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Abstract we investigate the spatiotemporal evolution of exhumation in the ice-covered St. Elias syntaxis
area, southeast Alaska, using multiple thermochronometers and geochronometers from cobble-sized
glacial detritus. Multiple thermochronometers reveal the cooling histories from 500 to 60°C of 27 glacially
transported cobbles from the two largest catchments of the syntaxis. Cobble lithologies and 21 zircon U-Pb
ages (~277-31 Ma) were examined to determine sample provenance. Furthermore, eight amphibole and
seven biotite *°Ar/>’Ar ages (~276-16 Ma and ~50-42 Ma, respectively), four zircon and six apatite (U-Th)/He
ages (~35-4.8 Ma and ~4.2-0.6 Ma, respectively), and four apatite fission track ages (~17-1.6 Ma) were
used to reconstruct the individual cobble cooling histories. An additional four bedrock samples from the
Fairweather Range yielded three biotite “OAr/*°Ar ages between ~42 and 5 Ma. A compilation of published
bedrock and new cobble cooling histories from the St. Elias Mountains and Fairweather Range reveals the
regional Cenozoic cooling and exhumation history, emphasizing the position of the St. Elias syntaxis as a
transitional zone between transpression and subduction settings. The new cobble and bedrock data indicate an
onset of rapid exhumation at ~5 Ma that was limited in duration (2-3 Myr) and amount (~10 km) in the syntaxial
region. This study also demonstrates the usefulness of cobbles for revealing thermal histories of otherwise
inaccessible regions as cobble analysis combines advantages of bedrock and detrital thermochronology.

1. Introduction

Orogen syntaxes are sharp bends in orogenic belts [Suess, 1904]. Syntaxes constitute structurally complex
zones that concentrate stresses and potentially influence far-field deformation [e.g., Zeitler et al., 2001,
2014; Mazzotti and Hyndman, 2002; Koons et al., 2010, 2013; Bruhn et al., 2012]. Studying orogen syntaxes
therefore improves the understanding of plate boundary deformation in these kinematic transition zones,
which occur in variable geologic and climatic settings and exhibit variable deformational behavior [e.g.,
Beaumont et al.,, 2001; Zeitler et al., 2001; Enkelmann et al., 2009; Koons et al., 2013; Bendick and Ehlers,
2014]. A key component in the studies of syntaxes is the quantification of spatial and temporal variations
in rock exhumation to both decipher the dynamics and relative contributions of different processes (climatic,
erosional, and tectonic) to syntaxis formation and evaluate contending exhumation models [e.g., Zeitler et al.,
2001; Enkelmann et al., 2009, 2015a; Koons et al., 2010, 2013; Bendick and Ehlers, 2014].

One well-established location for studies of syntaxis deformation and exhumation is the glaciated St. Elias
syntaxis in southeast Alaska and western Canada (Figure 1) [e.g., Berger et al., 2008; Enkelmann et al., 2009,
2015a; Spotila and Berger, 2010; Chapman et al., 2012; Falkowski et al., 2014]. Two different sampling strategies
for thermochronology, namely, bedrock and detrital sampling, have previously been used to quantify the
exhumation history of the St. Elias Mountains [e.g., O'Sullivan et al., 1997; Enkelmann et al., 2008, 2009,
2015a; Berger et al., 2008; McAleer et al., 2009; Grabowski et al., 2013; Falkowski et al., 2014]. Bedrock data suffer
from a biased signal because those samples can only be taken in the foothills or at high-elevation, ice-free
ridges, while the youngest rocks that record the most rapid exhumation are expected to occur at low eleva-
tions in the glaciated valleys [e.g., Fitzgerald and Gleadow, 1990]. Sand-sized detritus from rivers draining the
glaciated valleys yields the cooling record from the entire catchment, including those parts above and below
the ice [Enkelmann and Ehlers, 2015]. This sampling approach revealed the presence of very rapidly exhumed
rocks in the syntaxis area through <5Ma old zircon fission track (ZFT) ages [Enkelmann et al., 2009, 2010;
Falkowski et al., 2014]. However, the inherent problem of using sand grains for dating is the decrease in spatial
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Figure 1. Terrane framework of southeast Alaska and western Canada. DF: Denali Fault, BRF: Border Ranges Fault, QCF:
Queen-Charlotte Fault, FF: Fairweather Fault, TF: Transition Fault, AMT: Aleutian Megathrust, YCT: Yukon Composite
Terrane, FT: Farewell Terrane, TT: Togiak Terrane, WT: Wrangellia Terrane, PT: Peninsular Terrane, AT: Alexander Terrane,
CPWT: Chugach-Prince William Terrane, YM: Yakutat microplate, CMC: Chugach Metamorphic Complex, PWS: Prince William
Sound, S. Is.: Sanak Island, Ch. Is.: Chichagof Island, B. Is.: Baranof Island, NWT: Northwest Territories (inset map), B.C.:
British Columbia (inset map).

resolution of the cooling signal and provenance. Furthermore, it is difficult to extract fresh minerals from
detritus for reliable higher-temperature thermochronometric analyses like “°Ar/*°Ar dating, which are necessary
to constrain timing and depth of rapid exhumation.

In this study, we overcome the previous problems associated with quantifying the spatial and temporal
patterns of exhumation by studying cobble-sized detritus from the Seward-Malaspina and Hubbard-Valerie
glaciers. These extremely large glaciers cover the main catchments of the St. Elias syntaxis area. Cobbles have
the advantage over sand-sized material in that information about individual lithologies in the source region is
preserved and that multiple dating techniques on different, unweathered minerals can be applied to the
same sample. We present zircon U-Pb ages and lithologic information from thin sections to determine the
provenance of 27 cobbles from the two glacial catchments. The cooling history of the rocks was quantified
through a large temperature range (500-60°C) using amphibole and biotite “°Ar/>?Ar, apatite fission track
(AFT), and apatite and zircon (U-Th)/He (AHe and ZHe, respectively) dating. Additionally, four bedrock
samples from the Fairweather Range east of the syntaxial region have been analyzed for biotite *°Ar/>°Ar
cooling ages for comparison of higher-temperature cooling outside the St. Elias syntaxis. To better under-
stand the cooling history of the syntaxis area, the new data are put into a regional geologic context of
Cenozoic orogenic evolution by extracting typical cooling histories from published geochronologic and
thermochronologic bedrock data from along orogenic strike.

2. Background

The St. Elias Mountains formed due to the ongoing shallow subduction since the late Eocene [Plafker et al.,
1994; Finzel et al., 2011] and oblique collision since 15-12Ma [e.g., O'Sullivan and Currie, 1996; Grabowski
et al., 2013; Falkowski et al., 2014] of the Yakutat microplate with the North American margin in southeast
Alaska (Figure 1). Transform motion along the plate boundary segment represented by the dextral strike-slip
Fairweather Fault transitions across the St. Elias syntaxis into flat-slab subduction of the Yakutat slab and
deformation of the Cenozoic, western sedimentary cover in the fold-and-thrust belt (Figure 2) [e.g., Plafker
et al., 1994; Bruhn et al., 2004, 2012; Chapman et al., 2012]. In the syntaxis area, strain accumulates and rocks
exhume rapidly from great depths as indicated by Plio-Pleistocene detrital ZFT cooling ages (inset map in
Figure 2) [Enkelmann et al., 2009, 2010; Falkowski et al., 2014]. In contrast, rocks on the southern, coastal flanks
of the St. Elias Mountains exhume rapidly but along shallower paths [e.g., Meigs et al., 2008; Enkelmann et al.,
2010, 2015b]. High exhumation rates in this convergent setting are assisted by high glacial erosion rates that
are estimated to be among the highest in the world with up to 10 mm/yr on time scales of 10° to 10° years
based on sediment accumulation rates offshore [Hallet et al., 1996; Jaeger et al., 1998; Sheaf et al., 2003; Gulick
et al.,, 2015] and >2 mm/yr over 10%year time scales based on thermochronology [e.g., McAleer et al.,, 2009;
Spotila and Berger, 2010; Grabowski et al., 2013]. Glaciation of the St. Elias Mountains began ~5.6 Ma and
intensified at the Pliocene/Pleistocene transition [Lagoe et al., 1993].
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Figure 2. Geologic overview of the St. Elias Mountains including sample locations. For exact sample location of 03PH305A
see Figure 4a or Figure S6 in the supporting information. The inset map displays the area of most rapid and deep
exhumation in the St. Elias syntaxis and northern Fairweather Fault area based on <5 Ma ZFT cooling ages from sand-sized
detritus [Enkelmann et al., 2009, 2010; Falkowski et al., 2014].

