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ABSTRACT

This study investigates the spatial and temporal pattern of rock exhumation 
inboard of the highly oblique Yakutat–North American plate boundary. We 
aim to quantify how far deformation is transferred inboard of the Fairweather 
transform plate boundary and across the Eastern Denali fault. We present 
new detrital apatite and zircon fission track data from 27 modern drainages 
collected on both sides of the Eastern Denali fault and from the Alsek and 
Tatshenshini River catchments that drain the mountainous region between 
the Fairweather fault and the Eastern Denali fault. By integrating our data 
with published bedrock and detrital geochronology and thermochronology, 
we show that exhumation reaches much farther inboard (>100 km) of the 
Fairweather fault than farther north in the St. Elias syntaxial region (<30 km). 
This suggests that the entire corridor between the Fairweather and East-
ern Denali faults exhumed since mid-​Miocene time. The Eastern Denali fault 
appears to be the backstop, and late Cenozoic exhumation northeast of the 
fault is very limited.

■■ INTRODUCTION

How is deformation distributed along a highly oblique continental margin? 
How far is deformation transferred inboard and across different terranes and 
sutures? We aim to address these questions by investigating the pattern of 
upper crustal cooling and exhumation inboard of the Yakutat–North Ameri-
can transform plate boundary. The active oblique subduction and collision 
of the Yakutat microplate drives growth of the St. Elias Mountains along the 
northwestern margin of the North American plate (Fig. 1). As the Yakutat micro-
plate moves at ~50 mm/yr (Elliott et al., 2010) into southeast Alaska, the plate 
boundary transitions from the dextral Fairweather transform in the south into 
the Chugach–St. Elias thrust and the Aleutian megathrust in the north (Fig. 1).

Previous research quantifies the amount and spatial distribution of rock 
exhumation that is associated with the Yakutat convergence that reaches far 
inboard (>500 km) above the subducted Yakutat slab in the Alaska Range 

(e.g., Fitzgerald et al., 1995, 2014; Benowitz et al., 2011) and the Talkeetna and 
Chugach Mountains (e.g., Arkle et al., 2013; Enkelmann et al., 2019). Exhumation 
of rocks is particularly focused on constraining bends along the central and 
western segment of the Denali fault (e.g., Fitzgerald et al., 1995) with numerous 
historic strike-slip and reverse slip earthquakes recorded such as the MW 7.9 
earthquake in 2002 (Fig. 1; Eberhart-Phillips et al., 2003). The Yakutat–North 
American collision zone itself is equally well studied with emphasis on the 
Chugach–St. Elias fold-and-thrust belt (e.g., Bruhn et al., 2004; Spotila et al., 
2004; Berger et al., 2008; Meigs et al., 2008; Enkelmann et al., 2010; Chapman 
et al., 2012; Pavlis et al., 2012) and the eastern syntaxial corner of the St. Elias 
Mountains (e.g., O’Sullivan and Currie, 1996; Enkelmann et al., 2009, 2015a; 
Bruhn et al., 2012; Grabowski et al., 2013; Falkowski et al., 2014, 2016; Schartman 
et al., 2019). These studies show that exhumation is spatially very limited and 
reaches only <30 km inboard of the plate boundary. Most of the deformation 
is taken up by the Yakutat microplate and its sedimentary cover. Much less 
is known about the long-term deformation and exhumation farther inboard 
of the St. Elias Mountains and particularly along the strike-​slip–​dominated 
plate boundary (McAleer et al., 2009; Spotila and Berger, 2010; Falkowski and 
Enkelmann, 2016; Enkelmann et al., 2017). Recent studies revealed extremely 
high rates of rock exhumation (2–6 mm/yr) southwest of the Fairweather fault, 
which was accommodated by thrust and reverse faulting along the northern 
(Schartman et al., 2019) and southern end of the Fairweather fault (Lease et 
al., 2021). These data may suggest that rock exhumation and deformation 
is spatially focused along the fault. However, seismic studies suggest that 
the entire crustal block between the Fairweather and Eastern Denali faults 
is undergoing distributed strain with the Eastern Denali fault acting as the 
deformational backstop (Choi et al., 2021).

In this study we aim to address two main questions: (1) how far does 
rock exhumation reach inboard (northeast) of the Fairweather transform plate 
boundary and does it change along strike? (2) What is the exhumation pattern 
across the Eastern Denali fault that separates the Insular superterrane from 
the Intermontane superterrane? We answer these questions by investigating 
the thermal history of the upper crust along the Eastern Denali fault and the 
regions between the Fairweather fault and the Eastern Denali fault (Fig. 1). 
This 120-km-wide corridor is characterized by high mountainous topography 
of the St. Elias Mountains (Fairweather, Alsek, and Kluane Ranges) with peaks 
exceeding 4000 m of elevation and large glaciers eroding material that is 
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mostly transported into the Gulf of Alaska by the Alsek and Tatshenshini Rivers 
(Fig. 2). We present 1431 new apatite fission track (AFT) and 2505 new zircon 
fission track (ZFT) data from 27 catchments. We use detrital thermochronology 
of modern glacial and fluvial deposits to infer first-order information about 
rock cooling occurring on catchment scales. While this analytical approach 
does not provide cooling information with high spatial resolution as bedrock 
studies do, it is the most effective method of obtaining cooling information 
from underneath glaciers and in inaccessible, remote regions. Detrital ther-
mochronology studies in the St. Elias Mountain (e.g., Enkelmann et al., 2008, 
2009, 2015a; Falkowski et al., 2014) and other glaciated regions such as the 
Alaska Range (e.g., Lease et al., 2016) showed that bedrock thermochronol-
ogy alone results in a biased cooling record due to sampling of the ice-free 
portions of the landscape. Our new data are integrated with the published 
detrital ZFT and AFT data derived from the largest glacial catchments that 
drain the core of the St. Elias Mountains toward the north and east (Falkowski 

and Enkelmann, 2016) and with published bedrock thermochronology data 
from the area (McAleer et al., 2009; Spotila and Berger, 2010; Falkowski and 
Enkelmann, 2016; Enkelmann et al., 2017; McDermott et al., 2019).

■■ GEOLOGIC AND TECTONIC SETTING

The tectonic history of the North American Cordillera is characterized by 
accretion since the Paleozoic (Jones et al., 1972; Coney et al., 1980). The study 
area is composed of terranes, including the Intermontane superterrane, against 
which the Insular superterrane, comprising the Wrangellia, Alexander, and 
Peninsular terranes, accreted in the mid Cretaceous (e.g., Rubin et al., 1990; 
Dusel-Bacon et al., 1993). The Eastern Denali fault separates the two superter-
ranes (Fig. 1). North of the Eastern Denali fault, the study area is characterized 
by continental margin sequences that were extensively intruded by plutonic 
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Figure 1. Topographic map (draped over 
hillshade based on GTOPO30) shows 
northwestern North America with 
main tectonic and geographic features. 
Denali is 6190 m above sea level (asl) 
and Mount Logan is 5959 m asl. White 
numbers along the Denali fault are Qua-
ternary mean slip rates from Marechal 
et al. (2015, 2018), Haeussler et al. (2017), 
and Brothers et al. (2018). The white star 
marks the epicenter of the 2002 MW = 
7.9 earthquake (Eberhart-Phillips et al., 
2003). Active, Quaternary (mainly for 
Alaska), and older bedrock faults are 
modified from Koehler et al. (2012) and 
Garrity and Soller (2009), respectively. 
Plate velocity vectors are after Plat-
tner et al. (2007) and Elliott et al. (2010). 
PAC—Pacific plate, NA—North American 
plate, YM—Yakutat microplate, CSEF—
Chugach-St. Elias fault. White boxes 
indicate the locations of three swath 
profiles shown in Figure 4.
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rocks of the Kluane Arc (ca. 85–45 Ma). The Kluane Arc is part of the Coast 
Plutonic Complex and is represented in the study area by the Paleocene–early 
Eocene Ruby Range Batholith (e.g., Armstrong, 1988; Erdmer and Mortensen, 
1993). Geochronology and high-temperature thermochronology ages (57–
40 Ma) of the intruded Kluane Metamorphic Schist are interpreted as having 
cooled due to rapid uplift following intrusion (Erdmer and Mortensen, 1993), 
which is supported by sparse low-temperature thermochronologic data in 
the area (Enkelmann et al., 2017). Furthermore, metasedimentary rocks of 
a Late Jurassic–Early Cretaceous flysch basin (Dezadeash Formation of the 
Gravina-Nutzotin belt; e.g., Berg et al., 1972; Eisbacher, 1976; Lowey, 1992) are 
displaced along the Eastern Denali fault (Fig. 3). These sediments have been 
deformed and metamorphosed in association with the mid–Late Cretaceous 
final accretion of the Insular superterrane (e.g., Dusel-Bacon et al., 1993). The 
Denali fault may have accommodated up to 400 km of dextral displacement 
over the Cenozoic (Lowey, 1998). Details about the Cenozoic slip history, and 
possibly varying slip amounts between the eastern and western fault segments, 
remain uncertain (e.g., Regan et al., 2020).

