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■ ABSTRACT

The Alaska Range suture zone exposes Cretaceous to Quaternary marine 
and nonmarine sedimentary and volcanic rocks sandwiched between oceanic 
rocks of the accreted Wrangellia composite terrane to the south and older 
continental terranes to the north. New U-Pb zircon ages, 40Ar/39Ar, ZHe, and 
AFT cooling ages, geochemical compositions, and geological field observations 
from these rocks provide improved constraints on the timing of Cretaceous to 
Miocene magmatism, sedimentation, and deformation within the collisional 
suture zone. Our results bear on the unclear displacement history of the seis-
mically active Denali fault, which bisects the suture zone. Newly identified 
tuffs north of the Denali fault in sedimentary strata of the Cantwell Formation 
yield ca. 72 to ca. 68 Ma U-Pb zircon ages. Lavas sampled south of the Denali 
fault yield ca. 69 Ma 40Ar/39Ar ages and geochemical compositions typical of 
arc assemblages, ranging from basalt-andesite-trachyte, relatively high-K, and 
high concentrations of incompatible elements attributed to slab contribution 
(e.g., high Cs, Ba, and Th). The Late Cretaceous lavas and bentonites, together 
with regionally extensive coeval calc-alkaline plutons, record arc magmatism 
during contractional deformation and metamorphism within the suture zone. 
Latest Cretaceous volcanic and sedimentary strata are locally overlain by 
Eocene Teklanika Formation volcanic rocks with geochemical compositions 
transitional between arc and intraplate affinity. New detrital-zircon data from 
the modern Teklanika River indicate peak Teklanika volcanism at ca. 57 Ma, 
which is also reflected in zircon Pb loss in Cantwell Formation bentonites. 
Teklanika Formation volcanism may reflect hypothesized slab break-off and 
a Paleocene–Eocene period of a transform margin configuration. Mafic dike 
swarms were emplaced along the Denali fault from ca. 38 to ca. 25 Ma based 
on new 40Ar/39Ar ages. Diking along the Denali fault may have been localized 
by strike-slip extension following a change in direction of the subducting 
oceanic plate beneath southern Alaska from N-NE to NW at ca. 46–40 Ma. 
Diking represents the last recorded episode of significant magmatism in the 
central and eastern Alaska Range, including along the Denali fault. Two tec-
tonic models may explain emplacement of more primitive and less extensive 

Eocene–Oligocene magmas: delamination of the Late Cretaceous–Paleocene 
arc root and/or thickened suture zone lithosphere, or a slab window created 
during possible Paleocene slab break-off. Fluvial strata exposed just south 
of the Denali fault in the central Alaska Range record synorogenic sedimen-
tation coeval with diking and inferred strike-slip displacement. Deposition 
occurred ca. 29 Ma based on palynomorphs and the youngest detrital zircons. 
U-Pb detrital-zircon geochronology and clast compositional data indicate the 
fluvial strata were derived from sedimentary and igneous bedrock presently 
exposed within the Alaska Range, including Cretaceous sources presently 
exposed on the opposite (north) side of the fault. The provenance data may 
indicate ~150 km or more of dextral offset of the ca. 29 Ma strata from inferred 
sediment sources, but different amounts of slip are feasible.

Together, the dike swarms and fluvial strata are interpreted to record Oligo-
cene strike-slip movement along the Denali fault system, coeval with strike-slip 
basin development along other segments of the fault. Diking and sedimen-
tation occurred just prior to the onset of rapid and persistent exhumation 
ca. 25 Ma across the Alaska Range. This phase of reactivation of the suture 
zone is interpreted to reflect the translation along and convergence of southern 
Alaska across the Denali fault driven by highly coupled flat-slab subduction of 
the Yakutat microplate, which continues to accrete to the southern margin of 
Alaska. Furthermore, a change in Pacific plate direction and velocity at ca. 25 Ma 
created a more convergent regime along the apex of the Denali fault curve, likely 
contributing to the shutting off of near-fault extension-facilitated arc magma-
tism along this section of the fault system and increased exhumation rates.

■ INTRODUCTION

Collision and accretion of allochthonous terranes along convergent plate 
margins are considered to be primary contributors to the expansion of continen-
tal crust (Condie, 1998; Cawood et al., 2009; Stern and Scholl, 2010; Tetreault and 
Buiter, 2014). Island arcs, oceanic plateaus, submarine ridges, seamounts, and 
continental fragments that are too thick and buoyant to subduct have accreted 
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to continental margins throughout much of Earth’s history (Cloos, 1993; Karab-
inos et al., 2017). During terrane accretion, a suture zone typically develops 
between the colliding terrane and the former continental margin. Suture zones 
are syncollisional features but often also serve as postcollisional zones of crustal 
weakness prone to reactivation (Hendrix et al., 1996; Holdsworth et al., 2001; 
Cavazza et al., 2015; Laskowski et al., 2017). Thus, geologic records preserved 
within suture zones provide an archive of the evolution of tectonic processes in 
part influenced by inherited and developed lithospheric heterogeneity, including 
deformation, magmatism, and sedimentation, during and following collision.