The Seward-Malaspina (~3900km?) and Hubbard-Valerie (~4050 km?) glacial systems cover the syntaxial
region and are surrounded by the highest peaks of the orogen (up to 5959 m at Mount Logan; Figure 2).
The Seward Ice Field, with ice thicknesses of >600-800m [Rignot et al., 2013], drains south through the
narrow 4-6 km wide Seward Throat into the 80 km wide Malaspina piedmont glacier (Figure 2), which is up
to 600 m thick and extends to 400 m below sea level [Rignot et al., 2013]. The current deformational front
of the Cenozoic fold-and-thrust belt runs underneath the western part of the Malaspina lobe with shallow
northwest dipping thrusts characterized by frequent, shallow seismic activity [e.g., Doser and Lomas, 2000;
Bruhn et al., 2004; Cotton et al., 2014]. Northeast dipping thrust and reverse faults within the Yakutat
basement bound the Malaspina lobe to the northeast (Figure 2). A partly exposed mountain ridge east of
Mount Logan separates the Seward Ice Field in the south from the Hubbard Glacier to the north (Figure 2).
The 500-950 m thick ice of the Hubbard Glacier flows for >100 km southeast before it turns south and drains
into Disenchantment Bay (Figure 2), making it the largest tidewater glacier in Alaska [Molnia, 2008;
Rignot et al., 2013]. Close to its terminus, the Hubbard Glacier is joined by the 40 km long Valerie Glacier
from the west. The Fairweather Fault runs beneath the Hubbard Glacier snout and along the Valerie
Glacier valley (Figure 2).

The geology of the ice-free mountain ridges that surround the Seward-Malaspina and Hubbard-Valerie
glaciers is used here to infer the geology in the ice-covered catchments (Figure 2) [e.g., Hudson et al.,
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19773, 1977b; Dodds and Campbell, 1988; Plafker et al., 1989, 1994; Israel, 2004; Pavlis et al., 2004, 2012; Richter
et al., 2006; Chapman et al., 2012]. Most importantly for this study, previous workers have identified different
terranes that underlie the catchments, which are utilized to identify the provenance of the investigated
cobbles. Previously accreted terranes of the study area include the Wrangellia Composite Terrane south of
the Denali Fault and north of the Border Ranges Fault, the Chugach Terrane south of the Border Ranges
Fault and north of the Contact and Fairweather Faults, and the Prince William Terrane south of the Contact
Fault and north of the Chugach-St. Elias Fault (Figures 1 and 2). The southern Seward-Malaspina catchment
also contains rocks of the currently colliding Yakutat microplate.

In the study area, the Wrangellia Composite Terrane encompasses the Wrangellia and Alexander Terranes,
which became juxtaposed in the late Paleozoic and accreted to the North American margin during Middle
Jurassic-Late Cretaceous time [e.g., Jones et al., 1977; Gardner et al., 1988; Plafker et al., 1989; Trop et al.,
2002]. The Wrangellia Composite Terrane is composed of Cambrian-Late Triassic back-arc basin strata, volca-
nic island arcs, and Upper Triassic greenstone and limestone [e.g., Hillhouse, 1977; Nokleberg et al., 1994].
Overlying strata include Upper Jurassic—Lower Cretaceous flysch and Paleogene alluvial strata in the Denali
Fault area, as well as the Oligocene-Recent Wrangell volcanic belt (Figure 2) [e.g., Berg et al., 1972; Richter et al.,
1990; Plafker et al., 1994]. The Wrangellia Composite Terrane is associated with various phases of arc magma-
tism, abundantly intruded by Upper Jurassic-Cretaceous plutons, and is pervasively metamorphosed [e.g.,
Dodds and Campbell, 1988; Nokleberg et al., 1994].

The Chugach and Prince William Terranes represent a Cretaceous—Eocene accretionary complex of deep-
water turbidites derived from a Late Cretaceous—Paleocene volcanic arc with Jurassic metaplutonic base-
ment, most likely the Coast Plutonic Complex of today’s British Columbia [Dumoulin, 1988; Farmer et al.,
1993; Garver and Davidson, 2015]. In the study area, the Chugach Terrane is composed of the Maastrichtian
Valdez Group and the Prince William Terrane comprises the Paleocene-lower Eocene Orca Group
(Figure 2) [e.g., Plafker et al., 1994]. In the St. Elias Mountains, the Chugach and Prince William Terranes are
mainly characterized by the ~55-50 Ma, greenschist-amphibolite facies Chugach Metamorphic Complex
(Figures 1 and 2), which formed during a spreading ridge subduction event that is associated with the
near-trench Sanak-Baranof plutonic belt [e.g., Sisson and Hollister, 1988; Gasser et al., 2011].

The Yakutat microplate is a 15-30 km thick, northwestward tapering oceanic plateau [Christeson et al., 2010;
Worthington et al., 2012] that is overlain in the east by Campanian-lower Paleocene Yakutat Group flysch and
mélange sequences [Plafker, 19871, which represent a remnant accretionary complex metamorphosed to
zeolite—prehnite-pumpellyite facies [e.g., Hudson et al., 1977b; Dusel-Bacon et al., 1993; Worthington et al.,
2012]. In the west, the Yakutat microplate is overlain by <10 km thick, eastward thinning Cenozoic strata of
the Poul Creek, Kulthieth, and Yakataga formations (Figure 2) [Ferris et al., 2003; Eberhart-Phillips et al.,
2006; Gulick et al., 2007; Worthington et al., 2010]. These strata were sourced from the Coast Plutonic
Complex (Poul Creek and Kulthieth formations) and the Chugach and Prince William Terranes (Yakataga
Formation) [Perry et al., 2009]. Kulthieth and Yakataga formations as well as Yakutat Group rocks are exposed
in the Yakutat microplate part of the Seward-Malaspina catchment (Figure 2).

3. Methods
3.1. Samples

This study builds on the analyses of Grabowski et al. [2013], who investigated 59 cobbles (10-30 cm size) using
petrographic thin sections and ZHe dating to identify the lithologies that were exhumed most rapidly under
the Seward-Malaspina Glacier. Grabowski et al. [2013] collected samples on top of the debris-covered outer
lobe of the Malaspina Glacier as outwash is directly shed into the ocean (Figure 2). Sample selection of a
variety of representative lithologies was mainly based on the potential presence of datable mineral phases.
The sample set is therefore neither representative of the abundance of rock types (cf. point counting by
Grabowski et al.[2013]) nor of a quantitative analysis of catchment erosion. In this study, we analyzed a subset
of 22 of the cobbles collected by Grabowski et al. [2013], which yielded enough datable mineral phases. These
cobbles are denoted “MAL” (for Malaspina). Additionally, five cobbles from the sediment fan built up at the
western Hubbard Glacier terminus (Figure 2) were collected for this study. Those are denoted “HUB" (for
Hubbard). The sediment fan constitutes a mix of sediment from the Hubbard and Valerie glaciers, and
therefore, both catchments are considered as the source.
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Table 1. Cobble Sample List and Summary of Zircon U-Pb Ages®
Sample Lat (°N) Long (°W) Lithology Zircon U-Pb Age (Ma) (20) N Remarks
MAL1-8 Migmatitic gneiss - - No zircons
MAL1-14 59.8592 Amphibolite 30.8+0.8 4 Crystallization age
140.89585
MAL1-19 Aplite 464+1.0 6 Crystallization age
MAL2-4 59.77705 Granitoid 508+1.0 17 Crystallization age
140.78952
MAL2-10 Paragneiss 335-81/83.8+1.3 19/11 Detrital age range/max. depositional
age of sedimentary protolith
MAL2-16 Micaschist 72-49 17 Detrital age range
MAL3-2 Pyroclastic 50-46 8 Detrital age range
MAL3-8 59.70058 Orthogneiss 523+73 2 Lower intercept, protolith age
140.40393
MAL3-19 Granitoid 277.1£6.7 4 Crystallization age
MAL4-5 Paragneiss 60-48/49.4+0.5 18/6 Detrital age range/max. depositional
age of sedimentary protolith
MAL4-6 Igneous mylonite 533+03 19 Igneous protolith age
MAL4-9 59.74943 Orthogneiss 1500+ 1.0 29 Protolith age
140.48363
MAL4-16 Paragneiss 279-56/56.3 + 0.6/48.7 £ 0.9 16/7/2 Detrital age range/max. depositional
age of sedimentary protolith/
metamorphic age
MAL4-21 Metasedimentary mylonite 493-58 21 Detrital age range of sedimentary
protolith
MAL6-5 Orthogneiss 151.0£0.7 39 Protolith age
MAL6-23 59.81708 Orthogneiss 524+04 28 Protolith age
140.30245
MAL6-24 Paragneiss 76-50/52.8 £0.5 20/13 Detrital age range/youngest population
MAL7-2 Gabbro 494+04 10 Crystallization age
MAL7-3 Meta-quartzdiorite 181.6+0.8 29 Protolith age
MAL7-6 59.8669 Pyroclastic 503+0.3 31 Crystallization age
140.10847
MAL7-14 Granitoid 509+14 13 Crystallization age
MAL7-20 Granitoid 485+0.6 23 Crystallization age
HUB2-2 Granitoid = = No analysis
HUB2-3 Meta-quartzdiorite - - No analysis
HUB2-5 60.040383 Granodiorite - - No analysis
139.54253
HUB2-7 Hornblende-gabbro - - No analysis
HUB2-8 Mylonite = = No analysis

@Unless otherwise noted, the reported zircon U-Pb ages represent concordia ages for (meta-)igneous rocks and age ranges for (meta-)sedimentary rocks,
whereas the number of single-grain analyses used to obtain the value(s) is given in the neighboring column (N). In addition, the maximum depositional age
for sedimentary rocks or protoliths and the age of metamorphism are given when conclusive (notes in the Remarks column). Single-grain analyses as well as

concordia diagrams and histograms can be found in the supporting information (Table S2 and Figure S1).