South of the Eastern Denali fault, basement rocks of the Wrangellia and 
Alexander terranes comprise Paleozoic–early Mesozoic arc-backarc assem-
blages (e.g., Nokleberg et al., 1994). These rocks have been intruded by 

Jurassic–Cretaceous magmatism (ca. 160–130 Ma Chitina Arc and ca. 120–
105 Ma Chisana Arc; Dodds and Campbell, 1988), which migrated northward 
through time (Fig. 3). Furthermore, in the Eastern Denali fault and Duke River 
fault zone, latest Eocene–Oligocene fluvial and lacustrine sediments of the 
Amphitheatre Formation were deposited in small, fault-bounded, transpres-
sional and transtensional basins (Fig. 3; e.g., Eisbacher and Hopkins, 1977; 
Ridgway et al., 1992; Ridgway and DeCelles, 1993a, 1993b). These sediments 
are overlain by early–mid-Miocene Wrangell volcanics (Skulski et al., 1991, 
1992). Wrangell volcanics and shallow intrusions of 26–0 Ma age (Richter et al., 
1990; Trop et al., 2012) formed due to the passage of the Yakutat slab edge but 
are mostly located to the west of the study area (Wrangell Mountains in Fig. 1; 
Richter et al., 1990; Brueseke et al., 2019). To the south, the Insular superterrane 
is bounded by the Border Ranges fault. Subduction at the Insular superterranes’ 
outboard margin continued during Cretaceous–Paleocene time (the Chugach-
Prince William terrane represents the accretionary complex; Fig. 1) until a 
spreading-ridge subducted and the transform margin was established in the 
mid Eocene (Fig. 1; Fairweather–Queen Charlotte fault system; e.g., Dumou-
lin, 1988; Plafker et al., 1994; Haeussler et al., 2003; Pavlis and Roeske, 2007).

Since the late Eocene, the oceanic plateau of the Yakutat microplate has 
been translated northwestward into the St. Elias syntaxis (Figs. 1–2; e.g., Plafker, 

Haines
JunctionKluane Lake

138°W
140°W

142°W

62°
N

61°
N

60°
N

59°
N50 km

EDF

FF
BRF

CF

DRF

110

109 108
106

105

66 67 85 39

40

8

9

13 17

23 26
25 29

32

18

31

34

35

33
36

9392 97
96

9594
7

10
12

20

24
27

37

30

28

65

102
103

78

104 89
3

1 38

TSZ

K.R.
S.R.

Alsek

Tatshenshini

?Faults concealed
faults

uncertain
faults

3 9

Lakes
Rivers Alsek, Tatshenshini Rivers

Ice

Sampled catchments with short ID
This study

This study Dunn et al. (2017)

2017 earthquakes

Falkowski and Enkelmann (2016)

Falkowski &
Enkelmann (2016)

Samples downstream Alsek & Tatshenshini trunk streams

Yakutat

Mt. Logan

A

C

A'

B

B'

Figure 2. Topographic map (based on 
ASTER GDEM V3) shows the study 
area with outlined newly and previously 
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Figure 3. (A) Geologic map of the 
study area with outlined catch-
ments located along the Eastern 
Denali fault (EDF) is shown. 
Note that other catchments and 
sample locations of this study 
are not shown here for clarity. 
Previously published bedrock 
low-temperature thermochro-
nometric data from the vicinity 
of the sampled catchments are 
shown. AHe—apatite (U-Th)/He, 
AFT—apatite fission-​track, ZHe—
zircon (U‑Th)/He, ZFT—zircon 
fission-track. TSZ—Tatshenshini 
Shear zone; DRF—Duke River 
fault; FF—Fairweather fault; 
CF—Contact fault; BRF—Border 
Ranges fault; SCV—Sonya Creek 
Volcanic Field (Berkelhammer et 
al., 2019), AVF—Alsek Volcanic 
Field (13.5–10.8 Ma (Stevens et 
al., 1982; Dodds and Campbell, 
1988) and 16.4–15.4 Ma (Trop et 
al., 2012)). Geology is from Yu-
kon Geological Survey (Bedrock 
Geology Data set, http://​data​
.geology​.gov​.yk​.ca​/Compilation​
/3#InfoTab, downloaded April 
2019), British Columbia Geologi-
cal Survey (Cui et al., 2017), and 
U.S. Geological Survey (Wilson 
et al., 2015). Faults are simplified 
after Spotila and Berger (2010), 
WIlson et al. (2015), and Fal-
kowski and Enkelmann (2016). 
(B) Histograms, probability 
density plots, and age compo-
nent fitting curves of detrital 
apatite and zircon fission track 
(AFT and ZFT) data are shown 
with pie charts representing 
single-grain ages. The age com-
ponent curves are from Binomfit 
software (Brandon, 1992, 1996); 
where two or more curves are 
present, they represent P1, P2, 
etc., as recorded in Tables 2 and 
S1 (see footnote 1).
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TABLE 1. GEOGRAPHIC INFORMATION FOR DETRITAL SAMPLES

Sample 
number

Latitude Longitude Elevation
(m)

Catchment 
area
(km2)

Catchment 
elevation range

(m)

KLD 01 60.6735 –137.3717 801 84 801–2444

KLD 03 61.0724 –137.7053 617 27 617–2558

KLD 07 60.5238 –137.8043 546 12,973 546–4402

KLD 08 60.3256 –137.9816 515 26 515–2307

KLD 10 60.1645 –138.0214 461 14,393 461–4402

KLD 12 60.1094 –137.9185 428 16,189 428–4402

KLD 24 59.6148 –137.9056 203 18,463 203–4402

KLD 30 59.4620 –137.5219 211 5713 211–2719

KLD 31 59.4649 –137.4162 310 85 310–2671

KLD 32 59.5193 –137.4153 275 334 275–2302

KLD 34 59.6067 –137.1946 349 803 349–2719

KLD 35 59.6394 –137.1807 362 670 362–2574

KLD 36 59.6976 –137.2318 410 160 410–2425

KLD 37 59.7158 –137.2253 400 2848 400–2716

KLD 38 60.3628 –137.1519 795 66 795–2200

KLD 89 60.9785 –138.5453 813 53 813–2663

KLD 92 60.2921 –137.0246 743 32 743–1981

KLD 93 60.1107 –136.9301 724 364 724–2142

KLD 94 59.9110 –136.7999 858 237 858–2204

KLD 95 59.7337 –136.5922 960 62 960–2055

KLD 96 59.8430 –136.6532 881 59 881–2102

KLD 97 59.9917 –136.8431 835 317 835–2265

KLD 102 61.4309 –139.2208 843 158 843–2620

KLD 103 61.3741 –139.1476 860 658 860–3015

KLD 104 61.4919 –138.9333 815 79 815–2467

KLD 108 61.6772 –139.7513 680 4289 680–5035

KLD 109 61.7978 –140.0482 730 279 730–2284

Note: Coordinates in WGS84. Elevation ranges from ASTER 30 m digital elevation 
model.
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1987; Finzel et al., 2011; Worthington et al., 2012). The St. Elias syntaxis, where 
transform motion transitions into collision and flat-slab subduction, is char-
acterized by the highest peaks (e.g., Mt. Logan at 5959 m) surrounded by the 
Kluane icefield (Figs. 1–2).

The main structures in our study area are the Eastern Denali fault and the 
Duke River fault. The Denali fault is active and characterized by slip partitioning 
(e.g., Riccio et al., 2014; Bemis et al., 2015). Quaternary mean slip rates along 
its western and central segments in Alaska are much higher (5–13 mm/yr; 
Haeussler et al., 2017) than along the eastern segment in Canada (~2 mm/yr or 
<1 mm/yr; Fig. 1; Haeussler et al., 2017; Marechal et al., 2018). The Denali fault 
is capable of producing large earthquakes, such as the 2002 Mw 7.9 earthquake 
that ruptured hundreds of kilometers along the central Denali fault and into 
the Totschunda fault (Fig. 1; Eberhart-Phillips et al., 2003). The Duke River fault 
is a reactivated suture and thrusts Alexander terrane rocks over Wrangellia 
terrane rocks (Cobbett et al., 2017). Evidence for its activity and ~10–13 km of 
vertical motion comes from tectono-stratigraphic reconstructions, muscovite 
growth ages (105–79 Ma), deformation of Miocene lava and intrusions (post-
15 Ma deformation), and current seismicity and crustal motion (Power, 1988; 
Kalbas et al., 2008; Doser, 2014; Marechal et al., 2015, 2018; Cobbett et al., 2017;  
Choi et al., 2021). This indicates that the Duke River fault has been reactivated 
due to its favorable orientation to the Yakutat-North American collision and 
accommodates some contractional deformation in the transpressional stress 
field similar to the Alaskan segments of the Denali fault zone (e.g., Bemis et al., 
2015). Overall, it is important to point out that the surface geology in the study 
area is not well mapped due to glacial coverage, remoteness, and lack of eco-
nomic interests (e.g., most of the region is part of a national or provincial park).

■■ METHODS

Sampling Modern Catchments

Studying the St. Elias Mountains is challenging due to the remoteness 
and extensive glaciation, which limits access to bedrock sampling. Detrital 
thermochronology studies on fluvial and glacial sand deposits are very effec-
tive in revealing the spatial pattern of rock exhumation and complementing 
bedrock studies (e.g., Enkelmann et al., 2008, 2009; Falkowski et al., 2014). The 
use of multiple thermochronologic systems on the same sample can provide 
additional information about cooling through a larger temperature window 
(Enkelmann et al., 2015a; Falkowski and Enkelmann, 2016). We followed this 
analytical approach and collected 27 sand samples from glacio-fluvial and 
fluvial catchments located along the Eastern Denali fault as well as from 
tributaries and the main streams of the Alsek and Tatshenshini Rivers in south-
western Yukon and northwestern British Columbia (Figs. 1–2; Table 1). At each 
location, we grabbed sand from ~50–100-m-long stretches along the riverbank 
or sand bar to obtain ~5 kg of a mixed medium- to coarse-grained sample. 
Sampling locations along the Eastern Denali fault were chosen according to 

hiking access from the highway that parallels the fault. We aimed to sample 
the small catchments that drain the fault-proximal mountains.