Southern Alaska is a prime location to study accretionary tectonic processes 
given that it consists of a collage of accreted terranes that were added pro-
gressively to the former continental margin, and terrane accretion is actively 
occurring (Coney et al., 1980; Plafker and Berg, 1994; Worthington et al., 2012). 
In particular, the Alaska Range suture zone is an ideal location to examine the 
long-term evolution of a collisional boundary that resulted from terrane accre-
tion and was subsequently shaped by diverse processes following collision. 
The suture zone initially formed from collision and accretion of the Wrangellia 
composite terrane during Mesozoic time and was reactivated and overprinted 
during collision of the Yakutat terrane during Cenozoic time (Plafker and Berg, 
1994; Trop and Ridgway, 2007). The surface geology reveals a distinct north 
to south transition from continental crust of the Yukon composite terrane to 
oceanic crust of the Wrangellia composite terrane (Jones et al., 1982); this 
transition correlates with variations in geophysical parameters (Veenstra et al., 
2006; Saltus et al., 2007; Brennan et al., 2011). Continental-affinity metamorphic 
and granitoid rocks of the Yukon composite terrane crop out outboard (south) 
of autochthonous or slightly displaced North American crust (Fig. 1; Foster 
et al., 1994; Dusel-Bacon et al., 2006; Dusel‐Bacon and Williams, 2009). The 
suture zone juxtaposes these continental rocks with the Wrangellia composite 
terrane, which includes the Wrangellia, Peninsular, and Alexander terranes. 
Wrangellia is an assemblage of chiefly late Paleozoic–Jurassic igneous rocks 
and marine sedimentary strata that originated as an oceanic island arc and 
evolved into an oceanic plateau (Greene et al., 2008; Israel et al., 2014). The 
Peninsular terrane is an assemblage of late Paleozoic–Jurassic igneous rocks 
and marine sedimentary strata interpreted as an accreted oceanic island arc 
(Rioux et al., 2007). The Alexander terrane consists chiefly of metamorphosed 
volcanic arc igneous and sedimentary rocks (Berenak et al., 2014). Analysis 
of geologic data sets indicates the Wrangellia, Peninsular, and Alexander ter-
ranes were juxtaposed by late Paleozoic time (Beranek et al., 2014; Israel et 
al., 2014) and collided with the former continental margin during mid-Jurassic 
to mid-Cretaceous time (Haeussler, 1992; Kalbas et al., 2007; Manuszak et al., 
2007; Gehrels et al., 2009; Hampton et al., 2010; Stevens Goddard et al., 2018).

The mapped surface geology of the Alaska Range suture zone spans a 
region as much as 100 km wide in the eastern and central Alaska Range 
and northern Talkeetna Mountains (Fig. 1; Csejtey et al., 1992; Nokleberg et 
al., 1992a, 1992b; Ridgway et al., 2002). Geophysical data sets indicate that 
the suture zone is a crustal-scale feature between the Hines Creek fault on 
the north and the Talkeetna fault on the south (Fig. 1; Brennan et al., 2011), 

although deformation extends outside the region between these major faults 
(Ridgway et al., 2002). Originally identified from rock types and deformation 
patterns at the surface (Jones et al., 1982; Ridgway et al., 2002), geophysical 
studies demonstrate that the suture zone proper extends through the crust 
and is bound by significant steps in the Moho. The Hines Creek and Talkeetna 
faults appear to continue through the crust nearly vertically and extend into 
the mantle (Brennan et al., 2011), and the Denali fault also appears to vertically 
offset the Moho 10–15 km (Allam et al., 2017).