All mineral separates of the 27 cobbles were produced by standard density and magnetic procedures
and purified by hand picking. Details of analytical procedures can be found in the supporting information

(Text S1).

3.2. Provenance and Cooling Histories

The provenance of 21 Seward-Malaspina cobbles was examined using petrographic analyses of thin sections
and zircon U-Pb dating. For one Seward-Malaspina cobble and the five Hubbard cobbles, no crystallization
ages are available and the provenance is based on petrographic information and *°Ar/3°Ar ages. The cooling
histories of individual cobbles were reconstructed using multiple thermochronometer analyses with different
closure temperatures. These were amphibole and biotite “°Ar/3°Ar dating with closure temperatures of
500+ 50°C [Harrison, 1982] and 300+ 50°C [Harrison et al., 1985], respectively, ZHe analyses reflecting a
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180+ 20°C [Reiners et al., 2004] closure temperature, as well as AFT with 110+ 10°C [Gleadow and Duddy,
1981] and AHe dating with 60+ 15°C [Farley, 2000] closure temperatures. In the following, ZFT cooling ages
will be discussed together with the cobble cooling ages. The closure temperature for ZFT is 250 + 40°C but
can also be higher for zircons of low radiation damage (young zircons and/or low-uranium zircons)
[Tagami et al., 1996; Brandon et al., 1998; Rahn et al., 2004].

4, Results
4.1. Zircon U-Pb Dating

The interpretation of zircon U-Pb ages depends on the sample type analyzed. Generally, zircon U-Pb ages of
magmatic rocks refer to the magmatic event and zircon crystallization from the melt, while zircons with meta-
morphic overgrowth in higher-grade metamorphic rocks yield the age of metamorphism. Furthermore, both
magmatic and metamorphic zircons can contain old zircon cores that survived incorporation in melt and
metamorphism. In sedimentary rocks, the zircon U-Pb age distribution of the source terrain(s) is reflected
in the rock sample. This can also be the case for metasediments, as zircon U-Pb ages do not become comple-
tely reset during metamorphism [e.g., Mezger and Krogstad, 1997]. A summary of the ages for each sample is
presented in Table 1. The details of the single-grain analyses of individual samples as well as concordia dia-
grams and histograms can be found in the supporting information (Text S1.1, Table S2, and Figure S1). Of the
21 cobbles, eight magmatic cobbles with a range of ages between 277.1 + 6.7 Ma and 30.8 + 0.8 Ma (Table 1)
were dated. These cobbles show no zircons with inherited older cores (Table S2). Two pyroclastic cobbles
yielded ages around 50 Ma, which represent the time of the volcanic eruption(s) (Table 1). As the single-grain
ages show a slight spread in both samples, the cobbles probably represent reworked volcanic material from
more than one eruption.

The 11 metamorphic cobbles include six metasedimentary and five metaigneous rocks (Table 1). The meta-
sedimentary cobbles have Carboniferous-Eocene age distributions ranging between ~493 Ma and ~48 Ma
(concordant ages only) with the vast majority being <200 Ma (Table S2). Age distributions of single-grain
ages of metasedimentary cobbles reflect the age distribution of their source area, which is discussed later in the
text. One of these cobbles (MAL4-16, Table S2) includes a zircon with a metamorphic rim that may reflect
~48 Ma metamorphism causing overgrowth on a ~57Ma zircon. The metaigneous cobbles yield Early
Jurassic-Eocene protolith ages between 181.6+0.8 Ma and 52.3+7.3Ma (Table 1). Zircons of metaigneous
cobbles do not show prominent metamorphic rims, which means that their crystallization age was determined,
not the time of the metamorphic event. It is notable that half of the U-Pb ages are ~50 Ma (Table 1).

4.2. *°Ar/*°Ar Dating

Of eight amphibole samples measured, five yielded meaningful “°Ar/*°Ar cooling ages that range between
181.0+ 0.6 Ma and 15.8+0.4Ma (10) (Table 2). The remaining three show (i) an argon profile that is too
disturbed for an age estimate (amphibolite MAL1-14), (i) an argon loss profile suggesting a minimum crystal-
lization age of ~276 Ma and a maximum age of ~139 Ma of thermal resetting (metaquartzdiorite HUB2-3), and
(iii) a profile characterized by a combination of argon loss and excess argon (gabbro MAL7-2) (Table 2 and
Figures S2I, S2h, and S2n). However, for MAL7-2, the inverse isochron data in combination with the sample’s
crystallization age of ~49 Ma (Table 1) justifies using an age of 42.0+2.7 Ma (Table 2). For more details
concerning the analysis see the supporting information (Text $1.2, Data Set S1, and Figures S2a-S20).

The seven biotite *“°Ar/>*°Ar cooling ages of the cobbles range between 50.4 + 0.2 Ma and 41.8 + 0.3 Ma, which
are all plateau ages comprising at least 75% of the 3°Ar (Table 2). Three of the four bedrock biotite “°Ar/*°Ar
analyses yielded interpretable cooling ages that are presented in Table 3 and in the supporting information
(Dataset S1 and Figures S2p-S2s). The ages range between 42.4 + 1.1 Ma and ~5-3.5 Ma (Table 3). Biotite from
tonalite 03PH305A experienced argon loss and does not provide a reliable age. Argon analysis of biotite from
the mylonitic tonalite (2000APa45) does not yield a robust cooling age, but suggests cooling through ~300°C
between 5 Ma and ~3.5 Ma (Table 3). This sample is from an intrusion of Eocene age located just north of the
Fairweather Fault at its northern tip at the Hubbard Glacier terminus (Figure 2). The only other Pliocene
“OAr/*°Ar cooling age from the region is known from an amphibolite-facies schist ~110 km farther southeast
just south of the Fairweather Fault [Hudson et al., 1977b]. The meaning of the age, i.e., whether it represents
(localized) contact metamorphism due to an unexposed pluton or exhumational cooling, is not known
[Hudson et al., 1977b].
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Table 2. Summary of Cobble “Onr/*%Ar Ages®

WMPA £10 (Ma)

IIA +16 (Ma)
MSWD, *°Ar/3Ar

Sample Lithology Min Total Gas Age +10 (Ma) MSWD, % of 39Ar Steps Used/Total # Steps
HUB2-2 Granitoid Bt 49.8+0.3 50.0+0.3 50.1+1.0
0.1, 88.8 0.1,275+110
4-17/17
HUB2-8 Mylonite Bt 49.7+0.5 49.8+0.3 50.0+£2.5
0.01, 89.8 0.01, 267 £ 220
4-21/21
MAL2-10 Paragneiss Bt 50.2+0.2 50.4+0.2 50.7+0.6
0.2,96.8 0.1,261+58
3-20/20
MAL2-16 Micaschist Bt 479+0.2 48.0 £ 0.2 480+ 1.4
0.2, 96.0 0.2,301 +86
4-16/16
MAL3-8 Orthogneiss Bt 414+0.2 41.8+0.3 415+£1.7
0.1, 749 0.1,372+570
7-19/19
MAL6-23 Orthogneiss Bt 484+0.1 48.7 0.2 49.5+0.6
0.2,934 0.1,276 + 26
4-21/21
MAL6-24 Gneiss Bt 48.5+0.2 48.8+0.2 493+0.8
0.2,85.2 0.2,274+38
6-20/20
HUB2-3 Meta-quartzdiorite Am 2483 +0.2 = 2760+ 1.8°
0.1,308+ 14
25-28/28
HUB2-5 Granodiorite Am 148.7+£0.2 151.5+06 151.2+1.1
0.5, 26.6 0.1,311x15
20-25/25
HUB2-7 Hornblende-Gabbro Am 243+05 25.5+0.4 26.1+0.6
0.2,99.8 2.8,296 +2
1-19/19
MAL1-8 Migmatitic gneiss Am 16.3+0.5 15.8+0.4 158+0.8
0.5, 100 0.5,306+8
1-21/21
MAL1-14 Amphibolite Am 602.0+1.4 - <
MAL6-23 Orthogneiss Am 50.9+0.1 51.2+0.2 514+05
0.3,97.7 03,290+ 12
7-25/25
MAL7-2 Gabbro Am 624+0.2 = 42027
14,409+£10
13-19/20
MAL7-3 Meta-quartzdiorite Am 175.2+0.2 181.0+0.6 1806+ 1.4
1.0, 90.2 1.8,311+21
10-23/24

Min: Mineral; WMPA: Weighted mean plateau age; MSWD: Mean square weighted deviation; IlA: Inverse isochron age; Bt: Biotite; Am: Amphibole.
Argon loss-profile with ~276 Ma as minimum crystallization age and ~139 Ma as maximum age of thermal resetting.
“Disturbed profile, no age estimate possible. Ages in bold font are used in the interpretation. Details can be found in the supporting information (Text S1.2,
Figures S2a-S20, and Data Set S1).