We collected samples along the Alsek and Tatshenshini Rivers and their 
tributaries using helicopter access (Fig. 2). Large glacier systems drain into 
the Alsek River from the northwest, for which detrital AFT and ZFT data were 
published by Falkowski and Enkelmann (2016) and bedrock thermochronol-
ogy data by Enkelmann et al. (2017). For this study, we sampled along the 
Alsek trunk river and smaller tributaries of the Alsek River to obtain the cool-
ing record of the more outboard portions (north and east) of the St. Elias 
Mountains. Note that samples were collected in 2012 in settings influenced by 
the abrupt drainage reorganization by the retreat of the Kaskawulsh Glacier 
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(catchment KLD 65 in Fig. 2) (Shugar et al., 2017). Before 2016, the majority 
of the Kaskawulsh Glacier was drained via the Slims River (S.R. in Fig. 2) and 
Kluane Lake in the Yukon catchment into the Bering Sea, whereas it is now 
mostly drained via Kaskawulsh (K.R. in Fig. 2) and Alsek Rivers into the Pacific 
Ocean. Therefore, the samples that were collected along the Alsek trunk (KLD 
7, KLD 10, KLD 12, and KLD 24; and previous samples KLD 20, KLD 27, and KLD 
28; Falkowski and Enkelmann, 2016; Dunn et al., 2017) represent the pre-2016 
drainage pattern. Note that all glacio-fluvial sand samples were collected in 
highly dynamic settings that were influenced by glacial and climate dynamics 
and subject to changes in drainage patterns or sediment storage (e.g., glacial 
lake damming and outbursts). Along the Tatshenshini River, we sampled the 
trunk and tributaries that drain both sides of the river (Fig. 2). The Tatshenshini 
River is sourced east of the Eastern Denali–Duke River fault zone and flows 
to the northwest in the Eastern Denali fault zone before making a wide turn 
and flowing south for ~200 km through the mountainous region inboard of 
the Fairweather plate boundary and into the Pacific Ocean (Fig. 2). The Tatsh-
enshini River cuts through mountains with peaks of >2500 m elevation, and 
many of them host alpine glaciers (Fig. 2).

Detrital Apatite and Zircon Fission Track Analyses

Samples were collected for detrital AFT and ZFT analyses. Mineral sep-
aration was conducted according to standard protocols at the University of 
Tübingen, Germany, and fission-track analyses were conducted at the Univer-
sity of Cincinnati, Ohio, USA. Details on mineral separation and the fission-​track 
dating procedure can be found in Enkelmann et al. (2015a) and Falkowski and 
Enkelmann (2016). For each sample and dating method, we aimed to analyze 
~100 single grains using the external detector method and ζ calibration for 
age determination (Hurford, 1990).

Detrital thermochronology has the advantage that it provides integrated 
cooling information of the bedrock within a catchment. The interpretation of 
detrital fission track data is based on consideration of the entire age distri-
bution rather than on individual grain ages. However, for the resulting age 
distribution to be a true representation of cooling recorded by the bedrock 
underlying the catchment, several assumptions must be valid: (1) all lithologies 
within the catchment contain the accessory mineral being analyzed (e.g., apa-
tite and zircon); (2) the mineral yield is similar for all lithologies; and (3) every 
lithology in the catchment is equally eroding and is equally represented in 
sediment carried by rivers or glaciers. Most of these assumptions are not true 
for catchments containing various lithologies, geologic units, and structures. 
For example, mineral separation of magmatic, metamorphic, and sedimentary 
rocks regularly results in large variations in apatite and zircon yields, and often 
only one or none of the accessory minerals is present. Furthermore, fault and 
fracture zones are regions of rock weakness and are much easier to erode; thus, 
they contribute more sediment than unfractured rock units. In glacial settings, 
the varying coverage and flow of ice results in differential erosion within the 

catchment, which biases the detrital record (Ehlers et al., 2015). Therefore, 
it cannot be simply assumed that a detrital age distribution represents the 
bedrock cooling of the entire catchment and that the AFT and ZFT age distri-
butions of the same detrital sample represent the cooling of the same bedrock 
underlying a catchment. Despite these limitations, the resulting AFT and ZFT 
age distributions provide valuable first-order information on cooling recorded 
within a catchment, but they do not necessarily represent the complete cooling 
record of all rocks within the entire catchment. Detrital thermochronology was 
particularly successful in revealing the youngest age components in glacial 
catchments that are commonly missed in bedrock studies due to their bias to 
higher-elevation sample locations (e.g., Grabowski et al., 2013; Ehlers et al., 
2015; Enkelmann and Ehlers, 2015).

■■ RESULTS

From a total of 27 detrital samples, we present 2505 ZFT single-grain ages 
from 24 samples and 1431 AFT single-grain ages from 19 samples. From the 
measured single-grain age distribution, we extract age components using a 
binomial peak-fitting procedure (software BINOMFIT; Brandon, 1992, 1996). This 
procedure generates component distributions in the probability density plot 
with Gaussian-shaped peaks, and the area beneath each peak represents the 
proportional size of the age component (Brandon, 1996). The component age 
peaks (P1, P2, P3…) are reported as mean age, width (1σ), and size (percent-
age of grains) and are used for geologic interpretation (Table 2; e.g., Brandon 
et al., 1998; Garver et al., 1999). Note, from here on we use “grain ages” and 

“AFT/ZFT dates” when referring to the measured single-grain data and we use 
“age components” when referring to the peak fitting results as listed in Table 2.

AFT and ZFT age components of the 27 new samples and previously pub-
lished results of 21 samples from catchments that drain the St. Elias syntaxis 
area toward the north and east (Fig. 2; Falkowski and Enkelmann, 2016) are 
reported in the Supplemental Material (Table S11). All new single-grain ages and 
analytical details can be found in Table S2 (see footnote 1). The measured age 
distributions and extracted age components are visualized in probability den-
sity plots and histograms (Fig. 3). We also present the measured single-grain 
data in pie charts grouped into six age bins of different colors (Fig. 3). The age 
bins are selected to capture cooling caused by the various exhumational and 
magmatic phases reported from the Yakutat–North American collision zone. 
The youngest age bin (<5 Ma, red) represents the extremely rapid exhumation 
that is localized underneath the ice fields at the St. Elias syntaxis region (e.g., 
Enkelmann et al., 2009; Falkowski et al., 2014). The 5–15 Ma age bin (orange) 
captures the time since the beginning of the Yakutat collision, which resulted 
in accelerated rock exhumation within both the Yakutat and North American 
plates (Grabowski et al., 2013; Enkelmann et al., 2017). The 15–35 Ma age bin 
(yellow) captures the rock exhumation associated with the northwestward 
translation of the Yakutat microplate along the transform boundary, which 
results in flat slab subduction underneath southern Alaska (e.g., Finzel et al., 
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Information 

Apatite and zircon fission track age populations of all detrital samples collected from Yukon and British Columbia. Table S1 presents 

new and published data together grouped according to their geographic location. Table S2 presents the single-grain data for all new 

detrital apatite and zircon fission track samples from this study. 

 
 

TABLE S1. DETRITAL ZFT AND AFT AGE POPULATIONS 
Sample Mi

n N Age range 
(Ma) 

Peak ages of distribution components ±1  (Ma) [Grain fraction (%)] 
P1 P2 P3 P4 

Along the Denali Fault from NW to SE 
KLD 
110* Zr 104 547–3 6.2±0.7 [16] 

 10.9±0.6 [58] 51.5±4.3 [12] 253.8±28.9 [14] 

1 Supplemental Material. All peak fitting results from 
this study and previously published catchments 
(Table S1) and the single-grain data of the new data 
(Table S2). Please visit https://​doi.org​/10.1130​/GEOS​
.S​.15161556 to access the supplemental material, and 
contact editing@geosociety.org with any questions.
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TABLE 2. DETRITAL ZFT AND AFT AGE COMPONENTS

Sample Min N Age range
(Ma)

Age components ±1σ (Ma) [Grain fraction (%)]

P1 P2 P3 P4

Along the Eastern Denali Fault from northwest to southeast

KLD 109 Zr 104 223–7 7.3±1.8 [1] 38.4±11 [3] 71.2±6.9 [45] 121.4±11 [51]
Ap 40 570–5 11.0±1.8 [25] 82.6±5.5 [75]

KLD 108 Zr 105 313–4 5±1.1 [2] 7.2±1.2 [1] 69.4±7.8 [32] 132.5±11 [65]
KLD 102 Zr 105 325–11 25.3±2.1 [34] 54.3±4.5 [49] 148.6±15 [17]
KLD 103 Zr 104 384–11 17.2±2.4 [4] 39.2±3.5 [30] 64.3±5.6 [37] 147.2±13.6 [30]