The suture zone formed initially as a result of mid-Cretaceous collision of 
the oceanic Wrangellia composite terrane with the former North American 
continental margin (e.g., Jones et al., 1982; Ridgway et al., 2002; Hampton et 
al., 2010). Late Jurassic to Late Cretaceous sedimentary strata (Kahiltna as-
semblage) exposed between the Hines Creek fault and Talkeetna fault record 
erosion of both the former continental margin and the accreted oceanic terrane 
during collision (Ridgway et al., 2002; Kalbas et al., 2007; Hampton et al., 2010). 
Kahiltna assemblage strata exposed in the central Alaska Range represents a 
Kimmeridgian–Cenomanian marine basin filled by west-southwestward–flow-
ing submarine deposystems that transported sediment derived from Paleozoic 
continental margin strata uplifted in the along-strike suture zone (Ridgway et 
al., 2002; Kalbas et al., 2007; Hampton et al., 2010; Hults et al., 2013; Romero, 
2018). Kahiltna assemblage deposits exposed in the northern Talkeetna Moun-
tains represent a Kimmeridgian–Valanginian marine basin that was filled by 
northwestward-flowing submarine-fan systems that transported sediment 
derived from the Wrangellia and Yukon composite terrane (Hampton et al., 
2010; Hults et al., 2013). A belt of retrograde metamorphism and a regional 
anticlinorium developed along the continental margin just north of the Hines 
Creek fault from ca. 115 to ca. 106 Ma, approximately coeval with cessation 
of widespread deposition in the Kahiltna sedimentary basins (Ridgway et al., 
2002). Folding and metamorphism of Kahiltna assemblage strata exposed 
along the Valdez Creek shear zone in the northern Talkeetna Mountains oc-
curred during Late Cretaceous time (Csejtey et al., 1992; Ridgway et al., 2002). 
Coeval with metamorphism of Kahiltna basin strata in the southern part of the 
suture zone was development of a thrust-top basin, the Cantwell basin, which 
is presently exposed between the Hines Creek and Denali fault systems. Com-
positional, detrital geochronologic, and geologic mapping data indicate that 
the ~4 km of Upper Cretaceous nonmarine and marginal marine sedimentary 
strata in the Cantwell basin record regional subaerial uplift of the suture zone 
(Ridgway et al., 1997; Trop and Ridgway, 1997).

Following mid- to Late Cretaceous collision and subaerial uplift of the suture 
zone, continued plate convergence persisted well south of the suture zone and 
overprinted the suture zone, producing complexly deformed, heterogeneous lith-
osphere. Latest Cretaceous to Holocene plate convergence included persistent 
subduction of oceanic crust, including subduction of the Yakutat microplate since 
ca. 30 Ma (Finzel et al., 2011; Brueseke et al., 2019). The Yakutat microplate is 
interpreted as an oceanic plateau that has been subducting at a shallow angle 
beneath Alaska, reaching a maximum geophysically imaged depth of ~100–150 
km beneath the Alaska Range (Stachnik et al., 2004; Eberhart-Philips et al., 2006).
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Figure 1. Regional maps of south-central Alaska and ad-
jacent parts of Canada showing major terranes (A) and 
topography (B). The Alaska Range suture zone is defined as 
the broad region (>100 km in places) that occurs between 
oceanic rocks of the Wrangellia composite terrane and 
continental rocks of the Yukon composite terrane. Yellow 
polygons represent Eocene–Oligocene sedimentary strata 
interpreted as strike-slip basins related to dextral slip along 
the Denali fault (Dickey, 1984; Ridgway and DeCelles, 1993; 
Trop et al., 2004; this study). Abbreviations: CAR—Central 
Alaska Range; EAR—Eastern Alaska Range; HCF—Hines 
Creek fault; NAC—North American continent; TF—Talk-
eetna fault; WAR—Western Alaska Range; UTi—undiffer-
entiated terranes and igneous rocks; UTs—unidentified 
terranes and sedimentary rocks. Gray rectangle marks 
location of Figure 2. Adapted from Brennan et al. (2011) 
and Fitzgerald et al. (2014).
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Latest Cretaceous–Cenozoic sedimentary basins and volcano-plutonic com-
plexes provide a geologic record of the evolution of the suture zone during this 
more recent, postcollisional tectonic phase (e.g., Cole et al., 1999; Ridgway et 
al., 2007; Benowitz et al., 2011, 2014; Riccio et al., 2014; Fitzgerald et al., 2014). 
Along the north flank of the central Alaska Range, deformed Oligocene–Pliocene 
fluvial-lacustrine sedimentary strata record transpressional foreland basin de-
velopment (Tanana basin on Fig. 2; Ridgway et al., 2007). Along the south flank 
of the central and eastern Alaska Range, Oligocene–Miocene fluvial-lacustrine 
sedimentary strata record strike-slip basin development and deformation re-
lated to dextral slip along the Denali fault (Colorado Creek and McCallum basins, 
Trop et al., 2004; Allen, 2016; Waldien et al., 2018). In the central and eastern 
Alaska Range and northern Talkeetna Mountains, ca. 72–50 Ma volcanics and 
intrusions reflect subduction-related arc magmatism and collisional magma-
tism influenced by slab window or delamination processes (Moll-Stalcup, 1994; 
Cole et al., 2006b, 2007, 2016). A younger suite of ca. 42–34 Ma intrusions are 
also attributable to subduction-related processes (Reed and Lanphere, 1973; 
Moll-Stalcup, 1994; Cole and Layer, 2002; Jicha et al., 2006). Post–25 Ma mag-
matic products in the Alaska Range suture zone are limited to isolated occur-
rences of very spatially restricted basaltic rocks (e.g., Buzzard Creek, Jumbo 
Dome; Andronikov and Mukasa, 2010; Cameron et al., 2015). This essential 
cessation of Alaska Range suture zone subduction-related magmatism is likely 
reflecting initiation of shallow subduction of the thick Yakutat microplate at ca. 
30 Ma (Eberhart-Phillips et al., 2006; Finzel et al., 2011; Wang and Tape, 2014) 
under a more convergent plate boundary regime after a plate vector change at 
ca. 25 Ma (more northerly with a ~52% increase in velocity) (Jicha et al., 2018).

