to Quaternary. 
We deduce a sequence of events describing the evolution of the thrust system, 
integrate our findings with other geologic data to estimate the rate of Denali 
fault-normal convergence east of 145.7°W, and propose features of the thrust 
system that may inform analyses of thrust systems in other orogens respond-
ing to obliquely convergent plate motion.

REGIONAL GEOLOGIC CONTEXT

Architecture of the Denali Fault System

The Denali fault system is an active dextral-convergent fault system, which 
primarily occupies the suture between pericratonic metamorphic terranes in 
the north and allochthonous oceanic terranes in the south (Fitzgerald et al., 
2014) (Fig. 1). East of 145.7°W, the Denali fault system predominately juxta-
poses 35–40 km thick mafic crust of the Wrangellia island arc terrane against 
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Figure 1. Hillshade map showing the 
McCallum Creek fault relative to terrane 
geology and the key tectonic boundaries 
in southern Alaska and adjacent Canada. 
Terrane geology is simplified from Colpron 
and Nelson (2011). Red fault sections have 
known Quaternary slip (Koehler, 2013). 
Sections of the Denali and Totschunda 
faults are annotated with the average geo-
logic slip rates (in mm/yr) from Haeussler 
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is from Fletcher and Freymueller (2003), 
and the Pacific (PAC)–North America vector 
is from Eberhart-Phillips et  al. (2006). The 
area of Figure 2 is outlined. B.C.—British 
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~30 km thick felsic crust of the parautochthonous North American continen-
tal margin (Nokleberg et al., 1982; Dusel-Bacon et al., 2017; Miller et al., 2018) 
(Fig. 2). Localized fault-bounded packages of Late Jurassic–Cretaceous mar-
ginal marine strata (Kahiltna basin) also crop out along this section of the fault 
(Wilson et al., 2015). West of 145.7°W, the Denali fault intersects a large region 
of tectonically thickened (~45 km) crust composed of Kahiltna strata, plutons, 
and miscellaneous crustal fragments within the Alaska Range suture zone 
(Ridgway et al., 2002; Brennan et al., 2011; Nokleberg et al., 2013) (Fig. 2). Our 
study area is at the transition between these two regions of contrasting geol-
ogy and crustal structure.

Thrust systems north and south of the Denali fault are responsible for out-
ward expansion of Alaska Range topography (Bemis and Wallace, 2007; Riccio 
et al., 2014; Bemis et al., 2015; Terhune et al., 2015). The Northern Foothills fold 
and thrust belt comprises a series of north-vergent thrusts and backthrusts, 
which accommodate Pliocene–Present convergence at the northern margin 
of the Alaska Range (Bemis and Wallace, 2007) (Fig. 2). South of the Denali 
fault, the Cenozoic history of convergence is poorly understood. From west 
to east, potentially significant Cenozoic shortening structures south of the 

Denali fault include the Colorado Creek, Broad Pass, Susitna Glacier, Broxson 
Gulch, and McCallum Creek faults (Haeussler, 2008; Haeussler, et al., 2017a, 
2017b) (Fig. 2). Oligocene slip on the Colorado Creek thrust fault (Trop et al., 
2004, 2014), Neogene–Quaternary slip on the Broad Pass fault (Haeussler et al., 
2017a), Neogene and historic activity on the Susitna Glacier thrust fault (Crone 
et al., 2004; Riccio et al., 2014), Cenozoic and historic(?) activity on the Brox-
son Gulch fault (Stout and Chase, 1980; Doser, 2004; Waldien et al., 2016), and 
late Miocene–Present activity on the McCallum Creek fault (Weber and Turner, 
1977; Ridgway et al., 2002; Benowitz et al., 2007; this study) show that splay 
faults on the south side of the Denali fault also accommodate significant Ceno-
zoic shortening across the Alaska Range orogen.

Late Cenozoic Exhumation and Shortening in the Alaska Range

Low-temperature thermochronometry, often applied to Cretaceous and 
Cenozoic plutonic rocks in the Alaska Range, has helped elucidate the spa-
tial and temporal distribution of strain accommodation within the Denali fault 
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system (Fig. 2). K-feldspar (closure temperature [Tc] ~350–150 °C; Lovera et al., 
2002) and muscovite (Tc ~400 °C; Harrison et al., 2009) 40Ar/39Ar thermochro-
nometry shows the onset of rapid (~20–25 °C/m.y.) cooling of rocks north of 
the Denali fault near the Hayes restraining bend starting at ca. 24 Ma and is at-
tributed to flat-slab subduction of the Yakutat (YAK) microplate at the southern 
Alaska plate margin (Benowitz et al., 2011; 2014) (Fig. 2). Apatite fission-track 
(Tc ~120–100 °C; Gallagher et al., 1998) and apatite (U-Th)/He (AHe) (Tc ~75–
70  °C; Wolf et  al., 1996) ages on rocks north of the Hayes restraining bend 
show that this long-term cooling trend is also documented in lower-tempera-
ture thermochronometers (Benowitz et al., 2011; Perry, 2014).

Low-temperature cooling ages from previous studies show localized epi-
sodic Neogene exhumation in regions of the Alaska Range south of the De-
nali fault. Apatite fission-track and AHe cooling ages near Denali in the central 
Alaska Range show slower (~15 °C/m.y.) cooling starting in the late Oligocene 
transitioning to rapid (~30 °C/m.y.) cooling at ca. 6 Ma (Fitzgerald et al., 1993, 
1995; Benowitz et al., 2012; Perry, 2014; Burkett et al., 2016) (Fig. 2). K-feldspar 
40Ar/39Ar, AFT, and AHe cooling ages from the Tordrillo Mountains in the west-
ern Alaska Range show a complicated cooling path starting in the Eocene and 
switching to rapid (~20 °C/m.y.) cooling at ca. 6 Ma (Haeussler et al., 2008; Beno-
witz et al., 2012). The location of these young cooling ages in areas of high topo-
graphic relief and near mapped faults suggests that slip on structures in the 
Denali fault system near the margin of high topography facilitates rock uplift, 
rapid erosion, and resulting exhumation. As a result, locations with rapid Ceno-
zoic bedrock cooling in the Alaska Range likely record slip on structures that ac-
commodate far-field deformation from the southern Alaska convergent margin.

Thrust faults south of the Denali fault in the eastern Alaska Range have 
been suspected to be important Neogene convergent structures (Stout and 
Chase, 1980; Plafker et al., 1994; Ridgway et al., 2002). Initiation of the 2002 
Mw 7.9 Denali earthquake on the Susitna Glacier thrust fault (Eberhart-Phillips 
et al., 2003; Crone et al., 2004; Haeussler et al., 2004) prompted examination of 
the Neogene exhumation history for this structure (Riccio et al., 2014). Apatite 
fission-track and AHe cooling ages from across the Susitna Glacier thrust in-
dicate that it has not facilitated significant exhumation since the mid-Miocene 
(Riccio et al., 2014), and low-temperature cooling ages from the south side of 
the Hayes restraining bend show only minor regional exhumation since ca. 
15–20 Ma (Benowitz et al., 2011, 2014; Perry, 2014; Waldien et al., 2017). Con-
versely, the steep topographic gradient across the McCallum Creek fault trace 
(>1000 m of relief in less than ~2 km distance) and deformed, and locally over-
turned, Pliocene strata (Ridgway et al., 2002; Allen, 2016) in the footwall of the 
fault illuminate this structure as a potentially significant Pliocene–Quaternary 
shortening structure at the southern margin of the Alaska Range.

The McCallum Creek Fault

The McCallum Creek fault coincides with a steep topographic gradient at 
the southern margin of Alaska Range east of the Delta River (Figs. 2 and 3) and, 
largely based on the lack of detailed studies, is listed as a “pre-Quaternary” 

fault in the Alaska Division of Geological and Geophysical Surveys (DGGS) 
active fault database (Koehler, 2013). However, the steep topographic gra-
dient across the fault trace and the abundance of aftershocks near the fault 
immediately following the 2002 Mw 7.9 Denali earthquake suggest that the 
McCallum Creek fault is an active component of the Denali fault system, de-
spite the lack of evidence for a surface rupture on the fault during the 2002 
event (Ratchkovski et  al., 2003, 2004; Haeussler et  al., 2004). Alignment of 
aftershock hypocenters corroborates seismic reflection (Brocher et al., 2004), 
gravity, and magnetic (Fisher et al., 2004) data locating the McCallum Creek 
fault as a moderately N-dipping structure in the subsurface (Fig. 4). Apatite 
fission-track and AHe ages from crystalline bedrock in the hanging wall of the 
McCallum Creek fault show rapid cooling through the Pliocene (Perry, 2014; 
this study), coeval with foreland basin development in the footwall (Weber 
and Turner, 1977; Kunk, 1995; Allen, 2016). The folded late Miocene–Pliocene 
foreland strata contain material partially derived from the hanging wall of the 
fault (Allen, 2016). This sum of evidence suggests the McCallum Creek fault 
has been active as a thrust splaying from the Denali fault since at least the late 
Miocene. The Eocene to late Miocene history of this deformation zone is not 
a focus of this study but is currently being investigated (Terhune et al., 2015; 
Fitzgerald et al., 2017).

A reconstruction of the late Miocene–Quaternary evolution of the McCal-
lum Creek thrust system is needed to: (1) better quantify the magnitude of 
active Denali fault-normal shortening across the Alaska Range east of 145.7°W; 
(2) provide additional boundary conditions to reconstruct upper-plate defor-
mation in the southern Alaska convergent margin; and (3) better characterize 
the potential seismic hazard to citizens and infrastructure (Trans-Alaska pipe-
line, Richardson highway, etc.) in the region of the fault.

METHODS

Fault Kinematics

We used criteria outlined by Petit (1987) and Doblas (1998) to record and 
interpret brittle kinematic indicators at four locations in the damage zone of the 
McCallum Creek fault (locales 17ATW-16, 14ATW-42, 14ATW-23, and 14ATW-02 
in Fig. 3). At each locale, we measured the shear plane surface orientation, brit-
tle lineation rake within the shear plane, and slip sense on at least 20 surfaces 
within an ~10 m radius on the outcrop. We used FaultKin software (Marrett and 
Allmendinger, 1990; Allmendinger et al., 2012) to plot these fault-slip data and 
produce a fault-plane solution describing the fault kinematics for each locale 
(FaultKin methods in Supplemental File S11). Fault-plane solutions produced 
from fault zone slickenline measurements are referred to in the text as the 
“measured fault-plane solutions.”