Ap 67 311–22 48.3±3.3 [50] 116.7±11 [50]
KLD 104 Zr 105 317–10 15.1±1.9 [5] 45±3.7 [48] 69.3±9.5 [28] 124±13 [19]

Ap 50 357–14 20.4±3.4 [7] 58.2±7.4 [51] 87.2±13.5 [42]
KLD 89 Zr 104 224–6 9.3±2.1 [3] 31.7±4.8 [6] 51.6±4.9 [25] 94.8±7.5 [66]
KLD 03 Zr 104 25–300 42.8±8.4 [7] 64.8±9.2 [27] 97±12.2 [49] 172±27 [16]

Ap 50 4–329 9.8±11 [5] 58.1±7 [55] 120.7±13 [40]
KLD 01 Zr 103 26–251 41.4±11.5 [3] 67.0±8.2 [26] 108.7±9.6 [72]

Ap 35 20–284 48.2±4.2 [52] 153.8±18 [48]
KLD 38 Ap 93 36–350 47.4±5.5 [5] 105.2±5.6 [80] 215.6±38 [15]
KLD 92 Zr 104 18–230 30.6±2.6 [17] 48.9±4.2 [26] 103±7.8 [57]
KLD 93 Zr 103 28–100 40.4±3.3 [40] 55.6±5.4 [40] 77.5±7 [20]

Ap 63 19–151 23.4±5.5 [5] 44.7±11 [15] 68.6±4.2 [80]
KLD 97 Zr 105 20–93 29.5±2.4 [24] 50.0±5.1 [41] 66.6±6.8 [35]

Ap 77 17–198 49.6±3.7 [44] 77.2±7.8 [51] 120.2±52 [5]
KLD 96 Zr 105 23–80 39.9±3.8 [29] 56.3±4.3 [71]

Ap 100 21–399 41.0±2.1 [70] 69.6±6.4 [30]
KLD 95 Ap 19 9–116 18.8±2.6 [62] 59.4±12 [38]

Tatshenshini River catchment

KLD 94 Zr 105 19–86 22.3±2.1 [9] 46.8±3.7 [64] 63.7±6 [27]
KLD 37 Ap 101 5–153 17.1±3.5 [12] 42.2±3.3 [72] 66.6±10 [16]
KLD 36 Zr 104 58–191 80.1±6.7 [43] 108±16 [30] 142.9±16.7 [27]

Ap 67 2.2–107 13.3±1.2 [69] 49.7±11.5 [31]
KLD 35 Zr 104 17–138 23.7±2 [22] 34.5±2.7 [55] 54.9±4.6 [16] 100.3±9.3 [7]
KLD 34 Zr 105 25–212 40.7±4.2 [9] 105.9±7.5 [91]

Ap 103 2–114 13.7±2.2 [42] 25.4±5 [47] 46.3±10 [11]
KLD 32 Zr 105 49–186 68.7±9 [13] 102.1±8.4 [79] 146±28 [8]

Ap 102 4.5–99 15.5±2.5 [44] 26.8±6 [42] 59.8±8.5 [14]
KLD 31 Zr 104 27–164 34.6±3.6 [11] 67.9±6 [43] 98.6±8.3 [47]

Ap 105 3.5–126 12.9±2.8 [23] 23.2±3.9 [49] 43.8±5.5 [28]
KLD 30 Zr 105 52–245 75.3±7.6 [19] 115.7±9.2 74] 187.8±28 [7]

Ap 105 4–84 14.6±2 [64] 39.2±3.8 [36]

Alsek River catchment

KLD 07 Zr 105 1–183 4.6±0.7 [19]  9±1 [21] 88.7±6.9 [60]
Ap 72 2.7–197 12.7±1.4 [51] 95.1±5.8 [49]

KLD 08 Zr 104 26–255 39.8±5.8 [6] 87.1±10.5 [35] 125.2±11.3 [59]
KLD 10 Zr 105 22–293 36.5±3.3 [16] 69±5.5 [59] 133.9±12.5 [25]

Ap 75 49.2±8.9 [4] 104.1±6.3 [61] 134.8±25 [35]
KLD 12 Zr 103 48–247 74.1±6.6 [32] 121.8±9.8 [68]
KLD 24 Zr 105 4–224 5.8±1.4 [3] 72.1±8.7 [21] 121.1±10 [76]

Ap 107 3.4–201 11.3±0.8 [51] 28.1±2.6 [25] 99.6±7 [24]

Note: Results of binomial peak-fitting using Binomfit (Brandon, 1992, 1996). Min—mineral; Zr—zircon; Ap—apatite; N—number of 
single grains dated per sample. A complete list of all published and new detrital apatite fission track (AFT) and zircon fission track 
(ZFT) age component results are in Table S1 (see footnote 1). Single-grain data of this study are given in Table S2 (see footnote 1).
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2011; Falkowski et al., 2014). The 35–60 Ma age bin (blue) captures the time 
of late Paleocene–Eocene near-trench magmatism and metamorphism that 
resulted in the Chugach Metamorphic Complex and was followed by tectonic 
plate reorganization (e.g., Hudson and Plafker, 1982; Haeussler et al., 2003; 
Gasser et al., 2011). The two oldest age bins, which are 60–100 Ma (green) and 
>100 Ma (purple), capture the time of subduction along the western margin of 
North America. The younger age bin represents mostly the Late Cretaceous–
Paleocene Coast Plutonic Complex, while the oldest age bin represents the 
magmatism associated with the formation of the Chitina and Chisana Arcs 
(e.g., Dodds and Campbell, 1988; Dusel-Bacon et al., 1993).

In general, the age distributions are composed of two to four age com-
ponents with peaks ranging from ~10–215 Ma for apatite and ~5–190 Ma for 
zircon (Table 2). Overall, ZFT age components are similar to or older than 
AFT age components (within 1σ error) as would be expected from the higher 
closure temperature of ZFT (~250 °C; Brandon et al., 1998) compared to that 
of AFT (~110 °C; Ketcham et al., 1999). However, there are also a few samples 
with younger ZFT than AFT age components (e.g., samples KLD 97 and KLD 
103; Table 2). The most likely explanation for such age inversion is a heteroge-
neous mineral yield in the catchments due to variable lithologies and possible 
non-uniform erosion patterns that result in variable contributions of grains 
from different regions. The following description of our results is subdivided 
into two areas: (1) catchments along the Eastern Denali fault and (2) catchments 
between Eastern Denali fault and Fairweather fault (Fig. 2).

Detrital AFT and ZFT Cooling Record along the Eastern Denali Fault

A total of 14 samples were analyzed from both sides of the Eastern Denali 
fault (Fig. 3). For samples KLD 89, KLD 92, KLD 94, and KLD 102 we only 
obtained ZFT results, and for samples KLD 38 and KLD 95 only AFT results 
were obtained. The remaining eight samples yielded ZFT and AFT data. ZFT 
age components have peaks ranging between 25.3 ± 2.1 Ma (34%) and 172.0 
± 27.0 Ma (16%), while AFT components have peaks ranging from 11.0 ± 1.8 Ma 
(25%) to 215.6 ± 38.0 Ma (15%; Table 2). Age components that comprise <5% of 
measured grains are not considered to be statistically significant (Vermeesch, 
2004) and are not further discussed here, but they are reported in Tables 2 and 
S1 (footnote 1). All measured age distributions are relatively wide with the 
exception of samples KLD 92, KLD 93, KLD 96, and KLD 97, which are located 
northeast of the Eastern Denali fault or overlap the Eastern Denali fault zone 
(KLD 94) farthest to the southeast. In this area, the catchments mostly com-
prise magmatic rocks of the Coast Plutonic Complex (Fig. 3). Those samples 
show narrow distributions with the largest ZFT and AFT age components at 
ca. 70–45 Ma (Fig. 3, Table 2), which indicate relatively rapid cooling of these 
magmatic rocks following intrusion.

Due to the road that needed to be accessed to collect these samples, 
the catchments in the southeastern portion of the Eastern Denali fault are 
located northeast of the fault (except for KLD 95), while the catchments on 

the northwestern portion of the Eastern Denali fault are all located southwest 
of the fault (Fig. 3). Catchments in the Insular superterrane southwest of the 
Eastern Denali fault comprise basement and Late Jurassic–Early Cretaceous 
flysch of the Dezadeash Formation intruded by rocks of the ca. 120–105 Ma 
Chisana Arc, latest Eocene–Oligocene Amphitheatre clastics and Wrangell 
volcanic rocks (ca. 30–12 Ma in the study area). All of those catchments (KLD 
109, KLD 103, KLD 104, and KLD 89) reveal Late Jurassic–Early Cretaceous AFT 
and ZFT age components with AFT age components being slightly younger 
than ZFT age components (Table 2, Fig. 3). These age components are not 
observed in samples from the Intermontane superterrane north of the East-
ern Denali fault (KLD 3, KLD 1, KLD 38, KLD 92, KLD 93, KLD 96, and KLD 97; 
Fig. 3). Those catchments comprise basement rocks, a large portion of Deza-
deash sediments, and intrusions of the ca. 85–45 Ma Kluane Arc (Fig. 3). All 
catchments both northeast and southwest of the Eastern Denali fault reveal 
AFT and ZFT age components ranging from 80 Ma to 30 Ma, which suggests 
that dominant cooling occurred during the Late Cretaceous–Oligocene (blue 
and green color in pie charts of Fig. 3, Table 2) on both sides of the Eastern 
Denali fault. Miocene and younger (<23 Ma) age populations are sparse in 
both detrital AFT and ZFT data and are generally small (<10% of all measured 
grains). These age components occur mostly in catchments southwest of the 
Eastern Denali fault (KLD 109, KLD 103, KLD 104, KLD 89, and KLD 95) but also 
in some catchments north of the fault (KLD 93 and KLD 97).