The seismically active Denali fault system bisects the suture zone and ex-
tends >2000 km from southwestern Alaska to northwestern British Columbia 
(Fig. 1; Stout and Chase, 1980; Haeussler et al., 2017a). Stress has been trans-
ferred inboard of the Yakutat-Alaska trench leading to increased slip rates along 
the Denali fault and northwest convergence of southern Alaska across the De-
nali fault since ca. 30 Ma (Benowitz et al., 2012a, Lease et al., 2016; Haeussler 
et al., 2017a, 2017b). Previous studies infer as much as ~250–450 km of dextral 
displacement along the eastern part of the fault system during Cretaceous–Ce-
nozoic time (Nokleberg et al., 1985; Lowey, 1998; Roeske et al., 2012; Benowitz 
et al., 2012b; Riccio et al., 2014). In contrast, other researchers only allow tens 
of kilometers of dextral offset along the central part of the fault system based 
on offset of assumed genetically related geologic units resulting in hundreds of 
kilometers of Neogene missing slip, if these geological correlations are correct 
(Reed and Lanphere, 1974; Csejtey et al., 1982).

Intriguingly, Pleistocene slip rates derived from offset glacial features de-
crease westward along the Denali fault from ~13 mm/yr to ~5 mm/yr indicating 
the potential bleeding off of slip into vertical tectonics and crustal shortening 
(Matmon et al., 2006; Mériaux et al., 2009; Riccio et al., 2014; Haeussler et al., 
2017a) (Fig. 1). Strain is presently accommodated by active faults and fault-​
related folds located north and south of the Denali fault (Vallage et al., 2014). 
A north-verging fold-thrust belt along the north flank of the Alaska Range has 
deformed parts of the foreland basin (Wahrhaftig, 1958; Bemis et al., 2012, 2015; 

Koehler et al., 2012; Burkett et al., 2016). Along the south side of the Range, 
south-verging thrust faults generally splay from the Denali fault at acute angles 
(Fig. 2; Crone et al., 2004; Trop et al., 2004; Haeussler et al., 2017a; Koehler et 
al., 2012; Vallage et al., 2014; Bemis et al., 2015).

Recent studies document Cenozoic exhumation pulses within the Alaska Range 
suture zone using thermochronologic data from igneous intrusions (Fitzgerald et 
al., 1995, 2014; Perry et al., 2010; Benowitz et al., 2011, 2012a, 2012c, 2014; Riccio et 
al., 2014) and modern river sediments (Lease et al., 2016). Cretaceous–​Cenozoic 
sedimentary and volcanic rocks exposed within the suture zone also record the 
geodynamic processes that shaped the tectonic development of the suture zone, 
including magmatism, exhumation, basin subsidence, shortening, and strike-slip 
faulting (Cole et al., 1999; Ridgway et al., 2002; Ridgway et al., 2007; Benowitz et 
al., 2011, 2014; Riccio et al., 2014; Burkett et al., 2016). However, much of the geo-
logic history remains loosely constrained owing to a paucity of analytical data.

This study reports new geochemical and geochronologic data from Upper 
Cretaceous–Oligocene sedimentary and volcanic rocks and Oligocene dike 
swarms exposed along the Denali fault in the central and eastern Alaska Range. 
We also report detrital-zircon data from modern rivers that drain the Alaska 
Range and thermochronology results from a ca. 70 Ma bentonite that was 
buried and subsequently unroofed. Collectively, these new data sets place im-
proved constraints on the timing and nature of Cretaceous–Oligocene sedimen-
tation, strike-slip motion, deformation, and magmatism within the suture zone.