Because inversions of seismicity may reliably approximate the orien-
tations of the strain rate axes for an associated deformation (Unruh et al., 
1996), we compare our measured fault-plane solutions to inversions of his-

SUPPLEMENT S1: FAULTKIN METHODOLOGY1

Slickenlines and slickenfibers record one phase of slip on an individual fault plane. 2

Assuming the local stress field determines the attitude of newly formed faults (as predicted by 3

the Mohr-Coulomb criterion), the statistical analysis of populations of slickenlines with minor 4

displacements on a large number of differently oriented brittle faults can be averaged to infer the 5

orientation of the principal incremental strain axes describing the deformation, and thereby give 6

insight into the recorded kinematic history of brittle faulting (Gapais et al., 2000; Twiss and 7

Unruh, 2007).8

Faultkin is free software that uses fault slip data to create a graphical representation (fault 9

plane solution) of the principal extension (T) and shortening (P) axes for a given population of 10

faults. Input parameters include the orientation, slip direction (rake), and sense of slip for each 11

fault plane, which are measured from the outcrop. We ranked the kinematic measurements based 12

on our confidence in the accuracy of each interpretation: ‘A’ (sure of the interpretation), ‘B’ 13

(reasonably sure of the interpretation), or ‘C’ (not sure of the interpretation). These data are input 14

to the Faultkin program and plotted on a stereonet. The principal axes of extension (T) and 15

contraction (P) for each fault plane are determined by assuming they are oriented at 45 degrees to 16

the slip vector and contained within a plane perpendicular to the fault plane (Marrett and 17

Allmendinger, 1990). Faultkin contours the T and P axes of the population of faults using the 18

Kamb (1959) method and divides the contoured T and P axes using the Angelier (1979) method 19

for calculating T and P dihedra (Marrett and Allmendinger, 1990). The result of these 20

calculations is a graphical representation of the deformation recorded by all input fault planes 21

(fault plane solution). We interpret these fault plane solutions to represent the kinematics of the 22

fault zone at the location of field measurements. In our analyses, including ‘C’ and ‘B’ 23

confidence level measurements did not significantly change the output fault plane solution, so we 24

include the low-confidence measurements in our analysis. We use our geologic mapping to 25

identify the appropriate nodal plane of the resulting fault plane solution as the fault plane. 26

1Supplemental Files. Geochronology methods, struc-
tural analysis methods, and detailed map. Please 
visit https://​doi​.org​/10​.1130​/GES01676​.S1 or access 
the full-text article on www​.gsapubs​.org to view the 
Supplemental Files.
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toric seismicity in the region of the fault (Fig. 4). Ratchkovski et al. (2004) 
present a suite of stress-tensor inversions along strike of the Denali fault 
system for seismicity during two time periods: (1) leading up to the 2002 Mw 
7.9 Denali earthquake and (2) during and after the 2002 Denali earthquake. 
Ratchkovski et al. (2004) present these stress-tensor inversions as orienta-
tions of principal stress axes. Interpreting the inverted stress axes as strain 
rate axes (e.g., Twiss and Unruh, 1998), we construct a suite of fault-plane 

solutions using the trend of the principal shortening strain rate axis and 
the orientation of the McCallum Creek fault measured from the geologic 
map. In the following text, we refer to these fault-plane solutions as the 
“predicted fault-plane solutions.” Comparing the measured and predicted 
fault-plane solutions allows us to test if the fault slip measured in the field 
is consistent with the current strain rate axis orientations on the McCal-
lum Creek fault. Relating slickenline data to stress-tensor inversions from 
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historic earthquakes assumes that the slickenlines exposed in the damage 
zone of the McCallum Creek fault formed during the most recent phase of 
slip for the fault and that the seismicity data used for stress-tensor inver-
sions represent motion on the McCallum Creek fault through this phase of 
slip over geologic time. Acknowledging these assumptions, we compare 
measured fault-plane solutions to predicted fault-plane solutions in order 
to determine the convergence direction across the McCallum Creek fault 
since the late Miocene.

Balanced Cross Sections

Our new geologic mapping at 1:10,000 scale on base maps constructed 
from interferometric satellite aperture radar (IfSAR) Alaska digital terrain model 
data (~5 m raster resolution; ifsar​.gina​.alaska​.edu) emphasizes the geometry of 
folds associated with the McCallum foreland thrust system and the relation-
ship between these folds and the McCallum Creek fault. We used the trishear 
fault propagation fold function in the Move software package (www​.mve​.com) 
to iteratively produce forward kinematic models for cross sections A–G (Fig. 5; 
Plate 1). To quantify the amount of shortening absorbed by structures in the 
foreland thrust system, the cross sections are area balanced using the program 
AreaErrorProp (Judge and Allmendinger, 2011). Our area balancing approach 
incorporates adjustments to the taper and thickness of the initial stratigraphic 
wedge and décollement location to explore uncertainties within these parame-
ters, resulting in a range of area-shortening values for each cross section. The 
suite of forward modeled cross sections bracket the minimum and maximum 
shortening magnitudes in the foreland thrust system. We selected a preferred 
model for each cross section, which adequately fits surface geologic data and 
has reasonable geometry in regions of no exposure. See Supplemental File S2 
(footnote 1) for cross section model parameters and detailed methods.

Apatite Fission-Track Thermochronometry

We use AFT thermochronometry to constrain the cooling history of six 
bedrock samples in the hanging wall of the McCallum Creek fault (samples 
14ATW-34B, 14ATW-45, 14ATW-50, 14ATW-52, 81COL, and 01CAN; Fig. 3). The 
AFT system records cooling below temperatures of ~120–100  °C (Gallagher 
et al., 1998). All AFT analyses were performed using the laser ablation–induc-
tively coupled plasma–mass spectrometry (LA-ICP-MS) method (Hasebe et al., 
2004; Donelick et al., 2005) at GeoSep Services. Semiquantitative information 
regarding cooling rate and reheating conditions may be gleaned from track-
length distributions and fission-track orientation with respect to the crystallo-
graphic c-axis (e.g., Green et al., 1986; Donelick et al., 2005). See Supplemental 
File S3 (footnote 1) for standard sample preparation and LA-ICP-MS AFT meth-
odology for GeoSeps Services.
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The AFT cooling age gives only the minimum time that a sample cooled be-
low ~120–100 °C and therefore does not capture the complete thermal history. 
To produce a more complete thermal history of rocks in the hanging wall of the 
McCallum Creek fault, we performed thermal modeling using the HeFTy soft-
ware (Ketcham, 2005), which incorporates single-grain AFT ages, measured 
confined track lengths, the kinetic parameter Dpar, thermal conditions from 
the existing geochronology, and the mean annual surface temperature. HeFTy, 
which fits cooling curves to the input criteria using a Monte Carlo randomiza-
tion, ran for 20,000 model iterations for each sample. The cooling curves gen-
erated by HeFTy are compared to the input data and assigned a goodness of 
fit value of either “good” (GOF >0.5) or “acceptable” (GOF >0.05). HeFTy calcu-
lates a weighted mean cooling path from all model iterations with a GOF >0.05.

RESULTS

Geology of the McCallum Creek Area—
Review and New Field Observations

Pennsylvanian–Eocene Bedrock Geology

Previously published geologic maps of the McCallum Creek area by Han-
son (1963), Bond (1976), Nokleberg et al. (1982), and Nokleberg et al. (1992a) 
range in scale from ~1:40,000–1:250,000 and primarily emphasize pre-Oligo-
cene Wrangellia bedrock exposed in both the hanging wall and footwall of the 
McCallum Creek fault. Wrangellia strata in the McCallum Creek area consist of 
the Pennsylvanian–Permian volcanic and clastic strata related to the Skolai arc, 
Permian Mankommen Group carbonate and clastic strata, and Triassic Nikolai 
flood basalt (Bond, 1973, 1976; Nokleberg et al., 1992a). Because Mankommen 
Group strata are volumetrically significant in the field area and Nikolai strata 
are not, we distinguish only the Mankommen Group from other Wrangellia 
strata in the map area (Plate 1). Small volume igneous bodies ranging from 
ultramafic to intermediate in composition intrude Skolai arc strata but are ab-
sent from Mankommen group strata (Bond, 1976). Granitoid plutons intrude 
and are faulted against the Pennsylvanian–Permian Wrangellia strata (Bond, 
1976). The granitoid suite is not well dated; however, K/Ar hornblende ages 
of ca. 325 Ma and 110 Ma (Nokleberg et al., 1992b) suggest that the plutonic 
complex has both a Pennsylvanian component related to the Skolai arc and 
an Early Cretaceous component related to the Chisana arc, which is described 
farther to the east within Wrangellia (Richter, 1976; Trop et al., 2002). All Paleo-
zoic–Triassic strata in the map area are unconformably overlain by and faulted 
against a suite of Eocene volcanic strata (Bond, 1976) (Fig. 5; Plate 1).

In our mapping (Plate 1), we fundamentally re-interpret the bedrock geol-
ogy at three locations in the hanging wall of the McCallum Creek fault (Loca-
tions 1, 2, and 3 on Fig. 5 and Plate 1). At locations 1 and 2, we re-interpret re-
lationships between map units. At location 3, we re-define metamorphic units 
to better define the location of the Broxson Gulch fault.

Location 1: Our mapping in the eastern portion of the field area shows that 
intermediate to felsic plutonic rocks intrude the Mankommen Group east of 
the Gulkana glacier (Fig. 6A). This contact was previously mapped as a fault 
(see Bond, 1976; Nokleberg et al., 2015); however, the non-planar nature of 
the contact, contact metamorphism of the Mankommen strata, and lack of 
continuous tectonized rock at the contact indicate this is an intrusive rela-
tionship. The contact between Wrangellia strata and the southern margin 
of the plutonic complex is a fault west of the Gulkana glacier. We interpret 
that this fault cuts the intrusive contact obliquely under Quaternary cover 
and continues to the southeast, juxtaposing the plutonic complex against 
Eocene volcanic rocks (Fig. 5; Plate 1).

Location 2: The eastern portion of the map area contains a bimodal volcanic and 
volcaniclastic unit in the hanging wall of the McCallum Creek fault. The vol-
canic rocks are dated at ca. 49 Ma (Bond, 1976; Nokleberg et al., 1992a). Bond 
(1976) mapped the Eocene volcanic unit as a number of fault-bounded blocks 
juxtaposed against the Mankommen Group and Nikolai greenstone. While 
these units are tectonically juxtaposed at some locales in the area, many 
of the contacts are non-planar surfaces where the poorly indurated Eocene 
volcanic unit surrounds a cliff of older Mankommen strata (Fig. 6B). Locally, 
the Eocene volcanic strata are topographically lower than and surrounded 
by outcrops of older strata on all sides. We interpret these map patterns to 
record deposition of the Eocene volcanic strata onto a landscape of incised 
valleys separated by ridges of Mankommen Group strata. The Eocene vol-
canic rocks are likely internally faulted and folded. However, the complex 
volcanic stratigraphy and poor induration make these structures cryptic. Re-
solving the volcanic stratigraphy to better understand the structure within 
the Eocene volcanic unit is not part of our analysis but is a focus of ongoing 
research (Fitzgerald et al., 2017). We acknowledge that the Cenozoic tectonic 
evolution of southern Alaska has resulted in long-lived deformation zones 
with polyphase slip histories (e.g., Betka et al., 2017; Rosenthal et al., 2017). 
The Eocene bimodal volcanic strata in the hanging wall of the McCallum 
Creek fault may record that extension was the dominant deformation style 
in the McCallum Creek area during the Eocene (e.g., Terhune et al., 2015).