In summary, detrital data from catchments along the Eastern Denali fault 
recorded dominant Late Cretaceous–Oligocene cooling that occurred on both 
sides of the fault. Additionally, dominant Late Jurassic–Early Cretaceous cool-
ing is observed in catchments composed by the Insular superterrane rock 
southwest of the Eastern Denali fault and the overlying Dezadeash sediments 
that are exposed along the fault (green unit in Fig. 3A).

Detrital AFT and ZFT Cooling Record between Eastern Denali and 
Fairweather Faults

The region between the Eastern Denali fault and the Fairweather fault is 
characterized by mountainous topography and large glacial systems of the 
Fairweather and Alsek ranges of the St. Elias Mountains (Figs. 1–2). To visu-
alize the topography of this area, we present two 15-km-wide, SW–NE swath 
profiles that stretch from the Pacific Ocean across the Fairweather fault and 
Eastern Denali fault (Figs. 4A–4B) and one 20-km-wide, NW–SE profile that 
stretches parallel to the faults (Fig. 4C; location of swaths in Fig. 1). The Alsek 
River is the main drainage system in the area, and its catchment comprises 
numerous large glaciers (Figs. 2 and 5A). The headwater of the Alsek River 
reaches far north of the Eastern Denali fault, where it is characterized by lower 
topographic relief (Yukon plateau) than the region southwest of the Eastern 
Denali fault (Figs. 5A–5B). The Tatshenshini River is the largest tributary and 
composes the southeastern portion of the Alsek catchment (Fig. 2). The head-
waters of the Tatshenshini River are northeast and southwest of the Eastern 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/17/6/2123/5476372/2123.pdf
by University of Glasgow user
on 24 November 2023

http://geosphere.gsapubs.org


2131Enkelmann and Falkowski  |  Exhumation inboard of the Yakutat–North American transform boundaryGEOSPHERE  |  Volume 17  |  Number 6

Research Paper

Denali fault and the Duke River fault, whereby the lower river cuts through the 
partially glaciated mountains that are underlain by the Insular superterrane 
(Figs. 5C–5D). The Tatshenshini–Alsek confluence is 12 km west of the Border 
Ranges fault and 55 km from the Pacific Ocean.

We present our new and published data as pie charts, histograms, and 
probability density plots with the peak fitting results for the Alsek River (Fig. 6) 
and the Tatshenshini River catchments (Fig. 7). Note that all published data are 
marked with an asterisk on their sample ID in figures and text. We also plot the 
component peak ages and 1σ errors of samples with catchments crossing the 
three swath profiles to show the data with respect to the topography (in Fig. 4, 
blue- and red-shaded areas outline the general trend of detrital age compo-
nents). Emphasis is given to the youngest age components, as they record 
the most recent cooling that occurred in the catchments. In contrast, the older 
age components represent the crustal section that cooled slowly over longer 
times due to magmatic relaxation or slow erosion. The total widths of the age 
components in a catchment provide information about the amount of cooling 
and/or exhumation that occurred in a certain time interval. Overall, the spatial 
trend in the detrital age component peaks plotted along the two transects that 
cross the Fairweather and Eastern Denali faults shows an increase in peak 
ages and spread in age components with increasing distance from the plate 
boundary and an abrupt change in cooling ages across the Eastern Denali 
fault (Figs. 4A–4B). AFT age populations of <20 Ma occur across the entire 
Fairweather–Eastern Denali fault corridor but increase to >40 Ma northeast of 
the Eastern Denali fault (Figs. 4A–4B). ZFT ages are generally older (Early Cre-
taceous–Paleocene) than the AFT age peaks and increase with distance from 
the Fairweather fault but jump to younger ages (30–80 Ma) northeast of the 
Eastern Denali fault. Between profile A and B there is a distinct difference in 
the range of ZFT age components located between the Fairweather fault and 
the Eastern Denali fault. In profile A, ZFT age components increase inboard, 
and several of the samples show age peaks ranging from 60 Ma to >140 Ma. 
In contrast, in profile B, the ZFT age components show a smaller increase and 
no change with increasing distance from the plate boundary, and age compo-
nents are generally younger and range from 40 Ma to 110 Ma (Fig. 4B). Only 
some of these spatial differences can be explained by the underlying bedrock 
geology within the various catchments. For example, there are much younger 
40Ar/39Ar cooling ages (31–25 Ma) reported from Oligocene intrusions exposed 
in catchment KLD 35 (Fig. 5D). But otherwise, the underlying geologic units 
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in the catchments of profiles A and B are similar. Bedrock geochronology 
reported from other catchments along swath profile B (e.g., KLD 31, KLD 34, 
and KLD 36) report ages similar (168–136 Ma) to those reported from bedrock 
exposed in catchments along profile A (e.g., KLD 25*, KLD 26*, KLD 32, and 
KLD 33*) (Figs. 5B and 5D). This suggests differences in upper crustal rock 
cooling and exhumation along the strike of the Fairweather and Eastern Denali 
fault corridor. The age component peaks plotted in the along-strike profile 
reveal those large changes (Fig. 4C). There are younger AFT and ZFT ages at 
the northwestern and southeastern end of the profile and older ages in the 
middle, where the profile line crosses the Alsek River.

Alsek River Catchment

We report four new samples collected from the Alsek River, of which three 
(KLD 7, KLD 10, and KLD 24) yielded AFT and ZFT data, while sample KLD 
12 yielded ZFT data only (Fig. 6). AFT and ZFT data from three Alsek River 
samples were published previously (KLD 20* and KLD 27* by Falkowski and 
Enkelmann (2016) and KLD 28* by Dunn et al. (2017)). Ten tributary samples 
were analyzed, of which two are new (KLD 3 and KLD 8), and eight samples 
(KLD 9*, KLD 13*, KLD 17*, KLD 18*, KLD 23*, KLD 25*, KLD 26*, and KLD 40*) 
were reported by Falkowski and Enkelmann (2016). All 10 samples yielded ZFT 
data, and seven yielded AFT data (Fig. 6).

The ZFT age distributions found in the Alsek River catchment show a very 
heterogeneous cooling pattern. In general, most samples are dominated by 
ZFT grains >100 Ma (purple in pie charts in Fig. 6). The largest ZFT compo-
nents peak in the Late Jurassic–Early Cretaceous between 160 Ma and 110 Ma 
and often comprise 50–90% of the samples’ grains. Another large portion of 
the grains yielded ZFT dates between 100 Ma and 60 Ma (green in pie charts 
in Fig. 6) that correspond to the Late Cretaceous age component peaks that 
comprise mostly 30–50% of the sample (100–69 Ma; Tables 2 and S1 (footnote 
1). In contrast, ZFT data derived from the Dusty Glacier catchment (KLD 40*) 
and nearby Alsek River sample (KLD 7) yielded much younger grains (red and 
orange in pie charts in Fig. 6). These young grains correspond to age compo-
nent peaks of 7.6 ± 0.4 Ma (64%) in KLD 40* and 4.6 ± 0.7 (19%) and 9 ± 1 (21%) 
in KLD 7 (Tables 2 and S1). The AFT data reveal a larger variety in ages with 
dominantly young (35–0 Ma) grains in the large glacier tributaries (KLD 23*, 
KLD 26*, and KLD 40*) and in the Alsek River sediment further downstream. 
Dominant age components peak at 10.6 ± 0.8 Ma (60%) in KLD 23*, 9.4 ± 1.0 Ma 
(70%) in KLD 26*, and 8.8 ± 0.9 Ma (55%) in KLD 40*. Old AFT ages that are 
>60 Ma are found in small catchments draining from the east (KLD 9*) and the 
upper portion of the Alsek River (KLD 10). The dominant age components of 
these samples are 86.3 ± 6.2 Ma (71%) and 104.1 ± 6.3 Ma (61%), respectively. 
These old ages are similar to those obtained from catchments along the Eastern 
Denali fault (compare with data in Fig. 3). The distinctively young (<15 Ma) AFT 
and ZFT grains derived from the Dusty Glacier (KLD 40*) are thought to record 
exhumational cooling in the high icefield region based on bedrock cooling ages 

(Falkowski and Enkelmann, 2016). A similar young age signal is observed in 
sample KLD 7, which was collected just downstream of the Kaskawulsh-​Alsek 
confluence and may record the Dusty Glacier signal and/or the erosion of local 
Miocene Wrangell volcanics (Fig. 5B). These locally exposed volcanics have 
been dated at 16–11 Ma (Stevens et al., 1982; Dodds and Campbell, 1988; Trop et 
al., 2012), which could explain the observed AFT age component (12.7 ± 1.4 Ma, 
51%) but not the significant number of younger ZFT ages (component peaks 
at 4.6 ± 0.7 Ma (19%) and 9 ± 1 Ma (21%); Table 2). For that reason, we assume 
that this age signal is recording mostly the exhumational sediment signal of the 
Dusty Glacier. Farther downstream in the Alsek River (KLD 10 and KLD 12), the 
young age signal is entirely diluted by the sediment contribution of tributaries 
from the west and east (Figs. 5–6). The much smaller Fisher Glacier (KLD 13*) 
and all of the fluvial tributaries (KLD 8, KLD 9*, and KLD 17*) do not reach the 
syntaxis region and do not yield such young age components. Farther down-
stream, the Tweedsmuir (KLD 23*), Vern Ritchie (KLD 26*), and Battle (KLD 25*) 
Glaciers stretch far northwest into the St. Elias Mountains and parallel to the 
northern end of the Fairweather fault. KLD 23* and KLD 26* yield large (60–70%), 
late Miocene AFT age components (peaks at 10.6 ± 0.8 Ma and 9.4 ± 1.0 Ma) 
but few zircon grains that are that young (Figs. 5–6; Table S1 [footnote 1]). 
All three Alsek River samples collected below Tweedsmuir Glacier (KLD 24, 
KLD 27*, and KLD 28*) yield a dominant late Miocene (11–9 Ma; 31–51%) AFT 
age component, while ZFT age components of that age are very small (3–4%).