■■ FOCUS AREAS AND FIELD OBSERVATIONS

This study focuses on Late Cretaceous–Oligocene sedimentary and volcanic 
products exposed in the central part of the Alaska Range suture zone (Fig. 3), 
including three bedrock units that are summarized in the following section: 
(1) Cretaceous–Oligocene sedimentary and volcanic rocks in the Colorado 
Creek basin along the south flank of the central Alaska Range; (2) Cretaceous 
bentonites in the Cantwell basin in the central Alaska Range; and (3) Oligocene 
dike swarms along the Denali fault in the central and eastern Alaska Range. 
In this paper, the eastern Alaska Range refers to the area where the Nenana 
River crosses the Denali fault (~148.48°W longitude, NR on Fig. 2) and the Tok 
River valley (~144°W); the central Alaska Range refers to the area between the 
area where the Nenana River crosses the Denali fault and the headwaters of 
the West Fork of the Yentna River (~152°W).

Colorado Creek Basin

Late Cretaceous–Oligocene sedimentary and volcanic rocks crop out in a 
<50 km2 area of the headwaters of the Colorado Creek drainage basin along the 
south flank of the central Alaska Range, several kilometers south of the Denali 
fault. The well-exposed stratigraphy has been incorporated into a south-verg-
ing fold-thrust belt that parallels the Denali fault (Figs. 4 and 5; Csejtey et al., 
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many 40Ar/39Ar ages that are not shown for reasons of scale. Refer to Wilson et al. (2015) and references therein for geology and comprehensive database of age data and references.
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References: Ridgway et al., 1997, 2002, 2007; Cole et al., 1999; Trop et al., 
2004; Hampton et al., 2007; 2010; Hults et al., 2013; Allen, 2016. Figure 4. Geologic map of Colorado Creek basin and contiguous area. For reasons of scale, the 

Colorado Creek volcanics (Kv) and Colorado Creek Formation (Tsc) are combined; refer to Figure 
5 for details. CTF—Colorado Creek thrust fault. Geology adapted from Csejtey et al. (1992) and 
Cole et al. (1999). Refer to Figure 2 for location.
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1992; Trop et al., 2004). The thrusts occur north of the actively subsiding Susitna 
basin, which continues to receive sediment eroded from the Alaska Range 
(Saltus et al., 2016). The oldest stratigraphic succession consists of marine 
siliciclastic strata assigned to the Cretaceous Kahiltna assemblage. In the Colo-
rado Creek basin (CCB), Kahiltna strata consist of moderately dipping, thin- to 
thick-bedded, tabular beds of lithic sandstone, pebble-granule conglomerate, 
and dark-gray to black, mudstone- and shale-bearing marine mollusk fossils 
(Csejtey et al., 1992; this study; Figs. 6 and 7A–7C). Reconnaissance lithofacies 
analyses during the present study indicate that these strata were deposited by 
suspension settling and sediment gravity flows below the routine influence 
of fairweather waves. This study reports the first detrital geochronologic data 
from Kahiltna sedimentary strata in the CCB.

Overlying Kahiltna assemblage strata along an angular unconformity is a 
>300-m-thick succession of gently dipping, siliciclastic sedimentary strata that 
we refer to in this paper as the Colorado Creek Formation (Fig. 5). These strata 
consist of amalgamated, lenticular beds of conglomerate and lithic sandstone 
and more laterally persistent beds of mudstone and carbonaceous shale (Figs. 
6 and 7D–7F). Previous lithofacies analyses (Trop et al., 2004) indicate that 
conglomerate and sandstone lenses were deposited by streamflow in low-sin-
uosity channel-bar complexes, whereas mudstone and carbonaceous shale 
record suspension settling, pedogenesis, and accretion of organic matter on 
bartops and overbank environments. The presence of abundant disseminated 
organic matter, terrestrial fossil leaves and/or palynomorphs, and minor coal 
supports deposition in humid fluvial depositional environments. This study 
reports the first detrital geochronologic data from the Upper Cretaceous–Oli-
gocene sedimentary strata in the CCB.

A >50-m-thick succession of lava and tuff crop out topographically above 
the Oligocene sedimentary strata along a poorly exposed contact (Figs. 5 and 
6). In this report, we refer to the volcanic rocks as the Colorado Creek volca-
nics. Previous reconnaissance studies inferred that the unnamed volcanic 
rocks depositionally overlie the topographically lower fluvial strata (Fig. 5; 
Csejtey et al., 1992; Trop et al., 2004). In this study, we re-interpret the contact 
as a northwest-dipping thrust fault judging from geological field relationships 
and new age data that indicate that the volcanic rocks predate the fluvial 
strata by ~40 m.y. Northwest-dipping thrust faults crosscut all three rock units 
(Figs. 2–5). The Colorado Creek volcanics consists chiefly of massive, layered, 
brown-weathering units that locally exhibit vesicular flow tops, indicating 
emplacement as subaerial lavas. This study provides the first geochronologic 
and geochemical data from the Colorado Creek volcanics.