4.3. Zircon and Apatite (U-Th)/He Dating

The new ZHe ages from the HUB cobbles are presented in Table 4. Three of the HUB cobbles yield reprodu-
cible ages of 34.84+3.0Ma (HUB2-2), 579+ 1.33 Ma (HUB2-5), and 4.82+0.02 Ma (HUB2-8). For HUB2-3
single-grain ages are 10.34Ma and 24.18 Ma (Table 4). Because the younger of the single-grain ages is
younger than the AFT age of that sample (17.2 + 1.4 Ma; Table 5), the true ZHe age is suggested to be closer
to the older of the two zircon aliquots, i.e., 24 Ma.

ZHe ages of the Seward-Malaspina cobbles were published by Grabowski et al. [2013]. They measured 59
Seward-Malaspina cobbles and obtained five distinct ZHe age populations: ~2.7 Ma, ~12Ma, ~27 Ma,
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Table 3. Summary of Bedrock Cooling Ages®

7. (°0) 60+ 15 18020 250+ 40 300+ 50
Lat (°N) Apatite Zircon Zircon Biotite
Long (°W) (U-Th)/He (U-Th)/He Fission Track “OAr2Ar
Sample Elevation (m) +16 (Ma) +16 (Ma) +16 (Ma) +16 (Ma) Lithology, Terrane
2000APa45 60.03214 - - - ~5-3.5 Mylonitic tonalite
139.328241 cT
309
03PH305A 59.1281 182+0.5° 245+017° 275+15° - Tonalite
138.089 N=31 N=2 N=15 YM
88
03PH307A 594378 234+033° 13+08° 16.5+0.8° 424+1.1 Granodiorite
138.2429 N=16 N=2 N=15 cT
243
03PH311A 60.0225 0.89+0.11° 1.96 +0.09° 45+03° 353+05 Granite
139.2058 N=22 N=2 N=15 cT
1610

2Closure temperature (T.) of the thermochronometric systems after Harrison et al. [1985], Brandon et al. [1998], Farley [2000], and Reiners et al. [2004].
Ages from McAleer et al. [2009], who used multiple multialiquot AHe analysis; N: Number of grains analyzed, CT: Chugach Terrane, YM: Yakutat microplate.
For 03PH305A no reliable age estimate is possible due to argon loss. For details of “Oar/*ar analyses see Data Set S1 and Figures S2p-S2s in the supporting
information.

~36 Ma, and ~53 Ma. The youngest four of the age populations are represented in the subset of cobbles used
here (Table 6). Those have been interpreted as being associated with subduction and collision processes of
the Yakutat microplate with the North American Plate since the late Eocene [Grabowski et al., 2013]. The
new HUB cobble ZHe ages fall into the same age range (Table 6).

Table 4. Zircon and Apatite (U-Th)/He Data for Single-Aliquot Analyses of Cobbles®

a-Uncorrected a-Corrected Mean Age
Sample_ Aliquot # Min “He (mol) 238U (mol) 235U (mol) 23'2Th (mol) 1475m (mol) Age (Ma) Ft Age (Ma) +1SD (Ma)
HUB2-2_1 Zr 2.01E-14 5.34E-13 3.92E—-15 1.66E—13 na 27.17 0.73 36.96
HUB2-2_2 Zr 291E-14 8.52E—13 6.26E—15 2.11E-13 na 24.99 0.76 32.72 3484+3.0
HUB2-3_1 Zr 437E—14 3.86E—12 2.84E—14 1.71E—-12 na 7.94 0.77 10.34
HUB2-3_2 Zr 1.63E—13 5.80E—12 4.26E—14 4.29E—-12 na 18.52 0.77 24.18 17.26 +9.78
HUB2-5_1 Zr 1.04E—13 1.83E—11 1.35E—13 5.05E—12 na 414 0.85 485
HUB2-5_2 Zr 8.69E—14 1.07E—11 7.83E—-14 4.72E—-12 na 5.72 0.85 6.73 5.79+£1.33
HUB2-8_1 Zr 1.85E—14 3.49E-12 2.56E—14 1.40E—12 na 3.76 0.78 481
HUB2-8_2 Zr 2.09E-14 4,08E—12 3.00E-14 1.23E—12 na 3.71 0.77 4.83 4.82+0.02
MAL1-8_1 Ap - - - - - - - -
MAL1-8_2 Ap 2.28E-17 1.09E—14 8.03E—17 0.00E+00 3.29E-15 1.61 0.76 2.13
MAL1-8_3 Ap 6.28E—18 4.48E—15 3.29E-17 0.00E+00 3.71E-15 1.08 0.70 1.54 1.84+0.41
MAL2-10_1 Ap 6.85E—15 1.15E—12 8.47E—15 0.00E+00 9.64E—13 458 0.78 5.90
MAL2-10_2 Ap 1.19E—14 1.71E-12 1.26E—14 3.21E-14 1.11E-12 535 0.75 713 6.52 +0.87
MAL2-10_3 Ap 9.60E—15 539E-14 3.96E—16 0.00E+00 3.30E-14 135.78 0.75 18402
MAL2-16_1 Ap 1.19E—15 2.94E-13 2.16E—15 234E—-14 401E-13 3.06 0.77 3.99
MAL2-16_2 Ap 7.59E—-16 1.95E—13 143E-15 1.84E—14 3.65E—13 2.92 0.71 4.09
MAL2-16_3 Ap 2.82E—15 6.31E—13 4.63E—15 3.78E—14 6.94E—13 3.39 0.75 454 4.20+0.29
MAL3-8_1 Ap 7.78E—17 1.42E-13 1.04E—15 1.18E—14 1.23E—13 0.41 0.63 0.66
MAL3-8_2 Ap 1.16E—16 1.32E—13 9.68E—16 1.48E—14 1.19E—13 0.66 0.63 1.05
MAL3-8_3 Ap 4.94E—17 7.26E—14 533E-16 3.80E—-14 7.70E—-14 0.47 0.59 0.79 0.83£0.20
MAL6-23_1 Ap 1.23E-14 2.79E—-12 2.05E—14 1.34E—12 5.96E—13 3.07 0.77 4,00
MAL6-23_2 Ap 1.13E-14 2.73E—-12 2.01E-14 1.55E—12 549E—-13 2.83 0.79 3.58
MAL6-23_3 Ap 1.33E-14 3.83E—12 2.81E—14 1.51E—12 7.16E—13 247 0.75 3.29 3.62+0.35
MAL7-3_1 Ap 3.74E—16 5.17E-13 3.80E—15 6.17E—13 6.23E—14 0.44 0.67 0.66
MAL7-3_2 Ap 4.80E—16 2.80E—13 2.06E—15 3.29E-13 8.38E—14 1.04 0.68 154
MAL7-3_3 Ap 3.47E-16 4.89E—13 3.59E—-15 5.17E-13 7.75E—14 0.44 0.71 0.62 0.64 +0.03

2Min: Mineral, Zr: Zircon, Ap: Apatite, na: not applicable, Ft: a-ejection correction factor [Farley et al., 1996], SD: Standard deviation. MAL2-10_3 and MAL7-3_2
were rejected as outliers.
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Table 5. Summary of Apatite Fission Track Data®
Sample N Ns N; Ps (cmfz) pi (cmfz) Pd (cmfz) Xz (%) AFT Age 106 (Ma)
HUB2-2 10 4 63 8.83E+03 1.06E+05 5.12E+05 14.75 38+20
HUB2-3 25 206 715 1.55E+05 5.05E+05 5.07E+05 5.97 17214
HUB2-5 27 40 608 2.97E+04 3.98E+05 5.02E+05 0.006 48+13
HUB2-7 8 3 108 6.67E+03 1.89E+05 4.96E+05 43.14 1.6+1.0

@AFT ages calculated using the external detector method and a ¢ factor of 237 +5 cm? yr (E.E)) for dosimeter glass IRMM540; for XZ > 5% the pooled age is
reported, for y © < 5% the mean age is reported; N: number of grains dated, N, N number of spontaneous and induced tracks, respectively; ps, pi: spontaneous
and induced track densities, respectively, p4: induced track density in external detector over dosimeter glass.