In summary, the detrital data from the Alsek River catchment reveals that 
most bedrock cooling below ca. 250 °C (ZFT system) occurred during the Juras-
sic and Cretaceous with the exception of the Dusty Glacier (KLD 40*) catchment, 
which shows significantly younger cooling (Fig. 6). Upper crustal cooling below 
ca. 110 °C (AFT system) also occurred during the Jurassic through Eocene time 
in the upper Alsek catchment and catchments located east of the river. This 
is in contrast to the cooling recorded by the detrital data from glacial tributar-
ies located west of the Alsek River that reveal a downstream increase of the 
Miocene cooling record (Fig. 6).

Tatshenshini River Catchment

We present data from 12 samples collected within the Tatshenshini River 
catchment (Figs. 5C and 7), of which two have been published before (KLD 29* 
and KLD 33*; Falkowski and Enkelmann, 2016). Nine samples yielded AFT and 
ZFT data, while two samples yielded only ZFT data (KLD 94 and KLD 35), and 
one sample yielded only AFT data (KLD 37). When disregarding the smallest 
(<5%) age components, ZFT age components peak between 14.3 ± 1.5 Ma (9%) 
and 188 ± 22 Ma (7%), while AFT components peak from 8.7 ± 2.3 Ma (34%) 
to 77.2 ± 7.8 Ma (51%; Table 2). There is a clear difference in the data between 
the headwater tributaries located northeast of the Eastern Denali fault and 
tributaries further downstream the Tatshenshini River.

In the headwaters, ZFT single-grain ages mostly range between 60 Ma and 
35 Ma (blue in pie charts; KLD 93, KLD 94, and KLD 97) with smaller portions of 
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younger (35–15 Ma, yellow) and older grains (100–60 Ma, green in pie charts; 
Fig. 7). The dominant ZFT age components are Late Cretaceous–Eocene (peak 
of 70–40 Ma; Table 2). The AFT single-grain age distributions show slightly 
older ages of Cretaceous–Eocene cooling that range from 100 Ma to 35 Ma 
(blue and green in pie charts, Fig. 7), and contain grains >100 Ma (purple, Fig. 7). 
However, the dominant AFT age components are similar to the ZFT data with 
Late Cretaceous to early Eocene peaks of 77–49 Ma (Table 2).

In the lower portion of the Tatshenshini River catchments, ZFT data are 
dominated by grains >60 Ma (green and purple in pie charts; KLD 30, KLD 32, 
KLD 33*, KLD 34, and KLD 36; Fig. 7). There are two exceptions to the relatively 
old ZFT data. One is sample KLD 35, which reveals large age components 
that peak at ca. 35 Ma (55%) and ca. 24 Ma (22%). This tributary catchment 
comprises Oligocene intrusive rocks that are most likely the source for these 
younger grains, and they thus do not record exhumational cooling (Fig. 5D; 
Tkope plutonic suite; Dodds and Campbell, 1988). The other exception is KLD 
29*, which is a large glacial catchment that connects with the high ice-field 
region of the Mount Fairweather massif (>4000 m elevation) that character-
izes the southern end of the Fairweather fault. This tributary glacier follows 
the Border Ranges fault, which separates the Insular superterrane from the 
Chugach-Prince William terrane (Figs. 1–2). The ZFT and AFT age distributions 
from that sample reveal large Miocene age components with peaks at 14–13 Ma 
and 24–21 Ma for both systems (Fig. 7; Table S1).

The AFT data of the Tatshenshini River catchment reveal that most grains 
cooled in the Oligocene to Miocene and are <35 Ma (red, orange, and yellow 
in pie charts; Fig. 7). All Tatshenshini tributaries reveal a dominant AFT age 
component that peaks at 18–9 Ma, which suggests that this region underwent 
exhumation since the mid Miocene (Tables 2 and S1 [footnote 1]). This is in con-
trast to AFT ages from the neighboring catchments (Alsek tributaries KLD 3, KLD 
9*, and KLD 18*; Fig. 6) that show much older (>35 Ma and mostly >60 Ma) AFT 
ages and dominant age components that peak at 86–34 Ma (Tables 2 and S1).

In summary, the catchments in the headwaters of the Tatshenshini River, 
which are located northeast of the Eastern Denali fault, yielded similar Late 
Cretaceous–Eocene AFT and ZFT age components, which suggest cooling 
from >250 °C to below 110 °C at that time. Detrital data from tributary catch-
ments draining into the lower Tatshenshini River record rapid Miocene cooling 
(>10 °C/m.y.; KLD 29*, KLD 31, KLD 32, KLD 33*, KLD 34, and KLD 36) from below 
the AFT closure temperature. Miocene deep-seated and rapid exhumation from 
below the ZFT closure depths occurred along the Border Ranges fault (KLD 29*).

■■ DISCUSSION

We summarize the new and previous detrital data from our study area 
and the St. Elias Mountains to provide an orogen-scale perspective of the 
cooling record. Our new results, integrated with previous detrital data, cover 
a large region (~20,000 km2) that is very remote and partially covered by exten-
sive glaciers (Figs. 2–3). The detrital ZFT and AFT data provide an integrated 

cooling signal of rocks below ~250 °C and ~110 °C (e.g., Brandon et al., 1998; 
Ketcham et al., 1999), which we can largely relate to exhumation in the upper 
crust. We first discuss crustal cooling along and across the Eastern Denali 
fault (Fig. 3) and then the mountainous region between the Fairweather fault 
and the Eastern Denali fault. We specifically focus on the role of the Alsek and 
Tatshenshini Rivers in eroding material and driving rock exhumation (Figs. 4–8). 
Figure 8 shows the outline of catchments from which detrital AFT and/or ZFT 
are available from this and previous studies. Pie charts are shown for repre-
sentative samples or combinations of samples to provide a visual summary of 
variations in age distributions over the broader region (Table S3 [see footnote 
1]). The varied gray shading of the catchments is used to distinguish between 
sample(s) represented by one pie chart. If samples were combined, it was 
based on their similarity in age distribution and spatial proximity to reduce 
the number of charts shown. These data are compared with the downstream 
change of the detrital AFT and ZFT record from the Alsek and Tatshenshini 
Rivers (right side of Figs. 8A–8B).

Exhumation Record along the Eastern Denali Fault

The Denali fault is a continental-scale structure that stretches for more than 
2000 km from northernmost British Columbia through southwestern Yukon 
and southcentral Alaska to the Bering Sea (Fig. 1). The onset and history of its 
activity is not certain, but initiation as a shear zone within the Intermontane 
and Insular collision zone was suggested for the Late Cretaceous (Lowey, 1998). 
The bulk of right-lateral displacement occurred after ca. 57 Ma and possibly 
with continuous slip until present (Eisbacher, 1976; Nokleberg et al., 1985; 
Lowey, 1998; Andronicos et al., 1999; Cole et al., 1999; Gehrels, 2000; Miller 
et al., 2002; Ridgway et al., 2002; Riccio et al., 2014; Haeussler et al., 2017).

Thermochronologic studies that investigate exhumation across and along 
the Eastern Denali fault are sparse; in total, only 15 bedrock samples have 
been analyzed from the area (Fig. 3; Spotila and Berger, 2010; Falkowski and 
Enkelmann, 2016; Enkelmann et al., 2017; McDermott et al., 2019). While the 
studies by Spotila and Berger (2010), Falkowski and Enkelmann (2016), and 
Enkelmann et al. (2017) focused on the regional exhumation pattern of the 
St. Elias Mountains, only the study by McDermott et al. (2019) specifically 
attempted to quantify exhumation across the Eastern Denali fault in the region 
of Kluane Lake. McDermott et al. (2019) suggested three exhumation phases 
including: (1) Late Cretaceous (95–75 Ma) rapid exhumation and high relief on 
both sides due to terrane accretion and Eastern Denali fault activity; (2) Late 
Cretaceous–Oligocene (75–30 Ma) slow exhumation of a stable, low-relief 
landscape southwest of the Eastern Denali fault due to a shift of deformation 
to the northeast of the Eastern Denali fault and/or pure strike-slip Eastern 
Denali fault activity; and (3) Oligocene–Present (30–0 Ma) rapid exhumation 
and surface uplift in a transpressional setting southwest of the Eastern Denali 
fault possibly caused by Yakutat microplate subduction and collision. No ther-
mochronological data exist from the southeastern part of the Eastern Denali 
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Figure 8. Compilation shows all new and published 
(A) detrital zircon and (B) apatite fission track data 
from the St. Elias Mountains and offshore. Pie 
charts are shown for representative samples (data 
were combined when neighboring catchments 
showed similar age distributions). Gray shading of 
catchments indicates for which catchment(s) pie 
charts are shown. See Table S3 (see footnote 1) for 
sample IDs and references (sorted by pie chart des-
ignations a–x for ZFT and a–s for AFT). Pie charts of 
samples collected from the Alsek and Tatshenshini 
trunk rivers are shown on the right side of the map. 
FF—Fairweather fault; EDF—Eastern Denali fault; 
BRF—Border Ranges fault; CSEF—Chugach-St. Elias 
fault; IODP—Integrated Ocean Drilling Program.
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fault (Fig. 3), and thus our new detrital AFT and ZFT data from 14 catchments 
provide the first information on rock cooling along the majority of the length 
of the Eastern Denali fault and a wider corridor (Fig. 3).