Location 3: The northwestern corner of the map area contains metamorphic 
rocks with a variety of protolith compositions. These metamorphic rocks have 
been grouped into a single map unit on all previous maps. In our mapping, 
we observe that a ~30 m thick brittle shear zone intersects the metamorphic 
rocks and coincides with a major break in protolith composition. Rocks north 
of the brittle shear zone primarily have protolith compositions of graywacke 
and mudstone with subordinate carbonate. Rocks to the south are metamor-
phosed from mafic and ultramafic igneous rocks. Based on mapping, petrog-
raphy, and geochronology from rocks west of the Delta River (Stout, 1965; Wal-
dien et al., 2016), we interpret the brittle shear zone juxtaposing metamorphic 
rocks in the northwest corner of the map area as the Broxson Gulch fault. A set 
of NE-striking tear faults offsets the Broxson Gulch fault with apparent sinistral 
separation (Plate 1). The orientation and sense of separation on the tear faults 
are consistent with ~N-S convergence across the Broxson Gulch fault.
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Miocene–Pliocene Foreland Basin Strata

Mapping presented here (Fig. 5; Plate 1) focuses on the stratigraphy and 
structure of the McCallum foreland basin strata exposed in the footwall of the 
McCallum Creek fault. These Miocene–Pliocene strata consist of a lower mud-
stone-rich member and an upper gravel-rich member, collectively referred to 
herein as the McCallum Formation.

The lower member of the McCallum Formation consists of poorly indu-
rated, well bedded lithic rich sands and muds with intercalated tephras and 
abundant lignite (Allen, 2016). Only ~100 m of the lower member are exposed 
in the map area, but the strata are more exposed along strike to the east (Allen, 
2016), and the total thickness is likely ≥1000 m based on reflection seismology 
(Brocher et al., 2004) and gravity (Morin and Glen, 2003) observations from the 

Trans-Alaska Crustal Transect (TACT line shown in Fig. 3). Although the base of 
the lower member is not exposed, it likely unconformably overlays Paleozoic–
Cenozoic strata equivalent to those exposed in the hanging wall of the McCal-
lum Creek fault (Brocher et al., 2004). Because the base is not exposed, the 
timing of initial deposition of the McCallum Formation is unknown. However, 
volcanic ash beds in the lower member of the McCallum Formation indicate 
deposition into the basin was underway by ca. 6 Ma (Kunk, 1995; Benowitz 
et al., 2007; Allen, 2016).

The upper member of the McCallum Formation conformably overlies the 
lower member and consists of moderately well bedded coarse gravels with 
intercalated sand lenses, minor lignite, and tephra (Allen, 2016). A composite 
measured stratigraphic section suggests that ~215 m of the upper member are 
exposed in the footwall of the McCallum Creek fault in the map area (Allen et al., 
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Figure 6. Field photos of geologic features in the McCallum 
Creek area. Azimuths of all photograph views are given, and 
photo locations are shown on Figure 3. (A) Granitoids (i—gray 
outcrops) intruding the Mankommen Group strata (Pmk—red 
outcrop) in the hanging wall of the McCallum Creek fault east 
of the Gulkana glacier. (B) Erosion-resistant carbonates of the 
Mankommen Group (Pmk) surrounded by poorly indurated Eo-
cene volcanic rocks (Pgvs). The carbonate pillars shown in this 
photo are named “The Hoodoos.” (C) Tilted glacial outwash 
strata (Q) unconformably overlaying upper McCallum Forma-
tion strata (Nc) in the forelimb of the fold in cross section F 
(left side of photo) and incised segment of Phelan Creek in 
the backlimb of the fold. The glacial outwash surficial deposit 
(Q) unconformably overlays an older glacial deposit (QNog) 
in the backlimb of the fold in cross section F. Glacial strata in 
the backlimb of the fold either dip modestly northward or are 
flat-lying. Bedding dip symbols are the same as Figure 5 and 
Plate 1. (D) Satellite image (from Bing) showing incised seg-
ments of Phelan Creek (large arrows) in the footwall of the Mc-
Callum Creek fault. The eastern incised segment is deflected to 
the west creating the drainage divide between the Bering Sea 
and Pacific Ocean. The drainage divide may be structurally con-
trolled by a tear fault between cross sections F and G (cf. Fig. 5 
and Plate 1). Tilted glacial outwash strata are annotated with 
bedding attitude symbols. (E) A tear fault juxtaposes the upper 
McCallum Formation conglomerate (Nc) against lower McCal-
lum Formation sandstone (Ns). Strata dipping ~20°N on the 
left side of the photo are in the backlimb of the fold in cross 
section  B (Plate 1). Strata dipping ~17°N on the right are in 
the backlimb of the southern fold in cross section C (Plate 1). 
Paleozoic Wrangellia strata (Pzw) are exposed in the hanging 
wall of the McCallum Creek fault (MCF) in the background. 
(F) Paleozoic Wrangellia rocks (Pzw) thrust on top of McCal-
lum Formation conglomerate (Nc). The dipping conglomerate 
strata are in the backlimb of the northern fold in cross section C 
(Plate 1). Geologic map unit labels are presented in the legend 
of Figure 5 and Plate 1.
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2014) (Fig. 5), but geologic mapping (Plate 1) suggests the preserved thickness 
may be as much as 400 m near the McCallum Creek fault and the unit thins 
toward the south. The lower ~215 m of the upper member is conformable with 
no evidence for growth strata (Allen, 2016). 40Ar/39Ar tephrachronology brackets 
the onset of conglomerate deposition at ca. 5 Ma (Kunk, 1995; Benowitz et al., 
2007; Allen, 2016). A 3.80 ± 0.05 Ma (40Ar/39Ar glass) tephra bed ~200 m above 
the base of the upper member indicates conformable deposition of the con-
glomerate lasted at least until this time (Allen, 2016) (Fig. 5; Plate 1).

Plio-Pleistocene(?) deposits overlie the upper member of the McCallum 
Formation. One Plio-Pleistocene deposit (map unit QNog, Fig. 5; Plate 1) is 
tilted ~6°N in the Gulkana glacier valley (cross section F). The contact between 
the upper McCallum Formation and this Plio-Pleistocene glacial unit is not 
exposed but is hypothesized to be an angular unconformity. A coarse, clast 
supported, poorly sorted, and poorly bedded unit interpreted to be a debris 
flow fanglomerate (map unit QNf) overlies the upper McCallum Formation in 
the eastern portion of the field area at cross section G (Fig. 5; Plate 1). Crude 
bedding in the fanglomerate dips up to 32°S, similar to the underlying upper 
McCallum Formation in this location. Because debris flow deposits may be 
emplaced with several degrees of dip (Hooke, 1968; Whipple and Dunne, 1992), 
it is possible that the fanglomerate was deposited with a significant initial dip. 
This would imply that the contact between the fanglomerate and upper Mc-
Callum Formation is an angular unconformity and that the fanglomerate is 
sourced from the north. However, the contact between the fanglomerate and 
upper McCallum Formation is not well exposed, making this interpretation 
speculative.

Quaternary Geology

Holocene(?) glacial and modern alluvial deposits unconformably overlie 
much of the bedrock geology in the McCallum Creek area. Because our analy-
sis is primarily focused on the Neogene evolution of the McCallum Creek thrust 
system, we have lumped all surficial deposits on Figure 5 and Plate 1. A com-
plete bedrock and surficial geologic map is forthcoming as another publica-
tion. We here describe only the aspects of the surficial geology in the field area 
that are pertinent to the development of the McCallum Creek thrust system.

Glacial moraines unmodified by fluvial processes are only found in the 
hanging wall of the McCallum Creek fault near the Gulkana and College gla-
ciers (Fig. 3; Plate 1). Much of the geology in the footwall of the McCallum 
Creek fault is capped by a proglacial outwash deposit up to ~20 m thick. Crude 
stratigraphy in this outwash deposit is tilted ~5°N along cross section B and 
up to ~10°S along cross section F (Fig. 6C; Plate 1). It is beyond the scope of 
this paper to determine if this tilted bedding is coupled to a warped paleo-
surface. However, topographic analysis of the southern tip of cross section F 
using the IfSAR Alaska digital terrain model reveals that the modern surface 
is tilted ~8°–12°S, similar to the dip of crude bedding in the glacial outwash at 
this location (Waldien, 2015).

The modern drainage system, consisting of Phelan Creek, McCallum Creek, 
and the Gulkana River, dissects the folded McCallum Formation strata (Fig. 3; 
Plate 1). Phelan Creek flows south from the Gulkana and College glaciers and 
turns abruptly west, becoming an axial drainage system in the foreland of the 
McCallum Creek fault. Phelan Creek abruptly transitions from a braided stream 
system to a single incised channel where it is diverted to flow westward at 
the location of cross section F and again near its confluence with McCallum 
Creek in cross section C (Figs. 3, 5, 6C, and 6D; Plate 1). At least six generations 
of fluvial terraces are perched adjacent to the incised stream segment at the 
confluence between Phelan and McCallum Creeks (Waldien, 2015) (Fig. 6D). 
Phelan Creek continues to flow to the northwest before joining the Delta River, 
which flows north through the Alaska Range to the Tanana River, Yukon River, 
and ultimately to the Bering Sea. The headwater stream of the Gulkana River 
flows west out of a small catchment near the Hoodoos (Fig. 3) and abruptly 
turns south away from Phelan Creek, eventually joining the Copper River to 
the south, which flows to the Pacific Ocean. The drainage divide between these 
two watersheds is a subtle NE-trending topographic high within a broad, vege-
tated alluvial plain (Figs. 3 and 6D).

Fault Geometry

Our geologic mapping (Fig. 5; Plate 1) along the trace of the McCallum 
Creek fault and in the foreland reveals the architecture of the McCallum Creek 
fault and a system of imbricated blind thrusts in the foreland. The mapping 
shows the McCallum Creek fault changes orientation near the intersection with 
the Hoodoo fault, northwest of McCallum Creek. The NE-dipping western sec-
tion of the fault marks an ~1000 m high escarpment (Rainbow Ridge, Fig. 3) 
and cuts through Paleozoic volcanic and related intrusive rocks of the Wrangel-
lia terrane. The N-dipping eastern section of the McCallum Creek fault places 
Wrangellia rocks and Eocene volcanic rocks over the late Miocene–Pliocene 
McCallum Formation (Figs. 6E and 6F). Exposures of the McCallum Creek fault 
generally consist of a zone of damaged rock up to ~50 m wide in the hanging 
wall Wrangellia rocks and ~10 m wide in the footwall McCallum Formation. 
Our mapping shows that the eastern section of the McCallum Creek fault is 
generally planar over lengths of ~200 m, but the dip changes along strike. At 
the map scale, the fault crosscuts fold axes related to the McCallum foreland 
thrust system and locally thins the upper McCallum Formation conglomerate 
(see cross section G, Plate 1).