Table 6. Summary of Cooling Ages and Zircon U-Pb Ages of MAL and HUB Cobbles®

Cooling Ages Provenance Tools
T (°Q) 6015110+ 10 180+ 20 300+ 50 500 + 50
Apatite (U-Th)/He Zircon Biotite Amphibole
+1SD (Ma), Fission ~ (U-ThyHe — *°Ar/*°Ar  *°Ar/*°Ar  Zircon U-Pb
Sample track + 1o (Ma) +1SD (Ma) + 10 (Ma) + 10 (Ma) + 20 (Ma) Cobble Lithology
Wrangellia Composite Terrane Provenance

MAL7-3 0.64 +0.03 3.0+0.2 - 181.0+0.6 181.6+0.8 Meta-quartzdiorite; Qtz, Fsp, Hbl; Qtz and Fsp strongly altered,

Hbl with cracks and inclusions
HUB2-3 17214 ~24-17 - 276.0 + 1.8b - Meta-quartzdiorite; strongly altered, Ser in Fsp; Chl, Bt in Am;

greenschist facies, retrograde alteration
HUB2-5 48+1.3 579+1.3 - 151.2+1.1 - Granodiorite; Qtz, Fsp, Am
MAL3-19 11.0+1.9 - - 277.1+6.7 Granitoid; Bt, PI, Hbl, Opx, Cpx, Op
MAL4-9 - 32.3+10.1 - - 150.0+ 1.0 Orthogneiss; Kfs, Grt, Bt, Qtz
MAL6-5 - 369+99 - - 151.0+0.7 Orthogneiss; Qtz, Bt, Chl, Ms, Fsp
Chugach and Prince William Terranes Provenance
MAL7-14 - 24+0.2 - - 509+14 Granitoid; Fsp, Bt, Qtz, Ms, Chl
MAL7-20 - 25+03 - - 485+0.6 Granitoid; PI, Hbl, Opx, Cpx, Ap
MAL3-8 0.83+0.2 26+03 41.8+0.3 - 523+7.3 Orthogneiss; Qtz, Bt, Fsp, Px, some Ms, Ep
MAL2-4 - 133+1.6 - - 50.8+1.0 Granitoid (Qtz-diorite?); Qtz, Fsp to Ser, Px
MAL6-24 - 145+0.8 488 +0.2 - 76-50 Paragneiss; Bt, Fsp, Qtz, Ep
MAL2-16 42+0.29 155+0.7 48.0+0.2 - 72-49 Micaschist; Bt, Chl, Fsp with Ep and Ser, Grt, Qtz
MAL6-23 3.6+0.35 155+1.5 48.7+0.2 51.2+0.2 524+04 Orthogneiss; Bt, Qtz, Fsp, Cpx, some Ms
MAL4-5 - 164+13 - - 60-48 Paragneiss; Pl, Qtz, Bt, small Ms, small Grt
MAL2-10 6.5+0.87 16.7+5.6 504 +0.2 - 335-81 Paragneiss; Bt, Qtz, P, Ms, Grt
MAL4-16 - 16.8+2.6 - - 279-56 Paragneiss; Qtz, Fsp, Bt, Chl
MAL4-6 - 292+14 - - 53.3+0.3 Igneous mylonite; Fsp, Qtz, Bt
HUB2-2 38+20 348+3.0 50.0+0.3 - - Granitoid; FSp, Qtz, Bt, Chl, Op (Py?)
HUB2-8 4.8+0.02 498+0.3 - - Mylonite; Qtz, Fsp, Bt, Am; few Am altered
Yakutat Microplate Provenance
MAL3-2 - 62+1 - - 50-46 Pyroclastic
MAL7-6 - 84+19 - - 50.3+0.3 Pyroclastic
Uncertain Provenance
MAL1-14 - 22+03 - - 30.8+0.8 Amphibolite; Act, PI
MAL1-19 - 23+04 - - 464+1.0 Aplite; Fsp, Qtz, Grt
MAL1-8 1.84+0.41 2405 = 158+0.4 = Fine-grained, strongly deformed migmatitic gneiss; Am, Fsp,
Ep; Ep developing in foliation, Am a little altered
MAL7-2 - 32+1.03 - 420+2.7 494+04 Gabbro; 80% PI, light green Am, Cpx in Am strongly altered,
low metamorphic grade

MAL4-21 - 205+1.3 - - 493-58 Metasedimentary mylonite; Bt, Grt, Ep, Ms, Qtz, Kfs
HUB2-7 1.6+1.0 - - 255+04 - Hornblende-gabbro; Hbl, Pl, Qtz; medium-grained

Closure temperature (T) of the thermochronometric systems after Gleadow and Duddy [1981], Harrison [1982], Harrison et al. [1985], Farley [2000], and Reiners et al.
[2004]. ZHe data of MAL cobbles from Grabowski et al. [2013]. SD: Standard deviation. Mineral abbreviations following Kretz [1983].

Minimum crystallization age.
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AHe ages of six MAL cobbles range between 6.52 + 0.87 Ma and 0.64 + 0.03 Ma (Table 4). This result is consis-
tent with other published AHe ages from the wider St. Elias syntaxis area and has been interpreted in terms of
high precipitation and glacial erosion rates as well as Quaternary fault activity [e.g., Spotila and Berger, 2010;
Enkelmann et al., 2015b].

4.4. Apatite Fission Track Dating

Three AFT ages are reported as pooled ages because they passed the xz test (i.e. X2 > 5%); they are 17.2+ 1.4 Ma,
3.8+2Ma, and 1.6+ 1.0 Ma (10; Table 5). HUB2-5 is reported as a mean age (4.8 1.3 Ma, 10; Table 5) as it failed
the 2 test (i.e., x> < 5%), which indicates a larger scatter between single-grain ages. Reset sedimentary bedrock
samples or igneous bedrock samples, as in this case, should generally pass the test, demonstrating that individual
grains belong to the same cooling age population [Galbraith, 1981]. However, if track counts are small, as in the
case of HUB2-5, where eight of 27 grains yielded zero spontaneous track counts and the remaining grains do not
exceed seven spontaneous track counts, the % probability is not a reliable statistic [e.g., Galbraith, 2005].

5. Discussion
5.1. Cobble Provenance

Here we discuss the cobble provenance and their cooling histories with respect to their sources. Table 6
summarizes available crystallization and cooling ages and is sorted by cobble provenance.

5.1.1. Wrangellia Composite Terrane and Chugach-Prince William Terrane Provenance

Early Cretaceous and older U-Pb and *°Ar/3*°Ar cooling ages are typical for rocks of the Wrangellia Composite
Terrane [e.g., Dodds and Campbell, 1988; Plafker et al., 1994; O'Sullivan and Currie, 1996; Enkelmann et al.,
2010]. For example, widespread Upper Jurassic plutonic rocks have been mapped at the southern margin
of the Wrangellia Composite Terrane including the northern part of the Seward-Malaspina catchment
and most of the Hubbard catchment [e.g., Armstrong, 1988; Dodds and Campbell, 1988; Israel, 2004]. The
Wrangellia Composite Terrane provenance of Early Cretaceous and older cobbles becomes even more
evident considering that the crystallization ages of the remaining cobbles are ~50Ma (Table 6). Those
~50Ma ages are characteristic of the early Eocene metamorphism and magmatism in the Chugach and
Prince William Terranes. The “°Ar/*°Ar cooling ages of both biotite and amphibole from cobbles with
~50 Ma U-Pb ages are just a few million years younger (~1-10 Myr) and thus indicate rapid initial cooling that
is consistent with the current understanding of the cooling history of the Chugach Metamorphic Complex
(Figures 1 and 2) [e.g., Sisson et al., 2003; Gasser et al., 2011].

Six metasedimentary cobbles yield detrital U-Pb age distributions, but the number of single-grain analyses
per sample (N=16-21; Table 1) is not high enough to quantitatively compare them to previously published
detrital zircon age distributions of the studied terranes [e.g., Gehrels et al, 2009; Amato and Pavlis, 2010;
Kochelek et al., 2011; Rick et al., 2014]. Qualitatively, the range of the youngest zircons (55-49 Ma; Table S2)
of micaschist MAL2-16, and paragneisses MAL4-16 and MAL4-5, is typical of the Orca Group of the Prince
William Terrane [e.g., Davidson et al, 2011]. The occurrence of micaschist is also typical for the Prince
William Terrane (Figure 2). Conversely, the age range and distribution of paragneiss MAL2-10 (335-81 Ma)
resembles that of the Valdez Group of the Chugach Terrane [e.g., Rick et al., 2014]. The provenance of the
metasedimentary mylonite MAL4-21 (Table 1) is not easily assignable and discussed in section 5.1.3.

5.1.2. Yakutat Microplate Provenance

The pyroclastic cobbles assigned to the Yakutat microplate (MAL3-2 and MAL7-6; Table 6) yield crystallization
ages indistinguishable from the ~50Ma ages that we argued to represent the Chugach Metamorphic
Complex. However, their lithology is distinctly different. The cobbles are reworked pyroclastic material from
early Eocene volcanic eruptions. The sediments must have been reheated, probably by burial, to have their
ZHe ages reset at temperatures >180°C, followed by exhumation around 8-6 Ma (Table 6). In the study area,
such a scenario is only known for the Yakutat microplate. The only lower Eocene volcanics are the Hubbs
Creek Volcanics of the Samovar Hills (white arrow in Figure 2) (T. L. Pavlis, personal communication, 2015).
Plafker [1987] described the sequence as hundreds of meters of basalt, agglomerate, and tuff that overlie,
possibly conformably, rocks of the Yakutat Group. Whole-rock K-Ar minimum crystallization ages and biostra-
tigraphy of the overlying unit indicate an age of 50 + 3.9 Ma [Plafker, 1987]. Thus, the age of the Hubbs Creek
Volcanics corresponds to the zircon U-Pb ages of the pyroclastic cobbles. Resetting of the ZHe system
through reheating may have occurred with burial by Eocene-Holocene sediments. However, mid-Eocene
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to upper Miocene-lower Pliocene strata are missing due to an erosional event sometime between the early
Miocene and the latest Miocene-earliest Pliocene [Chapman et al., 2012]. If those sediments were thick
enough (at least 6-7 km with an assumed paleogeothermal gradient of 25-30°C/km), then the scenario fits
the crystallization age and latest Miocene exhumation of the two cobbles (Table 6).