Older detrital AFT and ZFT age components (ca. 170–85 Ma, Table 2) are 
preserved on both sides of the Eastern Denali fault. Catchments southwest of 
the Eastern Denali fault are underlain by Insular basement, Gravina sediments, 
and mid-Cretaceous magmatic rocks (Fig. 3). Northeast of the Eastern Denali 
fault, the older age components are restricted to the Gravina belt (green-col-
ored Dezadeash Formation; Figs. 3A and 8A). In the Intermontane superterrane, 
older cooling signals were overprinted by the early Cenozoic intrusions and 
metamorphism in the study area. The ca. 170–85 Ma age components represent 
cooling associated with the time before and during collision of the Insular and 
Intermontane superterranes. That period includes volcanic arc activity (Chitina 
Arc at ca. 160–130 Ma, and Chisana Arc at 120–105 Ma; see Figs. 5B and 5D; 
Dodds and Campbell, 1988), which sourced the Dezadeash flysch (Berg et 
al., 1972; Eisbacher, 1976; Lowey, 1992), basin closure, deformation along the 
entire suture, and development of the Denali fault (e.g., Dusel-Bacon et al., 
1993; Andronicos et al., 1999; Israel et al., 2014; McDermott et al., 2019). The 
tectonic setting was transpressional, and oblique plate convergence resulted 
in crustal thickening and exhumation in the entire North American Cordillera 
(e.g., Engebretson et al., 1985; Farmer et al., 1993). During this time, the Duke 
River fault was an active northeast-vergent thrust fault (muscovite 39Ar/40Ar, 
105–79 Ma; Cobbett et al., 2017).

Most of the detrital samples reveal Late Cretaceous–Oligocene AFT and ZFT 
age components (75–30 Ma; Table 2), which suggests that both sides of the 
Eastern Denali fault experienced crustal cooling at this time. We hypothesize 
that the two regions, located southwest and northeast of the Eastern Denali 
fault, were juxtaposed during their time of upper crustal cooling and displaced 
dextrally afterwards. This Late Cretaceous–Oligocene cooling phase coincides 
with cooling phase two of McDermott et al. (2019), for which they suggested 
slow cooling and decaying topography southwest of the Eastern Denali fault. 
The reason for this discrepancy between their suggested slow cooling and 
the more rapid cooling suggested by our data is probably caused by the 
limited spatial coverage of the bedrock studies in comparison to the detrital 
data (compare Fig. 3A with Figs. 3B and 8). This timing of cooling coincides 
with the activity of the Tatshenshini (TSZ in Fig. 2) and the Coast Shear zones 
(Ingram and Hutton, 1994; Lowey, 2000) and the suggested rapid unroofing 
of the Paleocene Kluane Arc rocks (55–39 Ma; Farrar et al., 1988; Israel et al., 
2011), all of which are located northeast of the Eastern Denali fault. However, 
latest Eocene–Oligocene strike-slip basins developed southwest of the Eastern 
Denali fault (Amphitheatre Formation). The sediment deposited in these basins 
is sourced from both the Insular and Intermontane superterranes (Ridgway 
and DeCelles, 1993a). Based on our new data, we suggest that uplift and rock 
exhumation must have also occurred southwest of the Eastern Denali fault 
during Late Cretaceous–Oligocene time. This supports the suggested exis-
tence of high local relief at the time when the Amphitheatre Formation was 
deposited (Ridgway and DeCelles, 1993a, 1993b).

ZFT and AFT ages, and age components younger than 30 Ma, are gener-
ally sparse (yellow in pie charts of Figs. 3B and 8). Some catchments yielded 
AFT age components that make up >24% of the samples’ grains and peak at 
ca. 29–11 Ma (KLD 109, KLD 102, KLD 97, and KLD 95; Fig. 3B, Table 2). These 
samples are located on both sides of the Eastern Denali fault. In general, 
<30 Ma cooling ages in southern Alaska, southwest Yukon, and northwestern 
British Columbia are interpreted to reflect Yakutat subduction and collision 
(red, orange, and yellow in pie charts of Fig. 8). Bedrock thermochronology 
yielded Miocene (<20 Ma) apatite (U-Th)/He and AFT cooling ages in the fault 
zone some distance (>5 km) northeast of the Eastern Denali fault (Enkelmann 
et al., 2017; McDermott et al., 2019). However, the youngest ages, including 
zircon (U-Th)/He ages, are from rocks located <2 km from the Eastern Denali 
fault (Fig. 3A; McDermott et al., 2019). McDermott et al. (2019) suggest ca. 30 Ma 
developments of higher topography and relief along the Eastern Denali fault 
and southwest of it with limited exhumation in the Intermontane superterrane. 
This suggestion is consistent with the detrital AFT and ZFT data that contain 
older age components (30–20 Ma) northeast of the Eastern Denali fault and 
younger age components (<20 Ma) southwest of the Eastern Denali fault (Fig. 4). 
This age pattern suggests that earlier exhumation occurred northeast of the 
Eastern Denali fault, which later must have shifted southwest of the fault. This 
interpretation also agrees with a recent geophysical study that investigated 
the 2017 earthquake couplet and aftershocks along the southern end of the 
Eastern Denali fault (yellow star in Fig. 2). The seismic data suggest that today 
the southern end of the Eastern Denali fault acts as a deformational backstop 
that focuses distributed rock strain in the region between the Fairweather plate 
boundary and the Eastern Denali fault (Choi et al., 2021).

Exhumation between the Fairweather Fault and the Eastern Denali Fault

Previous studies argued that the Yakutat collision resulted in Miocene and 
younger deformation and rock exhumation within only <30 km northeast of 
the plate boundary in the area of the St. Elias syntaxis (Enkelmann et al., 2017). 
Miocene and younger exhumation appears to reach farther inboard from the 
plate boundary south of the syntaxis region and along the northern end of 
the Fairweather fault (Fig. 8) (Enkelmann et al., 2017). Bedrock studies along 
the Fairweather fault document exhumation since ca. 5 Ma in a 10 km narrow 
zone along the fault (O’Sullivan et al., 1997; McAleer et al., 2009). In the Yaku-
tat Bay area, bedrock and detrital thermochronology reveal exhumation that 
began at ca. 30 Ma and 10–12 km of exhumation that has occurred since at 
least 3 Ma between the Fairweather fault and the nearby Border Ranges fault 
(Fig. 8; Falkowski et al., 2014; Enkelmann et al., 2015a, 2015b; Schartman et 
al., 2019). Further south along the Fairweather fault, in the lower Alsek River 
valley, bedrock apatite FT and (U-Th)/He ages are <3 Ma, and zircon (U-Th)/
He ages are 17–13 Ma, which suggests cooling since mid-Miocene time that 
accelerated at ca. 5 Ma (O’Sullivan et al., 1997; McAleer et al., 2009). Rapid 
advection and rock exhumation occur southwest of the plate boundary at the 
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restraining bend located at the southern end of the Fairweather fault (Lease et 
al., 2021). This study suggests that the rocks northeast of the plate boundary 
act as a backstop for deformation. However, only apatite (U-Th)/He data are 
available from this area, which all suggest that cooling below 60 °C occurred at 
3–1 Ma (Lease et al., 2021). Similar young apatite (U-Th)/He ages are reported 
from Glacier Bay, which is located more inboard at the southernmost end of 
the Fairweather fault and records cooling at 8–2 Ma (McAleer et al., 2009).