Cantwell Basin

The Upper Cretaceous Cantwell Formation is presently exposed along the 
north flank of the central Alaska Range in a 45-km-wide and 135-km-long out-
crop belt referred to as the Cantwell basin (Fig. 2; Ridgway et al., 1997). Most 
outcrops occur between the Hines Creek fault to the north and the McKinley 

fault to the south. Cantwell Formation strata unconformably overlie deformed 
Cretaceous marine strata of the Kahiltna assemblage and older bedrock (Cse-
jtey et al., 1992). The Cantwell Formation consists of two distinct lithologic units, 
a lower sedimentary unit, and an upper volcanic unit (Wolfe and Wahrhaftig, 
1970). The sedimentary unit, sometimes referred to as the lower Cantwell For-
mation (Ridgway et al., 1997), consists of conglomerate, sandstone, siltstone, 
mud rock, shale, minor coal, and sparse volcanic rocks that locally exhibit a 
maximum preserved thickness of ~4000 m (Hickman et al., 1990). Cantwell 
strata yield diverse fossils, including dinosaur footprints, invertebrate traces, 
and plant megafossils important for high-latitude ecosystem reconstructions 
(Fiorillo et al., 2009, 2011, 2012, 2014, 2016; Tomsich et al., 2010, 2014; Fiorillo 
and Adams, 2012). Lithofacies and paleontological analyses indicate deposi-
tion in alluvial, fluvial, lacustrine, and minor marginal marine environments 
of deposition (Hickman et al., 1990; Ridgway et al., 1997; Tomsich et al., 2014). 
Biostratigraphic data and U-Pb zircon ages from three volcanic ash layers indi-
cate latest Cretaceous deposition (ca. 80–70 Ma; Ridgway et al., 1997; Tomsich 
et al., 2014; Salazar-Jaramillo et al., 2016).

Unconformably overlying the Cantwell Formation sedimentary strata is a 
>3000-m-thick succession of volcanic rocks referred to as the Teklanika For-
mation (Gilbert et al., 1976) or upper Cantwell Formation (Ridgway et al., 1997; 
Cole et al. 1999) (Fig. 3). At some locations, the contact between the volcanic 
and sedimentary successions is an angular unconformity (Gilbert et al., 1976; 
Cole et al., 1999). The volcanic succession consists of andesite, rhyolite, and 
basalt flows, subordinate pyroclastic and intrusive rocks, and minor sedimen-
tary rocks. Samples spanning most of the stratigraphic thickness of the suc-
cession yield ca. 60 to ca. 55.5 Ma 40Ar/39Ar ages, indicating a ca. 10 Ma hiatus 
during which the Cantwell Formation sedimentary succession was deformed 
and partly eroded (Cole et al., 1999).

In this paper, we utilize stratigraphic nomenclature proposed by Gilbert 
et al. (1976) that breaks the Cantwell basin stratigraphy into two formations. 
The Cretaceous sedimentary strata are referred to as the Cantwell Forma-
tion, whereas the overlying Paleocene–Eocene volcanics are referred to as 
the Teklanika Formation (Fig. 3). Two formations are warranted given that the 
lithologically distinct and separately mapped volcanic and sedimentary units 
are separated by an angular unconformity representing millions of years of 
depositional hiatus (Figs. 3 and 5B; Gilbert et al., 1976, Cole et al., 1999; this 
study). This study provides geochronologic and thermochronologic data from 
Cantwell Formation bentonites (Fig. 8) and a modern river that drains Cantwell 
and Teklanika Formation outcrops (Tek Bridge on Fig. 2).