The map also shows that the foreland thrust system is only present in 
the footwall of the eastern section of the McCallum Creek fault and that the 
cross-sectional geometry of folds in the foreland thrust system changes along 
strike. The map shows that two folds are exposed at the surface in cross sec-
tions A, C, D, and E, while only one fold is exposed in cross sections B, F, and 
G (Plate 1). These folds generally classify as open to tight (cf. Fleuty, 1964). The 
field data show that strata in the backlimb of the northern folds in cross sections 
A, E, and F transition from flat lying in the north to N-dipping on the backlimb 
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of the fold. All S-dipping forelimbs, except for the fold in cross section G, are 
steeper than the N-dipping backlimbs. These observations of fold geometry 
together suggest that folds in the McCallum Formation record slip on an im-
bricate set of N-dipping blind thrust faults that step up from a décollement at 
depth. Backlimb dip magnitudes on folds in all of the cross sections generally 
range from ~15°–25°N (Fig. 7). Exposed forelimb strata in cross sections D, E, F, 
and G generally dip ~35°S but may have locally overturned beds in the core of 
folds (Fig. 7; Plate 1). The southernmost fold limbs in cross sections A, B, and C 
are either buried beneath Quaternary deposits or have been eroded by Phelan 
Creek. Fold axes throughout the McCallum foreland strata generally trend sub-
parallel to the trace of the McCallum Creek fault. Fold trains in the foreland are 
commonly separated from each other by ~N-striking tear faults that truncate 
fold axes (Plate 1). Tear faults V and X are exposed in the field (Figs. 5 and 6E; 
Plate 1). Tear faults W, Y, and Z are inferred under Quaternary deposits due to 

discontinuous fold axes along strike without a fold closure or reduction in the 
fold amplitude. Additionally, the location of tear fault Z is inferred due to the 
subtle NE-striking topographic barrier in the middle of the Gulkana glacier val-
ley, which deflects the Gulkana River away from Phelan Creek (Fig. 6D).

Fault Kinematics

Slickenline lineation orientations from brittle damage zones yield kine
matics for faults in the McCallum Creek area. Contouring the surface trace of 
the McCallum Creek fault on the geologic map shows the western section of 
the McCallum Creek fault strikes ~340 and dips ~70°NE. The measured fault-
plane solutions for the western section of the fault (locales 14ATW-42 and 
17ATW-16) show a NW-striking dextral fault that dips steeply to the southwest 
or northeast (Fig. 8A). Measured fault-plane solutions for the eastern section 
of the McCallum Creek fault (locales 14ATW-23 and 14ATW-02) show thrust 
kinematics on a fault oriented similar to the attitude of ~285/35°N measured 
from the geologic map. Fault-plane solutions from slickenline lineations in the 
damage zone of the Hoodoo fault, north of the McCallum Creek fault, generally 
indicate dextral kinematics (Waldien, 2015).

Both the measured and predicted fault-plane solutions are consistent with 
NNE-SSW convergence on the McCallum Creek fault (Fig. 8A). Ratchkovski 
et  al. (2004) present stress-tensor inversions from two sets of earthquake 
data from the region of the 2002 Mw 7.9 Denali earthquake rupture through 
the Alaska Range. One stress-tensor inversion uses aftershock seismicity from 
the 2002 Denali earthquake, which reveals a subhorizontal maximum principal 
stress (σ1) trending ~195–015 in the McCallum Creek area (Fig. 8B). A second 
stress-tensor inversion uses earthquake data collected over the 30 years prior 
to the 2002 Denali earthquake and yields a similarly subhorizontal maximum 
principal stress axis trending ~185–005 in the McCallum Creek area (Fig. 8B). 
These stress-tensor inversions suggest that the shortening axis recorded by 
aftershocks from the 2002 Denali earthquake on the section of the rupture 
adjacent to the McCallum Creek fault match the shortening axis recorded by 
background seismicity, even though the inversions show a ~90° rotation of the 
minimum (σ3) and intermediate (σ2) principal stress axes about an axis approx-
imately parallel to the maximum principal stress (σ1) (Ratchkovski et al., 2004) 
(Fig. 8B). Interpreting these principal stress orientations as principal strain rate 
axes (e.g., Twiss and Unruh, 1998) implies that the NNE-SSW–oriented conver-
gence for the McCallum Creek fault indicated by measured fault-plane solu-
tions is consistent with the stress-tensor inversions.

The orientation of the McCallum Creek fault plane determined by mea-
sured fault-plane solutions is similar to the fault orientation measured from 
the geologic map. The dextral kinematics and variable dip direction on the 
western section of the McCallum Creek fault indicated by the measured fault-
plane solutions differ slightly from the dextral-reverse slip and northeast dip 
of the fault produced by the predicted fault-plane solutions (Fig. 8). The thrust 
kinematics and moderate north dip on the eastern section of the McCallum 
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Figure 7. Lower hemisphere Schmidt projection of poles to bedding planes in the fore-
land basin strata (McCallum Formation) folded by the foreland thrust system contoured 
at 2σ intervals using the method outlined in Kamb (1959). The red line is the cylindrical 
best fit to the data, which is subvertical and oriented along an azimuth of ~004–184, 
consistent with NNE-SSW shortening in the foreland thrust system. Blue great circles 
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Creek fault indicated by the measured fault-plane solutions are consistent with 
kinematics of the McCallum Creek fault produced by the predicted fault-plane 
solutions (Fig. 8).

Balanced Cross Sections

Folding of the McCallum Formation provides a record that shortening was 
transferred from the main McCallum Creek fault into the foreland basin. The 
variability in fold shape and presence of tear faults described above require a 
suite of cross sections to show the structure of the foreland thrust system. Ac-
cordingly, we produced seven forward kinematic balanced cross section mod-
els through the foreland thrust system (cross sections A–G; Fig. 5 and Plate 1). 
Due to uncertainties in the geometry of the blind foreland thrust system and 
thickness of McCallum Formation strata involved in the deformation, we ad-

justed model parameters related to these variables between model iterations. 
The modeling process results in a range of shortening values for each cross 
section and allows for an estimate of total shortening throughout the foreland 
thrust system (Fig. 9).

Estimates for total shortening in the McCallum foreland thrust system vary 
with balancing technique. Line-length shortening values are sensitive to limb 
dip and stratigraphic position; therefore this method shows more shortening 
on folds with steeply dipping limbs (e.g., cross section G; Fig. 9). Shortening 
values produced by the area balancing technique are less sensitive to limb dip 
but may change drastically with the geometry of the initial stratigraphic wedge 
(Judge and Allmendinger, 2011). In the case of the McCallum Formation, the 
thickness and depositional taper of the upper member is the primary control 
on the shape of the initial stratigraphic wedge. Poor exposure in many areas 
of the McCallum foreland generates uncertainty in the thickness of the upper 
McCallum Formation, which may also vary along strike of the McCallum Creek 
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fault. As a rudimentary treatment of these issues, we incorporated variations 
in thickness and stratigraphic taper of the upper McCallum Formation into the 
cross section models. For a given depth to décollement, cross sections con-
structed with a thinner upper McCallum Formation and/or more taper toward 
the foreland (thicker in north) result in more shortening. Holding all other vari-
ables constant, cross sections constructed with a thicker upper McCallum For-
mation and/or little stratigraphic taper (tabular shape) yield lower shortening 
values. For a given stratigraphic thickness and taper, the location of the basal 
décollement controls the thickness of strata involved in the deformation and 
therefore must also be determined to accurately calculate the total foreland 
shortening using the area balancing technique.

Surface geologic data and subsurface geophysical data in the McCallum 
foreland could fit a range of possible décollement locations. Seismic reflection 

suggests the lower member of the McCallum Formation is ~1000 m thick and 
unconformably overlays Wrangellia rocks (Brocher et al., 2004). Only ~100 m 
of the lower member are exposed in the field area (Allen et al., 2014), and all 
thrusts in the foreland thrust system are blind (Fig. 5; Plate 1). These observa-
tions and the low competency of the lower member lacustrine strata bracket 
the location of the décollement to the lower ~900 m of the McCallum Forma-
tion. The range of area-shortening values in Figure 9 results from uncertainties 
locating the décollement in the lower 900 m of the lower McCallum Formation 
using only surface geologic data. Each preferred balanced cross section model 
in the foreland thrust system yields a décollement between 200 and 400 m 
above sea level (550–750 m below the alluvial plain of Phelan Creek), resulting 
in a mean basin-wide shortening estimate of 770 ± 144 m (1σ) (Fig. 9; Table 
S2-1 [footnote 1]). Plotting poles to bedding in the foreland fold trains records 
shortening along azimuth ~004–184 (Fig. 7).

Apatite Fission-Track Thermochronology

Five of our six bedrock AFT samples (14ATW-45, 14ATW-50, 14ATW-52, 
01CAN, and 81COL) in the hanging wall of the McCallum Creek fault record the 
onset of rapid cooling through the AFT partial annealing zone near the Mio-
cene–Pliocene boundary (Table 1). The narrow range of track lengths, which 
cluster around 14 µm, indicate cooling was rapid (Fig. 10). 40Ar/39Ar K-feldspar 
minimum ages on two samples (81COL and 60COL; Fig. 3) from the plutonic 
complex in the hanging wall of the McCallum Creek fault indicate these rocks 
cooled through ~150 °C at ca. 81–105 Ma (Benowitz et al., 2014). HeFTy thermal 
modeling of samples 14ATW-45, 14ATW-50, 14ATW-52, 01CAN, and 81COL us-
ing 40Ar/39Ar K-feldspar minimum ages as high(er) temperature inputs show 
the onset of rapid cooling from ~150–135 °C to the surface between ca. 5–8 Ma 
(Table 2). One sample (07JB59) ~3.5  km east of 14ATW-50 shows cooling 
through AHe closure at ca. 4 Ma (Perry, 2014), concordant with the Pliocene–
Quaternary rapid cooling trend suggested by the HeFTy thermal models (Figs. 
3 and 10).

In the southwestern corner of the hanging wall, sample 14ATW-34B records 
AFT closure at 33 ± 5.4 Ma. The narrow range of fission-track lengths with a 
mean of ~14 µm indicates the sample passed rapidly through the partial an-
nealing zone. Thermal modeling for this sample shows the onset of rapid cool-
ing at ca. 35–40 Ma (Fig. 10). Apatite fission-track cooling ages near the College 
glacier and east of the study area also preserve a phase of Oligocene–early 
Miocene cooling (Perry, 2014).

Independent of young cooling ages in the hanging wall of the McCallum 
Creek fault, we observe that: (1) the surface trace of the McCallum Creek fault 
coincides with a steep topographic gradient; (2) the McCallum Creek fault 
thrusts pre-Neogene strata over late Miocene–Pliocene strata (McCallum For-
mation); (3) the McCallum Formation contains an abrupt facies transition near 
the Miocene–Pliocene boundary; (4) the upper McCallum Formation contains 
clasts sourced in part from the hanging wall of the McCallum Creek fault; and 
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(5) McCallum Formation strata are folded, with fold axes subparallel to the 
trace of the McCallum Creek fault. These observations require significant late 
Miocene–Pliocene shortening on the McCallum Creek fault and foreland struc-
tures, which would result in uplift and erosion of rocks above the McCallum 
Creek fault ramp and deposition into the subjacent foreland basin. Because the 
timing of rapid cooling in the hanging wall overlaps with deposition and the 
facies transition in the foreland basin strata, we interpret late Miocene–Plio-
cene rapid cooling in the area to reflect rock uplift and exhumation due to the 
vertical component of slip on the N-dipping McCallum Creek fault.