5.1.3. Cobbles of Uncertain Provenance

The provenance of six cobbles is unclear, because their crystallization and cooling ages are either not
known from the study area (MAL1-8, MAL1-14, MAL1-19, MAL7-2, and HUB2-7; Table 6), or not distinct
(MAL4-21; Table 6). The metasedimentary mylonite MAL4-21 yields a U-Pb single-grain age distribution
of 493-58 Ma, with most ages 190-80 Ma (Tables 1 and S2). The range and distribution resembles neither
the Valdez nor Orca Group, and no “°Ar/3?Ar cooling ages are available (Table 6). The overall age distribu-
tion and the range of youngest zircons in sample MAL4-21 are similar to the mélange of the McHugh
Complex, the northernmost and oldest belt of the Chugach accretionary complex that has been mapped
in Prince William Sound and a potential equivalent on Baranof Island (Figure 1) [Haeussler et al., 2005;
Amato and Pavlis, 2010] but is not known from the study area. The U-Pb single-grain age distribution is
also similar to the distribution of the Yakutat Group exposed in the Seward-Malaspina catchment
[Enkelmann et al., 2009]. Thus, this cobble could be either from the Border Ranges suture zone in the old-
est, northernmost belt of the Chugach Terrane, if it occurs continuously along the entire terrane, or from
the Yakutat Group close to the Yakutat-Chugach suture zone (Fairweather-Contact Fault connection;
Figure 2). Both faults have been active at different times during the Cenozoic [e.g., Roeske et al., 2003;
Bruhn et al., 2004].

Three cobbles of uncertain provenance have younger than Eocene zircon U-Pb crystallization or amphibole
“OAr/*°Ar cooling ages. The amphibolite MAL1-14 yields a U-Pb age of 30.8+0.8 Ma, and the migmatitic
gneiss MAL1-8 and the gabbro HUB2-7 have amphibole “°Ar/>°Ar cooling ages of 15.8+0.4Ma and 25.5
+0.4 Ma, respectively (Table 6). Only a few ages have been reported that are that young: conventional K-Ar
ages and “°Ar/*°Ar ages ~23-15 Ma from the Fairweather Range, particularly from the Chugach Terrane in
the Nunatak Fjord and Hubbard terminus areas (Figure 2) [e.g., Hudson et al., 1977a, 1977b; Loney and
Himmelberg, 1983; Smart et al., 1996; Sisson et al., 2003; Gasser et al., 2011]. Gasser et al. [2011] interpreted
the *°Ar/*’Ar cooling ages of the Nunatak area as a slower cooling of the Chugach Metamorphic Complex
than in its western and central parts west of the syntaxis due to differences in convergent components at
the plate margin. Sisson et al. [2003] associated an early Miocene amphibole *°Ar/*°Ar cooling age with an
eastward tilting of the area east of the Fairweather Fault and then a later, Neogene cooling due to uplift
and exhumation in response to deformation in the Fairweather fault zone.

An alternative to explaining the *°Ar/*°Ar cooling age of gabbro HUB2-7 with exhumational cooling at
the plate boundary is thermal relaxation after Oligocene intrusion, which might also be reflected by the
30.8 £ 0.8 Ma U-Pb age of amphibolite MAL1-14 (Table 6). Mafic intrusions are not mapped within the study
area but are known from a narrow mafic-ultramafic belt farther southeast in the Fairweather Range and as far
south as Chichagof and Baranof islands (Figure 1). These intrusions have been interpreted as being associated
with transpression at the Fairweather Fault [e.g., Rossman, 1963; Plafker and MacKevett, 1969; Loney et al.,
1975; Loney and Himmelberg, 1983; Brew et al., 2014]. As the St. Elias syntaxis area is extensively ice covered,
hitherto undetected Oligocene mafic intrusions may occur in the Hubbard and Seward Glacier region as well,
due to either in-place intrusion or lateral displacement along the Fairweather Fault. The only known occur-
rence of a possibly Oligocene gabbro is at Mount Newton, just east of Mount St. Elias (Figure 2) [Hudson et al.,
1977b; Dodds and Campbell, 1988].

In summary, a Chugach Terrane origin of the uncertain cobbles is most likely, a Yakutat microplate origin is
possible, and a Wrangellia Composite Terrane origin is unlikely.

5.2. New Cooling Histories From the St. Elias Syntaxis

The time-temperature plots of Figure 3 show the new cooling ages from the Seward-Malaspina and Hubbard-
Valerie cobbles and the three bedrock samples from the Fairweather Range. By combining similar cooling
paths of different samples, five dominant paths can be distinguished (1-5 in Figures 3b and 3c). Cooling path
1 comprises the majority of cobbles with Chugach and Prince William provenance and is characterized by
rapid early Eocene cooling to ~300°C after early Eocene crystallization and metamorphism in the Chugach
Metamorphic Complex (Figure 3b).
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Figure 3. (a)Time-temperature plot of all new cooling ages of this study and previous thermochronometric ages of the
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Cooling path 2 combines Chugach and Prince William Terrane cobbles exhibiting renewed acceleration of
cooling to ZHe closure in the Miocene. Further cooling to AHe closure and surface temperature occurred
in late Miocene-Pleistocene time (Figure 3C), which is interpreted as exhumational cooling in the absence
of heat sources in the study region at that time [e.g., Plafker et al., 1994]. Cooling path 3 includes cobbles
and a bedrock sample (03PH311A) of the Chugach and Prince William Terrane that did not cool to ZHe clo-
sure in the Miocene, like those of path 2, but during a rapid cooling phase in the Plio-Pleistocene (Figures 3b
and 3c). Path 3 also includes rocks of the Wrangellia Composite Terrane and of uncertain source (Chugach
Terrane or Yakutat microplate, cf. section 5.1.3), which cooled rapidly through ZFT to AHe closure tempera-
tures in the St. Elias syntaxis area (Figure 3c). Cooling path 3 may describe the same path as previously dated
detrital sand samples from the syntaxis that suggested a focused area of rapid and deep exhumation (inset
map in Figure 2) [Enkelmann et al., 2009; Falkowski et al., 2014]. The youngest ZFT age population from three
Seward-Malaspina sand samples is 2.1+ 0.1 Ma comprising 30% of the dated grains (N=312; yellow polygon
symbol in Figure 3c¢), and the youngest two ZFT age populations from a Hubbard-Valerie sand sample are 6.1

+0.5Ma and 3.1 £0.3 Ma comprising 46% and 39% of the grains, respectively (N=105; dark green polygon
symbols in Figure 3c). The fact that cobbles from different terranes exhibit this cooling pattern supports
the conclusion by Grabowski et al. [2013], who suggested, based on the lithology of the cobbles with
young ZHe ages, that a large areal extent of rapid exhumation exists in the Seward-Malaspina catchment
and beyond.

Cooling path 4 combines the cobbles of uncertain provenance that yielded younger than early Eocene crys-
tallization or amphibole *°Ar/3*°Ar cooling ages (Figure 3). Eocene to Miocene cooling is poorly confined and
different for all cobbles in this group, but for the lower-temperature cooling, this path follows the Plio-
Pleistocene part of path 3 with the exception of MAL4-21, which has a ZHe age of ~21Ma (Figure 3b).
Cooling path 5 highlights the rapid cooling from ZHe to AFT closure of Wrangellia Composite Terrane cobble
HUB2-5 at ~5 Ma, similar to the cooling observed at Mount Logan [O'Sullivan and Currie, 1996]. The HUB2-5
cobble is a granodiorite with an ~150 Ma amphibole “°Ar/*°Ar cooling age and could be derived from the
Late Jurassic Mount Logan Batholith [Dodds and Campbell, 1988; O'Sullivan and Currie, 1996]. This comparison
and the designation of an individual path for a single sample become clearer in the regional synthesis that
includes cooling paths from Mount Logan (sections 5.3.2 and 5.3.3).

5.3. Regional Cooling Histories

A discussion of the St. Elias syntaxis cooling history in a regional context requires division of the St. Elias
Mountains into four areas along orogenic strike (Area 1-4; Figure 4a). For each area, time-temperature plots
were created and the dominant cooling paths were identified (Figures 4b-4e). Note that in the plots, bedrock
and cobble cooling ages are plotted together and, with the exception of the Mount Logan profile (Area 2;
Figures 4a and 4c), elevation differences are not marked.

5.3.1. Area 1

Area 1 is located west of the syntaxial region and contains only data from the Chugach and Prince William
Terranes to avoid the coastal, thermochronologically mostly unreset fold-and-thrust belt [e.g., Meigs et al.,
2008; Enkelmann et al., 2010] and the Oligocene-Recent Wrangell volcanic belt to the north (Figure 4a)
[Richter et al.,, 1990]. Cooling of this area is characterized by early Eocene-Oligocene post-magmatic and
post-metamorphic cooling of the Chugach Metamorphic Complex (path 1) and post-Oligocene cooling
due to erosion and exhumation of path 2 (Figure 4b). This latter cooling was probably in response to flat-slab
subduction of the Yakutat microplate [e.g., Perry et al., 2009; Enkelmann et al., 2010]. Additionally, Oligocene-
Miocene cooling of rocks from ZFT to AHe closure occurred (path 2? in Figure 4b), which might represent a
wider range of cooling path 2 than in the cobble data (Figures 3b and 3c) with a younging of AHe ages from
west to east and with increasing elevation toward the St. Elias syntaxis (2000 m). The wide age range in the
AHe ages in the western area can be explained by the high sensitivity of these low-temperature thermochro-
nometric systems to changes in erosion and topography [e.g., Ehlers and Farley, 2003].