Our detrital data provide a first order cooling and exhumation signal from 
farther inboard of the Fairweather fault (Fig. 8), where bedrock thermochronology 
data are missing. Unlike the pattern inboard from the syntaxis region, the entire 
corridor between the Fairweather and the Eastern Denali fault reveals that the 
youngest AFT age components (P1 in Table 2 and Table S1 [footnote 1]) have 
peaks of <20 Ma and comprise 23%–70% of the measured grains (Figs. 4A–4B). 
This suggests that Miocene exhumation reached ca. 100 km inboard of the 
Fairweather plate boundary. There is a distinct change in AFT data to age com-
ponents that peak at >40 Ma northeast of the Eastern Denali fault. ZFT ages are 
generally old southwest of the Eastern Denali fault but are distinctively younger 
(80–30 Ma) to its northeast (Figs. 4A–4B). This pattern suggests that the Insular 
and Intermontane superterranes record different exhumation histories. The old 
ZFT data suggest that the Insular superterrane rocks exhumed only modestly 
to less than 10 km as the Yakutat microplate moved northwestward along the 
highly oblique North American plate boundary. The Intermontane superterrane 
records significant exhumation in the Late Cretaceous–Eocene (e.g., Eisbacher, 
1976; Nokleberg et al., 1985; Riccio et al., 2014) followed by very little exhuma-
tion (<4 km) since 30 Ma. The lack of Miocene and younger age components 
across the Eastern Denali fault suggests that the Intermontane superterrane may 
have served as a backstop for more recent exhumation. No detailed structural 
mapping has been conducted in this remote region that would allow evaluating 
if Miocene exhumation of the Insular superterrane was driven by deformation. 
However, there is some evidence for faulting. Bedrock apatite (U-Th)/He and ZFT 
data collected from west and east across the Dusty Glacier valley jump from 
4.3 Ma to 16.6 Ma and 9.4–101 Ma, respectively (Falkowski and Enkelmann, 2016). 
This sudden change in ages suggests a possible fault underneath the ice that runs 
parallel to the Duke River fault. Cobbett et al. (2017) investigated the structural 
relationships along the Duke River fault and suggest that post-Miocene thrusting 
over Wrangell volcanic rocks occurred in the upper Tatshenshini River catchment 
region. This suggestion of compressional deformation agrees with the current 
deformation pattern revealed by the seismic record. Compressional dip-slip 
and strike-slip deformation is widely distributed between the plate boundary 
and the Eastern Denali fault and does not appear to be focused along a specific 
structure such as the Eastern Denali fault or the Duke River fault (Doser and 
Rodriguez, 2011). The seismicity is very sparse northeast of the Eastern Denali 
fault. Investigations of the 1 May 2017 earthquake couplet and more than 3000 
aftershocks suggest that the Eastern Denali fault acts as a backstop for current 
deformation (Choi et al., 2021). The calculated maximum stresses are oriented 
perpendicular to the strike of the Eastern Denali fault, which makes the fault 
unlikely to experience reactivated dextral slip (Choi et al., 2021).

Differential Exhumation along the Strike of the Plate Boundary

Our data reveal differences in rock cooling and exhumation along the strike 
of the Fairweather–Eastern Denali fault corridor (Fig. 4). The youngest age 
components occur at the northwestern and southeastern ends of the along-
strike profile, and older ages occur in the middle, where the profile line crosses 
the Alsek River (Fig. 4C). This trend inversely mimics the topography (Fig. 4C). 
In the area of the middle Alsek River, where it cuts the profile line, the mean 
elevation is lowest ~1 km), and the AFT and ZFT age components are older. 
In contrast, the area further northwest and southeast has mean elevations of 
>1 km and age components are younger (Fig. 4C). The younging toward the 
heavily glaciated St. Elias syntaxis is expected. Previous detrital and bedrock 
thermochronology studies documented that extremely rapid (>5 km/m.y.) and 
deep-seated exhumation (ZFT age components of 2 Ma) occurred underneath 
the Kluane icefield, which is surrounded by the highest peaks of the orogen 
(i.e., Mt. Logan and Mt. St. Elias) (red and orange in ZFT pie chart l and AFT 
pie chart f in Fig. 8) (e.g., Enkelmann et al., 2009; Spotila and Berger, 2010; Fal-
kowski and Enkelmann, 2016; Enkelmann et al., 2017). However, the younging 
of the P1 age components within the catchments of the lower Tatshenshini 
River is unexpected (compare AFT pie o with pie k, n, and s in Fig. 8B). The 
implication of this pattern is that rocks in the Tatshenshini River catchment 
experienced more recent exhumation from 110 °C depths than rocks in the 
middle portion of the Alsek River catchment (between Lowell and Tweedsmuir 
Glaciers), where the river is characterized by narrow canyons (marked region in 
Fig. 4C, ZFT pie charts s and u in Fig. 8A and AFT pie charts n and s in Fig. 8B). 
This region of less rock cooling and exhumation around the middle section of 
the Alsek River is also seen in the downstream change of ZFT and AFT data 
from the Alsek trunk river samples that show a change from young cooling 
ages to older cooling ages in the middle section of the river before changing 
to young ages in the lower Alsek River (right side of Fig. 8).

One possible explanation for the spatial pattern in the detrital data is that 
the Tatshenshini drainage is older and was the main drainage that eroded and 
transported material into the Gulf of Alaska. The young AFT and ZFT grains 
and age components found in the Dusty Glacier sample (KLD 40*) and the 
upper Alsek River sample (KLD 7; Figs. 6 and 8) require an effective evacua-
tion system for the eroded material from the upper Alsek drainage over time 
(Falkowski and Enkelmann, 2016). We therefore hypothesize that the upper 
Alsek River was part of the ancestral Tatshenshini drainage that flowed far-
ther southeast around the region of lower erosion in the middle Alsek River 
catchment. In this scenario, the Alsek River must have been much shorter and 
captured its northern drainage more recently. More research is needed to link 
the millennial-scale evolution of the Alsek River with the long-term exhuma-
tional pattern of this region.

On a larger scale, extending the along-strike profile (Fig. 4C) toward the 
northwest, the thermochronologic ages become much older. All glacial catch-
ments that drain toward the north, which is part of the Yukon drainage network, 
yield dominantly AFT and ZFT single-grain dates of >60 Ma (Fig. 8) and age 
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components that peak at >50 Ma (Falkowski and Enkelmann, 2016). Bedrock 
ages reported from north of the St. Elias syntaxis region also report that apa-
tite (U-Th)/He and AFT ages are >50 Ma (Spotila and Berger, 2010; Enkelmann 
et al., 2017). These studies suggest that exhumation driven by the Yakutat 
collision reaches <30 km inboard of the plate boundary, which contrasts with 
the 100-km-wide corridor of exhumation observed in the Fairweather-Eastern 
Denali fault corridor. It is unclear if the transition between these two regions is 
gradual or rather abrupt. This large-scale change in exhumation pattern also 
correlates with a change in seismicity. While the Fairweather-Eastern Denali 
fault corridor is characterized by a widely distributed seismic record (Doser 
and Rodriguez, 2011), the region farther to the northwest is characterized by 
fewer events that coincide spatially with the Totschunda, Duke River, and 
Connector faults (Doser, 2014). It thus appears that the crust inboard of the 
Yakutat indenter corner deforms differently, which seems to be reflected in 
the long-term exhumation record.

Timing of Exhumation between the Fairweather Fault and the Eastern 
Denali Fault

The dominant age components found in catchments located between the 
Fairweather fault and the Eastern Denali fault, excluding the catchments of the 
middle Alsek River (KLD 8, KLD 9*, KLD 13*, and KLD 17*), peak at 18–10 Ma, 
which suggests that this region underwent exhumation since the mid Miocene. 
This exhumation signal coincides with the suggested increase in exhumation 
within the St. Elias syntaxis region involving rocks of both the North American 
plate and the indenting Yakutat microplate (Grabowski et al., 2013; Falkowski 
et al., 2014, 2016; Enkelmann et al., 2017). We suggest that the recorded cool-
ing since the mid Miocene in the Fairweather–Eastern Denali fault corridor 
records exhumation that was possibly driven by the oblique convergence of 
the Yakutat microplate. The only evidence for deformation at this time comes 
from the Duke River fault, which shows thrusting over Miocene Wrangell vol-
canics (Cobbett et al., 2017). Thus, we can only speculate about whether the 
Yakutat transport along the plate boundary caused deformation that drove 
exhumation within the entire Fairweather-Eastern Denali fault corridor. Alter-
natively, exhumation may have been driven by isostatic uplift of the entire 
crustal block that was thickened by previous plate convergence. The young 
rock exhumation reaches ca. 100 km inboard of the strike-slip–dominated 
plate boundary and thus much farther inboard than in the syntaxial region and 
west of it, where the plate boundary is characterized by convergence (Fig. 8). 
No Pliocene or younger cooling ages are found in our study area, which sug-
gests moderate rock exhumation rates (<0.4 km/m.y.) since the mid Miocene. 
The Pliocene–Pleistocene glaciation of the St. Elias Mountains is suggested 
to have increased erosion and rock exhumation, but our data do not record 
such a change because exhumation did not exceed ca. 4 km since that time. 
Lower temperature studies such as apatite (U-Th)/He (closure temperature of 
65–55 °C) would be needed to record this latest erosional phase.

■■ CONCLUSIONS

Based on our new detrital AFT and ZFT data from 27 catchments integrated 
with previously published bedrock and detrital data, we show that significant 
cooling and rock exhumation occurred in the Intermontane and the Insular 
superterrane rocks in our study area during Late Cretaceous–Eocene time. Yaku-
tat collision resulted in exhumation starting in the mid Miocene and occurred 
across the ca. 100-km-wide corridor between the Fairweather transform plate 
boundary and the Eastern Denali fault. Exhumation appears to be distributed 
across the entire crustal block and not localized along the Fairweather and 
Eastern Denali faults. This pattern contrasts significantly with the <30 km 
inboard reach of deformation and exhumation from the plate boundary in the 
St. Elias syntaxial corner. Despite the more convergent plate motion, exhuma-
tion inboard of the indenting plate corner is very limited. The Intermontane 
superterrane located northeast of the Eastern Denali fault acts as a backstop 
and has experienced minimal rock exhumation since the early Miocene.
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