The timing and amount of exhumation for samples in the hanging wall of 
the McCallum Creek fault may be estimated from the location of the inflection 
point between the slow cooling and rapid cooling domains in HeFTy thermal 
models and inferences about the paleogeothermal gradient. The locations of 
inflection points for “good” (GOF >0.5; purple zones in Fig. 10) model itera-
tions on samples 14ATW-45, 14ATW-50, 14ATW-52, 01CAN, and 81COL range 
between ca. 10–5 Ma and ~190–110 °C (Table 2). Averaging the location of the 
inflection point on the best-fit model curve for these samples gives the onset 
of rapid cooling from ~145 °C at ca. 7 Ma. Heat flow information (Batir et al., 
2013) and thermal conductivity (Eppelbaum et al., 2014) of rock types from the 
McCallum Creek area yield a modern geothermal gradient between 30 and 
37  °C/km. Other low-temperature thermochronology studies in the eastern 
Alaska Range (e.g., Benowitz et al., 2014) use a paleogeothermal gradient of 
30 °C/km to estimate total Cenozoic exhumation. Applying a paleogeothermal 
gradient of 30  °C/km and a mean annual surface temperature of 0  °C since 
the early Pliocene (cf. Ager, 2007) to the averaged temperatures at the best-
fit model curve inflection points for these five samples results in ~4.8 km of 
exhumation since the initiation of rapid rock cooling at ca. 7 Ma. The pooled 
AFT ages and long track lengths for samples 14ATW-45, 14ATW-50, 14ATW-52, 
01CAN, and 81COL suggest rapid cooling through the partial annealing zone 
was under way by ca. 6 Ma. Inferring exhumation from ~4.8 km depth, station-
ary isothermal surfaces, a stable geothermal gradient, and a constant cool-
ing rate, these five samples have been exhumed ~4.1 km since they passed 
through AFT closure at ca. 6 Ma (Fig. 11).

DISCUSSION

Linked Neogene Exhumation and Basin Development 
in the McCallum Creek Area

Apatite fission-track cooling ages from the hanging wall of the McCallum 
Creek fault primarily show rapid cooling during the late Miocene and through 
the Pliocene. Thermal models of AFT and 40Ar/39Ar K-feldspar ages show that 
most samples in the hanging wall of the McCallum Creek fault transitioned 
from slow cooling to rapid cooling at ca. 7 Ma (Fig. 10). Although the base of 
the lower McCallum Formation is not exposed, 40Ar/39Ar ages from exposed 
ash beds in the lower McCallum Formation indicate that the foreland basin 
initiated prior to ca. 6 Ma (Kunk, 1995; Benowitz et al., 2007). The abrupt facies 
transition marking the onset of upper McCallum Formation conglomerates 
occurred shortly before ca. 5 Ma (Allen, 2016). Because both members of the 
McCallum Formation are cut by the McCallum Creek fault, we interpret the 
facies transition to record the hanging wall of the fault overriding the lower 
McCallum Formation and shifting the proximal depositional environment far-
ther south into the foreland. Taken together, we interpret these observations to 
reflect a genetic linkage between slip on the McCallum Creek fault, erosion of 
hanging wall rocks, and deposition into the foreland basin.

In addition to the record of late Miocene–Pliocene unroofing and faulting, 
hanging wall rocks also record a phase of late Eocene–Oligocene cooling. 
The thermal model for sample 14ATW-34B shows rapid cooling starting at 
ca. 40 Ma, passage through AFT closure at ca. 33 Ma, and continued cooling 
throughout the Neogene (Fig. 10). Although there is regional magmatism in 
the late Eocene (Benowitz et al., 2011), igneous rocks of the appropriate age are 
apparently absent from the McCallum Creek area. There is, however, evidence 
for regional faulting in the mid-Cenozoic, which may have influenced cooling 
in the McCallum Creek area. To the west, early Oligocene cooling throughout 
the eastern Alaska Range and Amphitheater Mountains has been interpreted to 
record slip on the Broxson Gulch fault and related structures (Turner and Smith, 
1974; Benowitz et al., 2017; Waldien et al., 2017). Because sample 14ATW-34B is 

TABLE 1. APATITE FISSION-TRACK ANALYTICAL RESULTS

Sample
No.

grains*
Mean U
(ppm)

χ2 probability
(%)

Fission-track 
age [1σ]

(Ma)

Mean track 
length [1σ]

(μm)
No.

tracks†
Mean Dpar

(μm)
Latitude

(°N)
Longitude

(°W)
Elevation

(m) Rock type

81COL 40 24.0 51.0 4.6 [0.6] 14.66 [1.03] 61.0 2.63 63.2706 145.2977 2383 Granitoid
01CAN 40 1.6 22.6 5.1 [2.1] 14.68 [0.99] 20.0 1.39 63.3369 145.6084 1150 Granitoid
14ATW-34B 34 8.8 0.0 33. [5.4] 14.03 [1.32] 71.0 2.05 63.2643 145.623 1214 Meta-andesite
14ATW-45 35 47.9 0.0 6.7 [3.6] 13.75 [1.67] 63.0 2.03 63.2321 145.5566 1412 Meta-andesite
14ATW-50 39 3.6 18.0 6.5 [2.4] 14.34 [1.76] 30.0 1.70 63.2483 145.4094 1751 Granitoid
14ATW-52 36 3.07 0.0 5.9 [2.4] 13.85 [1.32] 6.0 1.73 63.2675 145.4022 1640 Granitoid

*Grains used to calculate pooled age and perform thermal modeling.
†Tracks are spontaneous tracks.
Dpar—the arithmetic mean fission-track etch figure diameter parallel to the crystallographic c-axis.
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near these structures, the ca. 33 Ma AFT age may also be related to deformation 
associated with the Broxson Gulch thrust system. Alternatively, the Oligocene 
cooling may record slip on the Hoodoo fault, which cuts Eocene volcanic strata 
in the hanging wall of the McCallum Creek fault and is also cut by the western 
section of the McCallum Creek fault (Fig. 5; Plate 1). Fault kinematic measure-
ments from the Hoodoo fault damage zone potentially record multiple phases 
of slip on the fault but nonetheless show a component of north-side-up sepa-
ration in addition to lateral slip (Waldien, 2015). Because the Hoodoo fault was 
active between ca. 50–6 Ma and sample 14ATW-34B is in the upthrown side 
of the fault, it is possible that slip on the Hoodoo fault facilitated Oligocene 
cooling in the area. At the eastern margin of the study area, AFT cooling ages 
on the arête east of the College glacier also record passage through AFT clo-
sure in the Oligocene and Miocene (ca. 29–21 Ma) (Perry, 2014). Because other 
samples within ~4 km do not record this mid-Cenozoic cooling (Figs. 3 and 10), 
we hypothesize that a fault presently buried beneath the College glacier caused 
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Figure 10. Apatite fission-track (AFT) time-temperature model data outputs from HeFTy. Sample 
numbers and pooled ages with 1σ uncertainties are given. The purple area in time-temperature 
plots encompasses model iterations with a goodness of fit >0.5, and the green area encom-
passes model iterations with a goodness of fit >0.05 after 20,000 model iterations using the 
annealing model of Ketcham et al. (1999) and c-axis projection of Donelick et al. (1999). Good-
ness of fit criteria are outlined in Ketcham (2005). 40Ar/39Ar K-feldspar ages from Benowitz et al. 
(2014) are used as high-temperature (≥150°C) constraints (samples 81COL and 60COL, Fig. 3). 
The blue line is the weighted mean cooling path determined by HeFTy. Green diamonds repre-
sent the pooled AFT age for each sample. Yellow diamonds on models 14ATW-50 and 14ATW-52 
represent an AHe age from Perry (2014), ~3.5 km east of these samples (Fig. 3). Yellow bar in the 
background highlights the regional increase in rock cooling rate at ca. 8–5 Ma. Histograms show 
fission-track length distributions and track statistics for each sample.

TABLE 2. HeFTy INFLECTION POINTS USED TO ESTIMATE TOTAL EXHUMATION

Sample
Location of inflection 

point on model
Time
(m.y.)

Temperature
(°C)

14TW-45 Top 10 130
Bottom 7 160
Best fit 8 145

14TW-50 Top 8 110
Bottom 6 165
Best fit 8 135

14TW-52 Top 8 110
Bottom 5 170
Best fit 8 135

01CAN Top 8 130
Bottom 6 190
Best fit 8 150

81COL Top 5 150
Bottom 6 180
Best fit 6 150

Average 7.13 147.33
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rocks on either side to experience distinct late Cenozoic cooling histories. This 
hypothesized fault would strike ~NNE and would have experienced a phase of 
Oligocene–early Miocene east-side-up displacement. Apatite (U-Th)/He cooling 
ages from the same samples on the arête east of the College glacier record 
cooling through ~70 °C during the Pliocene. These ages align with modeled 
cooling paths of the ca. 6 Ma AFT ages (Fig. 10). Therefore, on the basis of 
the older AFT cooling ages, we infer that Oligocene–early Miocene faulting in 
the hanging wall of the present McCallum Creek fault may have offset the AFT 
partial annealing zone in some locations, but all hanging wall rocks in the area 
experienced a similar cooling path during the Pliocene and Quaternary.

Late Miocene–Quaternary Shortening on the McCallum Creek Fault

Fault kinematics measurements from both the eastern and western sec-
tions of the McCallum Creek fault record ~NNE-SSW shortening and are com-
patible with stress-tensor inversions from historic seismicity. Measured fault-

plane solutions at locales 14ATW-23 and 14ATW-02 along the eastern section 
of the fault record reverse slip on a moderately N-dipping fault, which is con-
sistent with the predicted fault-plane solutions and the map pattern along this 
section of the fault (Figs. 5 and 8; Plate 1). The measured fault-plane solutions 
at locales 17ATW-16 and 14ATW-42 from the western section of the fault show 
predominantly dextral slip and a McCallum Creek fault plane that may dip 
southwest rather than northeast as indicated by the geologic map (Figs. 5 and 
8; Plate 1). One interpretation of these data could be that the western section of 
the McCallum Creek fault is an inherited dextral fault that has been reactivated 
during the Neogene. This interpretation implies that at least some of the slick-
enlines in the modern damage zone formed during a previous phase of slip on 
the fault. However, the tension and compression axes cluster reasonably well 
for locales along the western section of the fault. As a result of the tightly clus-
tered data set, multiple sets of nodal planes could satisfy the fault-plane solu-
tion if the shear zone symmetry is reduced beyond orthorhombic (Twiss and 
Unruh, 1998). Low symmetry in brittle shear zones may result from rotation 
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Figure 11. Geometric model of exhuma-
tion (blue lines) and shortening (green 
lines) due to slip on the McCallum Creek 
thrust system, using sample 14ATW-45 as 
a marker. Dip of the upper McCallum Creek 
fault (MCF) is based on the geologic map 
and kinematics data. Dip of the lower Mc-
Callum Creek fault is based on earthquake 
hypocenter locations from Ratchkovski 
et  al. (2003, 2004) averaged to 42°. The 
total exhumation estimate assumes a sta-
tionary geothermal gradient of 30 °C/km. 
The shortening estimate on the upper Mc-
Callum Creek fault is calculated using the 
fault dip and the elevation difference be-
tween the foreland décollement and sam-
ple 14ATW-45. Shortening since apatite 
fission-track closure at ca. 6 Ma estimated 
for the entire thrust system is calculated 
using fault dip, ~4.1 km of total exhuma-
tion experienced by sample 14ATW-45, 
and ~770 m of shortening in the foreland 
thrust system. FW—footwall; HW—hang-
ing wall; VE—vertical exaggeration.
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of blocks within the fault zone, preferred slip planes, or combined coaxial and 
non-coaxial deformation (Twiss and Unruh, 1998). Because these features are 
common in brittle shear zones and not addressed in our analysis of the McCal-
lum Creek fault, we consider the measured and predicted fault-plane solutions 
for the western section of the McCallum Creek fault to be internally consistent 
and record dextral-thrust oblique slip on a steeply NE-dipping fault. This inter-
pretation does not preclude the possibility that the late Miocene–Quaternary 
McCallum Creek fault is a reactivated structure, but it does enforce the conclu-
sion that the McCallum Creek fault has accommodated shortening at an angle 
nearly perpendicular to the Denali fault since at least the late Miocene.