5.3.2. Area 2

Area 2 comprises the Seward Ice Field region (Figure 4a) and includes the MAL cobbles (Figure 4c). The main
cooling paths 1-4 of the new cobble data are supported by the few bedrock samples from this area.
Important information on the cooling history come from the ~4000 m elevation profile at Mount Logan
[O'Sullivan and Currie, 1996; Enkelmann et al., 2010; Spotila and Berger, 2010]. Paths L1, L2, and L3 represent
the upper, middle, and lower elevation parts of the exposed Mount Logan profile, respectively (Figure 4c). As
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expected, samples from the lower part of the profile reveal younger cooling ages than samples collected at
higher elevations. The two Wrangellia Composite Terrane cobbles that lie within uncertainty in path L1 or L2
(MAL4-9 and MAL6-5; Figure 4c) and the Chugach Prince William cobble MAL4-6 with a ~29 Ma ZHe cooling
age (Figure 3b) are thus very likely derived from Mount Logan from >3000 m. The Wrangellia Composite
Terrane cobbles are likely sourced from the Jurassic Mount Logan Batholith and the Chugach Terrane cobble
from the Eocene King Peak Pluton of Mount Logan. Mount Logan cooling paths L1 and L2 are distinct from
other post-early Eocene cooling paths (Figure 4c) as these rocks were collected at higher elevations than other
bedrock samples. The cobble samples complement the profile for lower, ice-covered elevations (<1780 m) and
show path 3 cooling with rapid Plio-Pleistocene exhumational cooling (Figure 4c).

5.3.3. Area 3

The Hubbard-Valerie catchment and immediate surroundings constitute Area 3, which includes the HUB
cobbles and is mainly composed of Wrangellia Composite Terrane rocks (Figures 4a and 4d). Therefore, many
Paleozoic-Mesozoic ages of the higher-temperature *°Ar/>?Ar systems are present (see Figure S8 for >60 Ma
cooling ages) and the Chugach Metamorphic Complex cooling of path 1 is only roughly defined by a few
samples from the southern part of Area 3 (Figure 4d). Cooling path 2 is not discernible here, but paths 3
and 4 are. Path 3 is only seen in Chugach Terrane samples in this area, but a few relatively young,
Neogene Wrangellia Composite Terrane bedrock AHe cooling ages from elevations >2000 m are available
from the northern syntaxis area that fit into cooling path 5 (Figures 3 and 4d).

5.3.4. Area 4

Area 4 is the northern part of the Fairweather fault zone east of the Hubbard Glacier terminus. Area 4 is under-
lain by rocks of Wrangellia Composite and Chugach Terranes and Yakutat microplate (Figures 4a and 4e),
which explains the complexity of cooling histories compared to western areas. Paths 1, 3, and 4 occur here,
but additional paths 6 and 7 are defined by Chugach Terrane and Yakutat microplate samples, respectively
(Figure 4e). Even though cooling path 1 of the Chugach Metamorphic Complex occurs here like in the areas
to the west, path 6 represents a deviation from that with later (around 35 Ma) but equally rapid cooling. Other
samples of the Chugach Terrane/Chugach Metamorphic Complex cooled at a slower rate and were contained
in path 4, including the only sample for which a crystallization age is available in this area [Gasser et al., 2011].
All of these samples are close to the Fairweather Fault and mostly from the Nunatak Fjord area (Figures 4a
and S6). This pattern is interpreted as reflecting transpressional deformation at the plate boundary, especially
within the zone of strain accumulation at the northern tip of the Fairweather Fault, where it begins to bend
(Figure 4a). The mylonitic tonalite 2000APa45 (Table 3) and schist 68Apr57F [Hudson et al., 1977b] of Pliocene
biotite “°Ar/*°Ar ages are both located close to the mapped trace of the Fairweather Fault (Figures 4a, 4e, and
S6) and indicate significant shear deformation in the Pliocene, when rapid exhumation began in the syntaxis
and northern Fairweather Fault areas.

5.4. Summary of Cooling Histories of the St. Elias Mountains

Figure 5 summarizes the spatiotemporally nonuniform cooling histories along the Cenozoic Alaskan margin.
A simplified interpretation of the cooling paths 1-7, as extracted from Figures 3 and 4b-4e, is given in
Figure 5 as well. Additionally, Figure 6 displays the main tectonic and geologic events of the study area in
relation to the time-temperature paths explained in Figure 5.

The compilation of thermochronometric data reveals the magmatic, metamorphic, and exhumational cool-
ing of the St. Elias Mountains due to Mesozoic-Cenozoic accretion, subduction, and collision at the North
American margin. Paleozoic—Mesozoic cooling is mostly recorded in the Wrangellia Composite Terrane north
of the Border Ranges Fault, which acted as backstop to Cenozoic accretion and collision of the Yakutat micro-
plate and may not have experienced much erosion and exhumation since [e.g., Roeske et al., 2003; Enkelmann
et al,, 2008, 2010]. However, samples from the northern St. Elias Mountains are sparse and cooling ages are
mainly from biotite and hornblende K-Ar systems [Dodds and Campbell, 1988]. From available data, the
Wrangellia Composite Terrane exhibits only in the syntaxis area younger, Neogene and Quaternary cooling
due to exhumation (path 5; Figures 3 and 4) [O'Sullivan and Currie, 1996; Enkelmann et al., 2010; Spotila and
Berger, 2010; Grabowski et al., 2013; Falkowski et al., 2014].

The Eocene cooling history of the margin is characterized by near-trench plutonism, and the formation and
rapid cooling of the Chugach Metamorphic Complex (path 1; Figures 3 and 4) at rates of ~30-180°C/Myr in an
overall compressional tectonic setting [Gasser et al., 2011, 2012]. The influence of the subsequently formed
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Figure 4. (a) Digital elevation model (ASTER GDEM, 30 m; NASA, METI) of the St. Elias Mountains and Fairweather Range
showing (b-e) Areas 1-4 for which time-temperature plots were reconstructed from previously published bedrock and
new cobble and bedrock geochronologic and thermochronologic data. Closure temperatures are marked in Figures 4b and
4e using the same abbreviations as in Figure 3, additional: MsAr for muscovite 40ar/3Ar. CPWT: Chugach and Prince
William Terranes, WCT: Wrangellia Composite Terrane, YM: Yakutat microplate. Data from Hudson et al. [1977a, 1977b)],
Hudson et al. [1979], Dodds and Campbell [1988], O'Sullivan and Currie [1996], O'Sullivan et al. [1997], Sisson et al. [2003],
Spotila et al. [2004], Berger and Spotila [2008], Berger et al. [2008], Meigs et al. [2008], McAleer et al. [2009], Enkelmann et al.
[2010, 2015b], Spotila and Berger [2010], Gasser et al. [2011], and this study. Plate motion vectors from Plattner et al. [2007]
and Elliott et al. [2010]; faults from Yukon Geological Survey (Figure 4a). Sample details can be found in the supporting
information (Figures S3-S6 and Data Set S2). In Areas 2-4, >60 Ma cooling ages occur. These are presented in the sup-
porting information (Figures S7-59).
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Figure 5. Summary of dominant cooling paths of Areas 1-4, reduced to three areas at the St. Elias syntaxis (Areas 2 and 3;
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Fault, FF: Fairweather Fault, WCT: Wrangellia Composite Terrane, CPWT: Chugach and Prince William Terranes, YM: Yakutat
microplate, NA: North American Plate, CMC: Chugach Metamorphic Complex.

transpressional plate boundary in the eastern area becomes evident through the more variable post-Eocene
cooling (paths 1, 4, 6, and 7; Figures 3 and 4). Significant transpressional deformation at the plate boundary
since the Oligocene is indicated by exhumational cooling (paths 6, 7, and partly 4; Figures 3 and 4) [e.g., Sisson
et al,, 2003; Gasser et al., 2011; McAleer et al., 2009; Falkowski et al., 2014] and by transpression-related mafic
intrusions and subsequent thermal relaxation (path 4; Figures 3 and 4) [e.g., Rossman, 1963; Plafker and
MacKevett, 1969; Loney and Himmelberg, 1983]. Path 4 in the Fairweather Range and St. Elias syntaxis is rela-
tively poorly confined in its >200°C part due to highly variable cooling over short horizontal distances.
Thermal overprinting and partial thermal overprinting of country rocks by Eocene-Miocene mafic intrusions
(Figure 6) contributed to the variable cooling history of the eastern part of the orogen.