Denali Fault Mafic Dike Swarms

Mafic dike swarms occur in outcrops along the McKinley segment of the 
Denali fault in the central and eastern Alaska Range (Fig. 9); most sampled 
dikes occur within several kilometers of the fault and are truncated by the fault. 
Sample sites in the central Alaska Range are adjacent to Peter’s Glacier and 
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Figure 7. Photographs of Cretaceous Ka-
hiltna assemblage (A–C) and Oligocene 
Colorado Creek Formation (D–F) in the 
Colorado Creek area. (A) Unconformable 
contact between Oligocene fluvial strata 
(Tsc) and underlying marine strata of the 
Kahiltna assemblage (KJk). White rectangle 
(center right) marks contact shown in Fig-
ure 7B. View is toward north. (B) Kahiltna 
assemblage massive sandstone and mud-
stone unconformably overlain by Oligocene 
sedimentary strata (Tsc; top right). Black 
tadpole symbols depict moderate dip of 
bedding to right (north) in Kahiltna strata. 
(C) Close-up of interbedded sharp-based 
sandstone and mudstone in Kahiltna strata 
shown in Figure 7B. Outcrop is ~2.2 m tall. 
Strata dip to right (north). (D) Amalgam-
ated packages of broadly lenticular con-
glomerate and sandstone with sparse 
mudstone intervals (black arrows). Note 
irregular bed contacts in conglomerate 
and sandstone successions that reflect 
erosive scouring along fluvial channel-bar 
bases. Helicopter (circled, middle top) for 
scale. Orange-brown weathering Creta-
ceous volcanic rocks (Kv) in background. 
View is toward north. (E) Poorly sorted, 
matrix-supported conglomerate with sub-
rounded granules and pebbles interpreted 
as hyperconcentrated flow deposits in 
shallow, low-sinuosity fluvial channel-bar 
complexes. (F) Moderately sorted, clast-​
supported conglomerate with subrounded 
pebbles and cobbles interpreted as stream-
flow deposits in shallow, low-sinuosity flu-
vial channel-bar complexes.
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Figure 8. Photographs of thin-bedded, light-colored bentonites sampled for 
U-Pb zircon geochronology from Cantwell Formation fluvial-lacustrine strata. 
(A) Igloo Creek. (B) Double Mountain. (C) Polychrome Mountain. Refer to 
Figure 2 for sample locations.

Figure 9. Photographs of mafic dike swarms along the Denali fault in the eastern and 
central Alaska Range. (A) Mount Balken; (B) Nenana Glacier; (C) Peter’s Glacier; (D) Un-
named peak east of Mount Balchen; (E) Gunsight Pass. Black arrows denote the large 
dikes visible in each photograph. MD—mafic dike.
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Muldrow Glacier; sample sites in the eastern Alaska Range are from adjacent 
to the Nenana Glacier, Mount Balchen, an unnamed peak several kilometers 
east of Mount Balken, and Augustana Pass (Fig. 2). Although common locally 
(Fig. 9C), dike swarms are not depicted on published geologic maps for rea-
sons of scale. Generally orientated oblique to and truncated by the Denali fault, 
individual dikes are <50 m wide and intrude ca. 70–40 Ma plutons (Wilson et 
al., 2015). This study reports the first geochronologic and geochemical data 
from these dike swarms.

■■ ANALYTICAL METHODS

Considerable care was taken in the field to collect the freshest possible 
samples for geochronologic and geochemical analyses. Refer to Supplemen-
tal Item A1 for details on sample sites and Supplemental Item B for details of 
analytical methods.

For 40Ar/39Ar geochronology of lavas and dikes, phenocryst-free whole-rock 
chips were extracted from samples by traditional methods of crushing, siev-
ing, washing, and handpicking. 40Ar/39Ar age determinations were performed 
by co-author Dr. J. Benowitz at the Geochronology Facility at the University 
of Alaska Fairbanks. Refer to Supplemental Item B for 40Ar/39Ar geochronol-
ogy methods.

For U-Pb geochronology of bentonite, sandstone, and modern river sand, 
zircon crystals were extracted from samples by traditional methods of crush-
ing and grinding (for sandstones only), followed by density separation with 
a Wilfley table and heavy liquids. The resulting heavy-mineral fraction then 
underwent further separation using a Frantz magnetic separator. Samples 
were processed such that all zircons were retained in the final heavy-mineral 
fraction. U-Pb geochronology of individual zircon crystals was conducted by 
laser ablation–multicollector–inductively coupled plasma mass spectrometry 
(LA-MC-ICP MS). Zircons from sandstone samples were analyzed by co-author 
Dr. J. Trop at the Arizona LaserChron Center. Zircons from bentonite and mod-
ern river samples were analyzed by co-author Dr. P. O’Sullivan at Washington 
State University. Refer to Supplemental Item B (footnote 1) for details on U-Pb 
geochronology methods.

For apatite fission-track analysis (AFT), apatites were separated from a pre-
viously dated bentonite (ca. 69.5 Ma U-Pb zircon age; Salazar-Jaramillo et al., 
2016) collected along the east side of the East Fork of the Toklat and analyzed 
by Dr. P. O’Sullivan using the laser ablation–inductively coupled plasma–mass 
spectrometry (LA-ICP-MS) fission-track method (Hasebe et al., 2004; Donelick 
et al., 2005) at GeoSep Services. Refer to Supplemental Item B for details on 
AFT methods. Results were complemented by thermal modeling using the 
inverse thermal modeling software HeFTy (Ketcham, 2005). HeFTy fits cooling 
curves to the input criteria using a Monte Carlo randomization. Constraints 
for modeling the thermal history of the bentonite were the U-Pb zircon time 
of deposition (ca. 69.5 Ma), burial and resetting during peak Teklanika Forma-
tion magmatism (ca. 57 Ma; this study), regional vitrinite reflection analysis 

(Stanley, 1987), the ZHe and AFT results, and the modern-day temperature. 
We applied a broad window for the time of burial because we know when 
the sample was deposited on the surface and when it started to cool rapidly, 
but we have limited constraints on how deep the sample was buried and 
for how long.