The along-strike change in kinematics on the McCallum Creek fault is also 
recorded in the AFT cooling ages and the distribution of foreland basin strata. 
The change in strike between the eastern and western sections of the fault is 
accompanied by a change from thrust to oblique kinematics. Therefore, the 
fault kinematics record relative motion between the hanging wall and foot-
wall blocks that is uniform along strike of the McCallum Creek fault. Because 
the western section of the fault has a considerable strike-slip component, the 
potential for lower erosion rates during hanging wall rock uplift may have 
preserved the ca. 33 Ma AFT cooling age in sample 14ATW-34B. Basin devel-
opment in the footwall of the eastern section and a lack of preserved Neo-
gene strata in the footwall of the western section of the fault further support a 
change from reverse to oblique-slip kinematics.

Agreement between fault kinematics on the eastern McCallum Creek fault 
and the shortening direction in the folded foreland strata shows that contrac-
tion in the McCallum Creek thrust system is oriented along azimuth ~005–185 
(Figs. 7 and 8). Inferring that the brittle slickenline lineations preserved in 
the McCallum Creek fault damage zone formed continuously over the dura-
tion of slip on the McCallum Creek fault, the tension and compression axes 
in the measured fault-plane solutions suggest the convergence direction on 
the south side of the Denali fault in the McCallum Creek area has remained 
consistent since the phase of late Miocene thrusting on the McCallum Creek 
fault began. Restoring slip on the eastern Denali and Totschunda faults at their 
current rates (Haeussler et al., 2017b) for 7 m.y. places the field area (Fig. 3) a 
maximum of ~91 km to the southeast of its current location. The modern De-
nali fault changes strike by only ~5° over this distance (Fig. 2).

Assuming that neither the central Denali, Totschunda, nor McCallum Creek 
faults have drastically changed strike in the past 6–7 m.y. and that the rela-
tive plate motion vector has remained constant, the convergence direction on 
the McCallum Creek fault would remain essentially constant as it is translated 
along the south side of the Denali fault. Given that the kinematics of the Mc-
Callum Creek thrust system, the Denali fault, and other regional thrust faults 
to the north collectively record slip partitioning of transpressional deformation 
over the past 6–7 m.y., we infer the above assumptions are valid and that the 
current structural geometry has accommodated long-term oblique plate mo-
tion as a set of partitioned dextral and convergent structures.

The rupture dynamics of the 2002 Mw 7.9 Denali earthquake also indicate 
that modern deformation associated with the McCallum Creek fault has been 

consistent from late Miocene until the present. Low-temperature thermochro-
nology studies in the eastern Alaska Range northwest of the McCallum Creek 
area show that rapid Neogene–Quaternary cooling is spatially coincident with 
topography on the north side of the Denali fault (Benowitz et al., 2011, 2014; 
Perry, 2014) (Fig. 2). Rapid cooling and high topography in that region are 
consistent with the north-side-up vertical component of slip on that section of 
the 2002 rupture. The section of the Denali fault beneath the Canwell glacier 
north of the McCallum Creek area is the only significant section along the 2002 
Denali rupture to show south-side-up vertical slip in addition to dextral slip 
(Haeussler et al., 2004). Post–late Miocene rapid cooling in the hanging wall of 
the McCallum Creek fault and south-side-up vertical slip on the Canwell glacier 
section of the Denali fault rupture suggest that the entire hanging wall of the 
McCallum Creek fault has been moving vertically as a relatively coherent block 
while synchronously being translated along the Denali fault. Exhumation of a 
coherent wedge-shaped block between the subvertical Denali fault and moder-
ately dipping McCallum Creek fault throughout the Pliocene further advocates 
that thrust kinematics shown by the measured fault-plane solutions repre-
sent a long-lived (~5–7 m.y.) record of convergence on the fault. The hanging 
wall cooling ages and fault kinematics data presented here also support the 
alignment of earthquake hypocenters showing that the McCallum Creek fault 
is a moderately dipping planar feature that links to the Denali fault at depth 
(Brocher et al., 2004) (Fig. 4). Although the surface trace of the McCallum Creek 
fault appears to lack fault scarps, the historic seismicity indicates that the struc-
ture is active at depth and may transfer slip into the foreland thrust system.

Development and Dynamics of the McCallum Creek Thrust System

Kinematic Evolution of Shortening Structures

During translation along the Denali fault, the McCallum Creek thrust system 
developed by slip on both the McCallum Creek fault and the kinematically linked 
foreland blind thrust faults (Fig. 12). Combining the shortening direction de-
termined from bedding attitude measurements in the foreland fold trains with 
kinematics from the measured and predicted fault-plane solutions shows that 
the convergence directions independently recorded in the seismicity, foreland 
thrust system, and McCallum Creek fault damage zone are coincident (Figs. 7 
and 8). We interpret this observation to reflect a kinematic linkage between the 
main McCallum Creek fault and the blind foreland thrusts and a uniform short-
ening direction throughout the various stages of thrust system development.

The late Miocene−Pliocene foreland basin stratigraphy records a switch 
from slip on the main McCallum Creek fault to the imbricate foreland thrust 
system. Propagation of the deformation front into the foreland basin strata 
likely resulted in basin inversion involving some combination of: (1) incision 
of the paleodrainage network into the foreland strata; (2) development of an 
axial drainage system parallel to the thrust front; and (3) sediment deposition 
on the limbs of growing folds (growth strata). Since the 315 m of stratigraphy 
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measured in the McCallum Formation in the field area lack fanning angular un-
conformities, which would indicate growth strata, and all observed paleoflow 
indicators in the upper McCallum Formation show approximately S-directed 
flow (Allen, 2016), we interpret that the foreland thrust system developed after 
~215 m of the upper McCallum Formation were deposited. The ca. 3.8 Ma tephra 
at 200 m above the base of the upper McCallum Formation places an upper age 
constraint on the initiation of the foreland thrust system (Fig. 5; Plate 1). Sub-
sequent dissection of the foreland strata likely eroded a stratigraphically higher 
portion of the upper McCallum Formation and deposited detritus in localized 
topographic depressions on the limbs of folds (Fig. 12). The ~6°N dip of the 

Plio-Pleistocene glacial deposit (map unit QNog) suggests it was deposited in 
such a setting on the backlimb of the fold in cross section F (Plate 1).

Field and map evidence suggests that slip in the McCallum Creek thrust 
system has alternated between the main McCallum Creek fault and the fore-
land thrust system since mid-Pliocene development of the foreland thrust 
system. Following late Miocene thrusting on the main McCallum Creek fault, 
shortening in the foreland thrust system caused the portion of the McCallum 
Creek fault above the foreland décollement to be separated from the portion 
below the décollement, resulting in division of the McCallum Creek fault into 
upper and lower segments (Figs. 11 and 12). Evidence for out-of-sequence slip 
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on the main McCallum Creek fault includes: (1) the upper McCallum Creek fault 
bounds a thinned portion of the upper McCallum Formation in the north limb 
of the fold in cross section G (Plate 1); (2) N-dipping strata of the McCallum 
Formation are cataclastized along bedding planes, which dip subparallel to the 
upper McCallum Creek fault; and (3) the upper McCallum Creek fault crosscuts 
fold axes in the foreland thrust system (Plate 1). Development of folds struc-
turally beneath the upper McCallum Creek fault would fold the fault plane. On 
the N-dipping backlimb of a foreland fold, the section of the upper McCallum 
Creek fault that has been translated onto the foreland ramp would increase in 
dip by a value equal to dip of the foreland thrust ramp, giving the upper McCal-
lum Creek fault a listric shape (Fig. 12; 2 Ma panel). Where exposed, the surface 
trace of the upper McCallum Creek fault has generally planar morphology and 
truncates N-dipping fold limbs related to the foreland thrust system (Plate 1). 
This relationship indicates that out-of-sequence slip on the main McCallum 
Creek fault caused the folded listric portion of the upper McCallum Creek fault 
to be eroded away, exposing a lower unfolded portion of the fault (Fig. 12).

One location where the surface exposure of the McCallum Creek fault is 
not planar is near cross section G. In this location, the McCallum Creek fault 
decreases dip across the axis of the fold in cross section G. Growth of a fold 
structurally beneath the McCallum Creek fault will cause the portion of the fault 
above the S-dipping fold limb to rotate toward the south. Such rotation would 
have the effect of decreasing the northward dip of the McCallum Creek fault 
above the southern fold limb. The observed magnitude of dip reduction (~15°) 
is too small to have the McCallum Creek fault folded during the entire develop-
ment of foreland fold G because the forelimb of the fold dips ~30°S. Therefore, 
we interpret this structural relationship to record alternating slip between the 
main McCallum Creek fault and the foreland thrust system. The map distance 
between the structurally thinned strata in the northern fold limb in cross sec-
tion G and the southern extent of the McCallum Creek fault is ~1350 m. We 
interpret this distance to be the shortening component of out-of-sequence slip 
on the main McCallum Creek fault. Our age of ca. 3.8 Ma to bracket the initia-
tion of the foreland thrust system requires that the out-of-sequence slip would 
have occurred since the mid-Pliocene.

Incision of the modern drainage network into the foreland, local stream 
segment incision, perched fluvial terraces across fold limbs, and tilted glacial 
outwash strata suggest that foreland structures are the active part of the Mc-
Callum Creek thrust system (Waldien, 2015) (Figs. 6C and 6D). Aftershock seis-
micity from the 2002 Denali earthquake as shallow as the approximate location 
of the foreland décollement also suggests that slip from the lower McCallum 
Creek fault is distributed into the weak and potentially aseismic foreland strata 
rather than the upper McCallum Creek fault (Fig. 4). Although beyond the 
scope of this paper, a detailed investigation of the Quaternary stratigraphy and 
tectonic geomorphology in the McCallum foreland would likely yield fruitful 
results describing the Quaternary activity of the McCallum Creek thrust system 
to better characterize the thrust fault-related seismic hazard in the region.