The effects of flat-slab subduction of the Yakutat microplate since the late Eocene/Oligocene include uplift, ero-
sion, and exhumation of the upper plate as reflected in paths 2 and 6 in the syntaxis and western area (Figures 3
and 4) [e.g.,, Enkelmann et al., 2008; Perry et al., 2009]. Path 2 might also represent the mid-Miocene onset of colli-
sion between the Yakutat and North American plates (Figure 6), similar to signals observed in thermochronol-
ogy of detrital sand samples and bedrock samples from Mount Logan (Figures 3 and 6).
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Figure 6. Overview of cooling histories (as in Figure 3) of the St. Elias Mountains and Fairweather Range and tectonic and
geologic events divided by area. Note the breaks in the time axis after 100 Ma and 10 Ma. WCT: Wransgellia Composite
Terrane, CPWT: Chugach and Prince William Terranes, YM: Yakutat microplate, AmAr: amphibole 40Ar/ 9Ar, CMC: Chugach
Metamorphic Complex, NA: North American Plate, FF: Fairweather Fault, WT: Wrangellia Terrane, AT: Alexander Terrane,
H.C.: Hubbs Creek Volcanics, K. Fm.: Kulthieth Formation. After Hudson et al. [1977a, 1977b], Loney and Himmelberg [1983],
Engebretson et al. [1985], Davis and Plafker [1986], Plafker [1987], Dodds and Campbell [1988], Dumoulin [1988], Farmer et al.
[1993], Lagoe et al.[1993], Plafker et al.[1994], Pavlis and Sisson [1995], Hallet et al. [1996], Lagoe and Zellers [1996], O'Sullivan
and Currie [1996], Sheaf et al. [2003], Enkelmann et al. [2008, 2009, 2010, 2015b], Gehrels et al. [2009], McAleer et al.

[2009], Perry et al. [2009], Amato and Pavlis [2010], Finzel et al. [2011], Gasser et al. [2011], Chapman et al. [2012], Worthington
et al. [2012], Grabowski et al. [2013], Falkowski et al. [2014], and this study.

Paths 3 and 5 reflect the localized, rapid Pliocene exhumation of the St. Elias syntaxis and northern
Fairweather Fault areas due to the ongoing indentation of the eastern Yakutat plate corner (Figures 3
and 4). Cooling path 3 is revealed by cobble samples and supported by some bedrock samples of different
terranes (Figures 4b-4e). Processes that may have influenced deformation at the end of the Miocene include
(i) lateral thickening of the Yakutat microplate crust (>25 km) that enters the deformational front [Christeson
et al., 2010; Worthington et al., 2012], (ii) an increase in the compressional component of plate collision
[Engebretson et al., 1985], and (iii) the beginning of glaciation [e.g., Lagoe et al., 1993] (Figure 6). The localiza-
tion of strain in the syntaxis area and the glaciation that intensified ~2.6 Ma with Northern Hemisphere
cooling led to efficient glacial erosion of highly stressed, easily erodible rocks in valleys [Lagoe et al., 1993;
White et al., 1997; Grabowski et al., 2013; Headley et al., 2013].

5.5. Implications for the Evolution of Syntaxis Exhumation

The provenance information and cooling histories obtained from cobbles help to decipher the development
of exhumation in the St. Elias syntaxis, where relatively few samples have been dated so far. Prior to this study,
the most important data from the syntaxis were the Mount Logan bedrock profile and detrital sand samples
from the Malaspina Glacier [O'Sullivan and Currie, 1996; Enkelmann et al., 2009]. We have shown here that cob-
bles complement very well the bedrock and sand samples and also yield additional information. Cooling
paths from cobbles show that the onset of rapid exhumation was ~5 Ma. Moreover, complete cooling his-
tories from the syntaxis area were derived for the first time and can be compared to the cooling and exhu-
mation record from other parts of the orogen. This comparison shows similarities and also distinct
differences that emphasize the transitional position of the St. Elias syntaxis between the transpressive setting
of the Fairweather plate boundary to the east and the compressional and subduction setting to the
west (Figure 5).
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The St. Elias syntaxis and the northern Fairweather fault zone, especially in the Nunatak Fjord area, have pre-
viously been established as rapidly exhuming by thermochronometric, structural, petrographic, and geophy-
sical data, which is supported here [e.g., Hudson et al, 1977b; O'Sullivan et al., 1997; Sisson et al., 2003;
Enkelmann et al., 2009; McAleer et al., 2009; Gasser et al., 2011; Grabowski et al., 2013; Falkowski et al., 2014;
Marechal et al., 2015]. For the first time, the higher-temperature cooling history of rocks sourced from the
most rapidly and deeply exhuming area under the ice of the Seward-Malaspina and Hubbard-Valerie glaciers
is presented. This sets important brackets on the maximum amount and duration of rapid rock exhumation,
which allows comparing the St. Elias syntaxis with other orogens. The St. Elias syntaxis has been compared
with the eastern Himalayan syntaxis, where rocks of lower plate affinity and intrusions from lower crustal
depth are exposed and where <2 Ma biotite “°Ar/*°Ar ages and ZFT ages are observed [Zeitler et al,, 1989,
2001, 2014; Enkelmann et al., 2011]. The higher-temperature *°Ar/*°Ar systems of the cobbles in the St.
Elias Mountains are generally much older (~15-180 Myr; Table 6), and rocks at the high mountain peaks
reveal Eocene AFT and ZFT cooling ages [O'Sullivan and Currie, 1996], indicating a relatively short duration
of rapid exhumation in the syntaxis area. Exhumation rates of 3 mm/yr or higher could not have been sus-
tained for more than a few million years without exposing young 4OAr/*°Ar ages and removing the entire
uppermost crustal layer with the older cooling record.

The amount of exhumation can be estimated from the closure temperature isotherms of the young (<5 Ma)
ZFT and old (>15Ma) biotite “°Ar/3?Ar systems (~250-300°C versus 300+ 50°C). Hence, rocks exhumed
rapidly from depths corresponding to ~300°C. Using a geothermal gradient of 20-30°C/km suggests a max-
imum exhumation magnitude of 10-15km since 5Ma and most likely less if heat advection is taken into
account [e.g., Reiners and Brandon, 2006]. This maximum estimate is up to 25-30 km less than the observed
exhumation at the eastern Himalayan syntaxis but occurred probably over a shorter time period than at the
Himalayan syntaxis, where up to 40 km of exhumation occurred over 3-10 Myr [Booth et al., 2009]. Based on a
recent synthesis of thermochronometric, geophysical, and geological data, Enkelmann et al. [2015a] sug-
gested that the high exhumation rates that developed beginning ~5Ma at the St. Elias syntaxis have
decreased after ~2 Ma. Furthermore, they suggested that the focus of most rapid exhumation shifted
southward to its current location on the deforming Yakutat microplate in the Malaspina Glacier and
Disenchantment Bay area (Figure 2). Such a short duration of rapid exhumation (2-3 Myr) is in agreement
with the calculated limit of the amount of exhumation from the higher temperature “°Ar/*°Ar data.

The only relatively young biotite “°Ar/*°Ar cooling age (~5-3.5 Ma; Table 6) from the syntaxis area is from a
mylonitic tonalite (2000APa45; Table 3), which is not representative of the rapidly exhuming area but directly
of deformation along the Fairweather Fault. This sample may indicate intensified Yakutat-North American
collision around 5Ma in the syntaxial region and significant shear on the Fairweather transform fault that
resulted in mylonitization and biotite growth or thermal resetting.

5.6. Applicability of Cobble-Sized Detrital Thermochronology

The geochronology and thermochronology applied on cobbles combine the advantages of bedrock and det-
rital sampling strategies. Detrital sampling allows investigating the bedrock that is otherwise inaccessible for
sampling (e.g., underneath glaciers), but the analysis of sand-sized detritus requires a single-grain analysis
and mineral phases that are resistant to weathering such as zircon, apatite, and muscovite. Cobbles can be
analyzed like bedrock allowing us to date mineral phases that weather easily (e.g., biotite, hornblende, and
potassium feldspar) and use multigrain analysis as well as multiple-aliquot analysis that result in high-
precision ages. The question of cobble provenance can be addressed by combining the information of
cobble lithology, U-Pb dating of zircons from the cobble, and the entire cooling history. A disadvantage of
the cobble technique is that it is costly and time-consuming, and thus not efficient for a high number of
cobbles that is required for a statistical analysis of erosion and sediment source in a catchment. Therefore,
a combination of analysis of sand- and cobble-sized material appears to be most favorable.

6. Conclusions

In this study, we demonstrate the applicability of cobble-sized detrital thermochronology for exhumation
and provenance studies in partly inaccessible catchments. For the St. Elias Mountains, detrital material is
invaluable for obtaining an exhumation signal from the lower elevations of ice-filled valleys. The synthesis
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of geochronologic and thermochronologic data obtained from the different sampling approaches yields a
comprehensive perspective on the cooling and exhumation history of the St. Elias orogen and particularly
the ongoing indentation of the Yakutat plate corner into the North American margin. An onset of rapid
exhumation at the syntaxis and northern side of the northern Fairweather Fault at ~5Ma is supported by
the cooling histories of cobbles from the Seward-Malaspina and Hubbard-Valerie catchments. The higher-
temperature systems reveal that the amount of exhumation since ~5 Ma must have been limited to depths
of ~10 km or depths corresponding to ~300°C, which further supports the interpretation of a southward shift
in the location of focused, rapid exhumation from the North American Plate to the Yakutat microplate. The
geochronometric and thermochronometric data presented here provide a baseline data set that can be
used in future geodynamic models, which need spatial and temporal constraints on sediment source and
exhumation.
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