The magnitude of late Miocene–Quaternary shortening on the McCallum 
Creek thrust system can be calculated by summing shortening documented 

on the foreland thrust system, the upper McCallum Creek fault, and the lower 
McCallum Creek fault (Fig. 11). The location of sample 14ATW-45 near the sur-
face trace of the McCallum Creek fault makes it a good marker to reconstruct 
the exhumation and shortening history for the thrust system (Figs. 3, 11, and 
12). Following the precedent set by other low-temperature thermochronology 
studies in the eastern Alaska Range (e.g., Benowitz et al., 2011, 2014), we infer 
a paleogeothermal gradient of 30 °C/km, which results in ~4.1 km of rock up-
lift and related exhumation since sample 14ATW-45 passed through the AFT 
closure isotherm at ca. 6 Ma. Assuming a constant geothermal gradient that is 
stationary relative to the McCallum Creek fault blocks, shortening magnitudes 
for both the upper and lower segments of the McCallum Creek fault can be 
calculated using fault dip from geophysical information and mapping, the lo-
cation of the foreland décollement from balanced cross sections, and the total 
exhumation estimate from AFT cooling ages. Our geologic mapping and mea-
sured fault-plane solutions show the upper McCallum Creek fault dips ~35°N 
(Fig. 8; Plate 1). Approximately 1.1 km of rock uplift and exhumation on the 
upper McCallum Creek fault above the foreland décollement result in ~1.57 km 
of shortening (Fig. 11). The lower McCallum Creek fault accommodated the re-
maining ~3 km of rock uplift and exhumation. Aftershock hypocenter locations 
suggest the dip of the lower McCallum Creek fault is between 40° and 45°. Av-
eraging the dip to 42° yields ~3.33 km of shortening from ~3 km of exhumation 
on that segment of the fault (Fig. 11). Summing the shortening values from 
the upper and lower segments of the McCallum Creek fault with 770 ± 144 m 
of shortening accommodated by the blind foreland thrusts results in ~5.7 km 
of total shortening for the entire McCallum Creek thrust system since sample 
14ATW-45 cooled below AFT closure at ca. 6 Ma (Fig. 11). The thermochronol-
ogy data do not record the time that 14ATW-45 was being translated along the 
foreland décollement or out-of-sequence slip on the upper McCallum Creek 
fault because 14ATW-45 had already passed through AFT closure before the 
foreland thrust system developed (Fig. 12). Aside from 14ATW-45 (AFT ca. 
6 Ma) and 14ATW34B (AFT ca. 33 Ma), all samples with AFT ages presented 
here are presently above the lower McCallum Creek fault ramp and therefore 
only record shortening and exhumation resulting from slip on this segment 
of the fault. Widespread ca. 6 Ma cooling in the hanging wall of the McCallum 
Creek fault suggests that hanging wall samples passed through the AFT clo-
sure isotherm while located above the lower McCallum Creek fault ramp. This 
further supports our inference that the foreland décollement is located in the 
lower McCallum Formation above the AFT closure isotherm (Fig. 12).

Calculating a shortening rate since ca. 6 Ma for the McCallum Creek thrust 
system would be misleading due to assumptions made in the total shortening 
calculation for both the upper and lower segments of the McCallum Creek fault 
and the uncertainties associated with using thermochronometry to estimate 
total exhumation. However, the amount of shortening related to the foreland 
thrust system and out-of-sequence slip on the McCallum Creek fault are rela-
tively well bracketed, and the 40Ar/39Ar glass age of 3.80 ± 0.05 Ma marking the 
maximum timing of onset for these events has nearly negligible uncertainty 
compared to our other age information. Late Pliocene and younger deposits 
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are used to calculate slip rates on the Denali fault and thrusts in the Northern 
Foothills fold and thrust belt (Matmon et al., 2006; Mériaux et al., 2009; Bemis 
et al., 2015; Haeussler, et al., 2017b). Therefore, calculating a shortening rate for 
the McCallum Creek thrust system since ca. 3.8 Ma rather than 6 Ma is more 
useful to compare with published rates on the Denali fault, Totschunda fault, 
and in the Northern Foothills fold and thrust belt. Our preferred shortening 
values for the foreland thrust system range from 557 m (cross section B) to 
1017 m (cross section C) (Fig. 9). Exposure of the upper McCallum Creek fault 
crosscutting foreland folds yields at least 1350  m of out-of-sequence short-
ening on the main McCallum Creek fault after ca. 3.8 Ma. Combining these 
shortening estimates results in ~1900–2350 m of shortening since ca. 3.8 Ma 
and produces a shortening rate of 0.5–0.6 mm/yr oriented at ~005–185, approx-
imately perpendicular to the Denali fault. The prospect that evidence for addi-
tional shortening has been eroded away and absent constraints on when ex-
actly the foreland thrust system initiated after 3.8 Ma make this shortening rate 
estimate a minimum. The low-dip Granite Mountain fault north of the Denali 
fault and east of the Delta River (Fig. 2) has a documented late Pliocene–Pres-
ent shortening rate of 1–4 mm/yr perpendicular to the Denali fault (Bemis et al., 
2015). Documenting post–3.8 Ma shortening in the McCallum Creek thrust sys-
tem thus increases the known geologically determined convergence rate in 
this section of the Denali fault system by up to ~60% and complements other 
geological data sets used to decipher regional active deformation in southern 
Alaska (e.g., Bemis et al., 2012).

Strike-Slip Translation and Continued Shortening

The current data record ~7 m.y. of shortening on the McCallum Creek thrust 
system while it was being translated to the northwest by dextral slip on the 
Denali fault. Our combined structural and thermochronological data set com-
plements stratigraphic information from the McCallum Formation, which sug-
gests the Totschunda fault played a role in the late Miocene reactivation of the 
McCallum Creek fault and related foreland basin evolution. Bemis et al. (2015) 
show that the geometry of the Denali-Totschunda fault-fault-fault triple junc-
tion requires convergence. They call on this convergence as a mechanism to 
explain thrust faulting north of the Denali fault, which appears to have primar-
ily developed after the mid-Pliocene (Bemis and Wallace, 2007). We expand 
upon their model and propose that communication between the Denali and 
Totschunda faults at ca. 7 Ma caused the region southwest of the triple junction 
(modern McCallum Creek area) to experience convergence (Fig. 13). The con-
vergence may have resulted in flexural upwarping and distributed slip on new 
and preexisting structures near the triple junction. In our model, the region 
of upwarping and distributed faulting would initiate rapid cooling and evolve 
over time into slip along the throughgoing McCallum Creek fault. A region of 
flexural subsidence adjacent to the structural upwarping would provide ac-
commodation space for the McCallum Formation and is corroborated by the 
presence of a low, swampy environment southwest of the Denali-Totschunda 

intersection today (Fig. 13). The abrupt facies transition in the McCallum For-
mation (Fig. 5) probably records the switch from distributed faulting to local-
ized thrust slip on the main McCallum Creek fault. Due to paired dextral slip 
on the Denali and Totschunda faults, the McCallum Creek fault, the McCallum 
foreland basin, and Denali-Totschunda intersection all have been migrating to 
the northwest along the Denali fault (Bemis et al., 2015) (Fig. 13). Because both 
the Totschunda fault and Denali fault east of the triple junction feed slip onto 
the Denali fault west of the triple junction, the McCallum Creek thrust system 
and foreland basin are being translated at a faster rate than the triple junction.

Deformed Miocene–Pliocene strata (Nokleberg et al., 2015) and ca. 2 Ma 
AHe cooling ages (Fitzgerald et al., 2017) suggest that shortening has been oc-
curring on the Slate Creek fault system between the College glacier and Denali-
Totschunda intersection throughout the Pliocene and Quaternary. Shortening 
along the Slate Creek fault system is likely the along-strike continuation of 
shortening here documented for the McCallum Creek thrust system. There-
fore, we amend the tectonic model of Bemis et al. (2015), which suggests that 
convergence from the Denali-Totschunda triple junction is primarily absorbed 
by thrust faults north of the Denali fault. As an addendum to their model, we 
propose that dextral strike-slip faulting on the Totschunda fault has been on-
going since at least 7 Ma and likely earlier (ca. 25 Ma; Milde, 2014). We infer 
that shortening introduced by the inherently unstable Denali-Totschunda triple 
junction was accommodated by the McCallum Creek fault south of the Denali 
fault from the late Miocene until the mid-Pliocene. At ca. 3 Ma, convergence 
from the triple junction was transferred to north of the Denali fault and is re-
corded by rapid growth and regional advance of the Northern Foothills fold 
and thrust belt (Bemis and Wallace, 2007; Benowitz et al., 2015) (Fig. 13). In-
terestingly, advance of the Northern Foothills fold and thrust belt is broadly 
contemporaneous with development of the McCallum foreland thrust system. 
Assuming regional block motion is constant over the past ~7 m.y., the rapid 
late Pliocene–Quaternary shortening north of the Denali fault would predict a 
reduction in the shortening rate on structures to the south. The folded Pliocene 
strata, tilted Quaternary glacial strata, potentially warped Quaternary surfaces, 
incised stream segments, and historic seismicity provide evidence for Quater-
nary deformation in the McCallum Creek thrust system, albeit at a potentially 
lower rate than during the late Miocene and Pliocene.

Role of the McCallum Creek Fault in Southern Alaska Tectonics

Regional Plate Motion

Southern Alaska has been argued to deform as a series of rigid blocks (Lahr 
and Plafker, 1980) or as a continuum (Finzel et al., 2011a). Aside from these op-
posing rheologic models, lithospheric motion in southern Alaska has been in-
terpreted to reflect block rotation (Stout and Chase, 1980), a collisional indenter 
(Mériaux et al., 2009), or lateral extrusion (Redfield et al., 2007). Haeussler et al. 
(2017b) provides a synopsis of these various tectonic scenarios.
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Figure 13. Tectonic model showing the evolution of the McCallum Creek thrust system and other components of the Denali fault system since ca. 7 Ma. Locations of features 
south of the Denali fault are restored using the geologic slip rates from Haeussler et al. (2017b), which are shown on the “Present” frame (in mm/yr). Arrows are fluvial flow 
indicators generalized from Ridgway et al. (2007), Brennan and Ridgway (2015), and Allen (2016). Fault sections illuminated in red are hypothesized to drive local rock exhuma-
tion based on work by Fitzgerald et al. (1993, 1995), Benowitz et al. (2011, 2014), Perry (2014), Waldien et al. (2017), and this study. *Migration of the McKinley restraining bend 
is based on the work of Burkett et al. (2016) and Bemis et al. (2015). Image inspired by Riccio et al. (2014).
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Our analysis of the McCallum Creek thrust system increases the known 
geologically determined convergence rate across the Denali fault system in the 
eastern Alaska Range by 0.5–0.6 mm/yr. Even with the increased convergence 
rate, the total Denali fault-normal shortening rate is not sufficient to justify the 
collisional indenter mode of deformation in southern Alaska (e.g., Mériaux 
et al., 2009). Haeussler et al. (2017b) propose a model for southern Alaska tec-
tonics involving a combination of the collisional indenter, block rotation, and 
lateral extrusion models. Our analysis of the McCallum Creek thrust system is 
compatible with the combined rotation, indentation, and extrusion model and 
supports rigid block motion as the primary style of deformation between the 
Aleutian subduction zone and the eastern Alaska Range.

As part of their integrated tectonic model, Haeussler et al. (2017b) propose 
that active thrust systems at the southern margin of the Alaska Range strike 
oblique to the Denali fault and have the effect of reducing the dextral slip rate. 
Rather, we have documented that the thrust section of the McCallum Creek fault 
strikes nearly parallel to the adjacent section of the Denali fault, and the short-
ening direction is approximately perpendicular to the Denali fault, thus causing 
it to accommodate primarily the collisional component of relative plate motion.

Geodynamic Considerations for Southern Alaska

Several lines of evidence suggest a widespread tectonic event occurred 
in southern Alaska in the late Miocene. The record of this tectonic event in 
the Alaska Range includes initiation of rapid exhumation of Denali (Fitzgerald 
et al., 1993, 1995), rapid cooling in the western Alaska Range (Haeussler et al., 
2008), rapid deposition of a thick sequence of coarse clastic strata on the north 
flank of the eastern Alaska Range (Ridgway et al., 2007; Trop and Ridgway, 
2007), and development of a rain shadow across the range (Bill et al., 2018). 
The Wrangell volcanic field also displays an increase in magmatism at this 
time (Preece and Hart, 2004; Benowitz and Addison, 2017) (Fig. 2). Late Mio-
cene thrusting and related hanging wall exhumation in the McCallum Creek 
area are coeval with these events and provide additional evidence for a funda-
mental change in the Denali fault system in the late Miocene. Fitzgerald et al. 
(1993, 1995) attribute onset of rapid cooling in the Denali area at this time to a 
change in PAC-NA relative plate motion. Clockwise rotation of the Pacific plate 
vector relative to the southern Alaska margin by 5°–15° sometime ca. 8–6 Ma 
(Atwater and Stock, 1998; Doubrovine and Tarduno, 2008; Austermann et al., 
2011) is a mechanism to increase convergence along the Denali fault system at 
this time (Jadamec et al., 2013). The late Miocene may also correspond to the 
onset of instability at the PAC-NAM-YAK triple junction and southward prop-
agation of the YAK-NAM convergent margin (Enkelmann et al., 2008; Gulick 
et al., 2013). The difficulties in direct dating of fault slip and orogenic growth 
preclude a causal relationship between a plate motion vector change and oro-
genic events in the Alaska Range. However, the time progression of tectonic 
adjustments, exhumation, and basin evolution suggests that these plate mar-
gin processes are linked (Finzel et al., 2011b). Thus, rapid exhumation, basin 

evolution, and growth of the Alaska Range in the late Miocene likely represent 
a far-field response to plate margin adjustments at the southern Alaska plate 
margin. Evidence of plate margin processes recorded in the Alaska Range re-
quires that a significant portion of the crust between the southern Alaska plate 
margin and the Denali fault is moving as a rigid block in order to transfer PAC-
NAM-YAK convergence not accommodated near the plate margin to thrust 
faults in the Alaska Range.

Implications for Splay Thrust Faults in Continental 
Strike‑Slip Fault Systems

The role of thrust faults within continental strike-slip fault systems has long 
been recognized, and the seismic risk associated with them has generated sig-
nificant interest. Much of what is known about the development of these splay 
thrust systems is the result of historic seismicity in the San Andreas fault system 
(e.g., Namson and Davis, 1988). Thrust systems linked to the Denali fault display 
both similarities and differences when compared to those in the San Andreas 
fault system. Because the McCallum Creek thrust system is a well exposed, 
young, and actively evolving thrust system, it may provide further insight to the 
mechanics of thrust systems splaying from continental strike-slip faults.

On the basis of our structural and cooling age data, it appears that splay 
thrust systems may initiate as a suite of distributed faults. As the thrust system 
matures, some faults may become abandoned as slip is localized on a single 
throughgoing thrust (or reverse) fault. In our field area, we observe that the Mc-
Callum Creek fault has been the key reverse fault since the late Miocene, but the 
Hoodoo fault and unnamed fault at the southern margin of the plutonic com-
plex also have experienced mid-late Cenozoic slip. Although these faults offset 
Eocene volcanic strata in the hanging wall of the McCallum Creek fault, most 
AFT cooling ages are uniform across them. It is possible that the Hoodoo fault 
and the unnamed fault bounding the plutonic complex were active as strike-slip 
and/or reverse faults during the Miocene and became less active by the time that 
most hanging wall rocks passed through the AFT partial annealing zone at ca. 
6 Ma. Alternatively, the faults may not have had enough vertical slip to offset the 
ca. 6 Ma AFT ages. Both the stratigraphy of the McCallum foreland and hanging 
wall cooling ages suggest that the McCallum Creek fault was the primary con-
tractional structure by ca. 5 Ma. Thus, our estimates of the timing of fault slip in 
the field area appear to record a transition from early distributed reverse and 
dextral faulting to localized slip on a throughgoing reverse fault (Fig. 12).

Once convergence initiates and a throughgoing thrust (or reverse) fault is 
established, the shortening direction may be constant throughout the various 
phases of thrust system evolution and as it is translated along the strike-slip 
margin. We observe that the McCallum Creek thrust system has accommo-
dated shortening in the same direction for ~7 m.y. while being translated along 
a nearly straight section of the Denali fault. During this continued shortening, 
rocks in the hanging wall of the McCallum Creek fault were exhumed from 
below the AFT partial annealing zone to the surface. These findings contrast 
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strongly with observations of shortening structures found in restraining steps 
and bends, which typically facilitate rapid shortening and uplift rates but are 
generally too short-lived to accumulate significant finite shortening or exhu-
mation (Wesnousky, 1988; Wakabayashi et al., 2004; Roeske et al., 2007). Thus, 
we propose that long-lived splay thrust systems provide a mechanism for 
accommodating the convergent component of wholesale oblique plate mo-
tion and are thus recorders of long-term plate motion, rather than short-lived 
structural complexities. The combined structural-stratigraphic information 
contained in the McCallum Creek field area also documents that active thrust 
fault systems are a primary mode of generating elevated topography in strike-
slip dominated orogens.

Background seismicity in the Denali and San Andreas fault systems yields 
contradictory records of the seismic hazard posed by splay thrust systems. 
Seismicity in the California Coast Ranges records active deformation on both 
strike-slip and thrust faults within the San Andreas fault system (Seeber and 
Armbruster, 1995). Alternatively, stress inversions of background seismicity 
in the Alaska Range prior to the 2002 Mw 7.9 Denali earthquake primarily re-
flect dextral faulting with minimal convergence (Ratchkovski et al., 2004). In 
contrast to the pre-2002 background seismicity, aftershock clusters from the 
Denali earthquake record significant shortening across the Denali fault (Vallage 
et al., 2014). This transition is also recorded by the rotation of stress axes in the 
stress-tensor inversions (Ratchkovski et al., 2004) (Fig. 8). Together, these rec
ords of historic seismicity in the Alaska Range suggest that thrust faults in the 
area do not produce significant background seismicity and instead fail during 
large strike-slip earthquakes due to coseismic linkage with the strike-slip fault. 
This kinematic linkage was directly observed in 2002, when the Mw 7.9 Denali 
event initiated on the Susitna Glacier thrust fault and propagated onto the De-
nali fault. Seismicity was also recorded on the McCallum Creek fault during the 
2002 event (Brocher et al., 2004; Ratchkovski et al., 2004) (Fig. 4).

Both similarities and differences exist between splay thrust systems and 
regional fold and thrust belts. In our analysis of the McCallum Creek thrust sys-
tem, we observe that: (1) material is eroded from the hanging wall of the master 
reverse fault and deposited onto the footwall; (2) the thrust system propagated 
and shifted the deformation front into the foreland basin; (3) out-of-sequence 
slip on a hinterland structure postdated development of the foreland thrusts; 
and (4) the resulting cross-sectional shape of the thrust system and foreland 
basin mimics that of a critical taper wedge. Subsets of these features have been 
documented in thrust systems connected to strike-slip faults in the California 
Coast Ranges (Namson et  al., 1990; Unruh and Moores, 1992; Unruh et  al., 
1992), Anatolia (Lyberis et  al., 1992), the Southern Alps (Norris and Cooper, 
1997), and the Indo-Asia collision zone (Allen et al., 1999; Yin et al., 2002, 2008; 
Selander et al., 2012). Although the features of fault slip are similar between 
thrust systems bounding transpressional orogens and regional fold and thrust 
belts, the master shortening structures in transpressional orogens may initi-
ate and persist as moderate or steeply dipping faults (e.g., Davis et al., 2005; 
Gold et al., 2006; Selander et al., 2012; this study). As a result, the developing 
orogenic wedge in a transpressional orogen may display a steeper taper angle 

than those commonly observed in classic fold and thrust belts (e.g., Jamie-
son and Beaumont, 2013). There are a number of reasons why thrust systems 
splaying from continental strike-slip faults would behave differently than fold 
and thrust belts. These include: (1) interference between the regional stresses 
related to the strike-slip fault system and stresses in the wedge; (2) kinematic 
linkage between the strike-slip fault and the thrust system; (3) inherited faults 
controlling where shortening structures develop; (4) the lack of detachment 
horizons in regionally continuous sedimentary strata (i.e., platform sediments); 
and (5) changes in the mechanical stratigraphy of the crust across the strike-slip 
fault. Here, we recognize the commonalities between thrust systems in trans-
pressional orogens and regional fold and thrust belts, but we propose that the 
two modes of crustal deformation are not entirely equivalent.

CONCLUSIONS

The McCallum Creek thrust system has accommodated active convergence 
as part of the Denali fault system since at least the late Miocene and continues 
to be active in the present. Reverse faulting on the main McCallum Creek fault 
and thrusting on an imbricate system of blind thrusts in the foreland have 
accommodated ~5.5 km of shortening and ~4 km of bedrock exhumation since 
hanging wall rocks passed through AFT closure at ca. 6 Ma. Shortening on the 
McCallum Creek thrust system is, and has been, synchronous with dextral slip 
on the Denali fault, thereby creating a set of interconnected structures that 
absorb oblique plate motion. Our middle Pliocene–Present shortening rate es-
timate of 0.5–0.6 mm/yr for the McCallum Creek thrust system increases the 
known active shortening across the eastern Alaska Range by up to ~60% and 
demonstrates that significant shortening in the Denali fault system has been 
occurring east of the curved section of the Denali fault since at least 6 Ma. 
Late Miocene convergence, basin development, and rapid cooling in the Mc-
Callum Creek area may have developed due to coeval slip on the Denali and 
Totschunda faults. Continued basin development and exhumation in the Mc-
Callum Creek area record Pliocene–Quaternary slip on the McCallum Creek 
fault and outward growth of the Alaska Range orogen. Development of the 
McCallum Creek thrust system, as a component of the actively evolving Denali 
fault system, is a far-field response to Neogene modification of the southern 
Alaska plate boundary.
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