Zircons were separated from the same previously dated bentonite used 
for AFT analysis to conduct zircon (U-Th)/He (ZHe). Analysis was performed 
at the University of Colorado TRAIL laboratory by Dr. J. Metcalf. Refer to Sup-
plemental Item B (footnote 1) for details on AHe methods.

For geochemical analyses of lavas and dikes, fist-sized hand samples were 
trimmed to remove weathering rinds and powdered using an alumina ceramic 
mixer mill at Allegheny College. Major-element oxides were determined by 
X-ray fluorescence and trace elements were determined by inductively cou-
pled plasma mass spectrometry at ALS Global (Vancouver, British Columbia) 
and Actlabs (Activation Laboratories, Ltd.), Ancaster, Ontario. Major elements 
were determined on fused glass beads. Trace-element samples were prepared 
by four-acid digestion and lithium metaborate fusion. The samples with less 
mineralogical alteration in hand sample were among those selected for geo-
chemical analysis, and these samples typically have less than 5% loss on 
ignition. But, because there are samples with relatively high loss on ignition 
(>5%), the major-oxide data presented here are normalized to 100% volatile 
free (e.g., Johnson et al., 1999).

■■ GEOCHRONOLOGY RESULTS

Colorado Creek Volcanics

We report 40Ar/39Ar ages from four lavas spanning the exposed stratigraphic 
thickness of the Colorado Creek volcanics (Figs. 5 and 6). Sampled lavas are 
massive, aphanitic, brown-weathering units; some exhibit vesicular-flow tops. 
The lavas yield 40Ar/39Ar ages that range from ca. 68 to ca. 71 Ma (Table 1 and 
Fig. 10). Refer to Supplemental Items C and D (footnote 1) for analytical data, 
plots, and details on age determinations. The weighted average age of the four 
40Ar/39Ar analyses is 68.7 ± 1.8 Ma (mean square of weighted deviates [MSWD] 
= 3.7) (Fig. 10B). The weighted average age of the youngest three 40Ar/39Ar 
analyses is 68.4 ± 0.9 Ma (MSWD = 1.1) (Fig. 10B). This age best represents 
the timing of this eruptive volcanic episode.

As outlined above, the Colorado Creek volcanics were previously inter-
preted as early Oligocene or younger (<34 Ma) based on their position topo-
graphically above early Oligocene sedimentary strata. However, the contact 
between the sedimentary and volcanic units is covered by slumped talus; 
note the covered interval on the measured stratigraphic section shown in 
Figure 5. These field relations, together with the latest Cretaceous whole-rock 
ages, suggest that the contact is northwest-dipping thrust fault (Figs. 5 and 6). 
The fault may represent an imbricate of a better exposed northwest-dipping 
thrust that splays from the Denali fault at an acute angle (CTF on Figs. 4 and 5).

Sample name Sample location Lat (°N) Long (°W)
Elevation 
(meters)

Colorado Creek lavas
062411JT7 Colorado Creek 63.31595 149.73285 -
062411JT6 Colorado Creek 63.31445 149.73033 -
062411JT5 Colorado Creek 63.31346 149.72993 -
062411JT4 Colorado Creek 63.31253 149.73018 -
062411JT3 Colorado Creek 63.29566 149.73020 -

Cantwell Formation bentonites
East Fork East Bank East Fork Toklat River 63.5745 149.8315 956
East Fork West Bank East Fork Toklat River 63.5961 149.8941 849
East Fork West Bank (Pb loss) East Fork Toklat River 63.5961 149.8941 849
Brown Ash Tattler Creek 63.5806 149.6857 1461
White Ash Tattler Creek 63.5806 149.6857 1464
01LTC Igloo Creek 63.5733 149.6343 1035
02LTC Igloo Creek 63.5818 149.6434 1275
03LTC Igloo Creek 63.5857 149.6606 1504
03POLY Polychrome Mountain 63.5423 149.9058 1348
01DOB Double Mountain 63.6104 149.4858 1284
01DOB (Pb loss) Double Mountain 63.6104 149.4858 1284
03DOB Double Mountain 63.6088 149.4820 1434
04DOB Double Mountain 63.6081 149.4819 1450
05DOB Double Mountain 63.6076 149.4816 1480

Colorado Creek sandstones 
062411JT1 Colorado Creek 63.3067 149.7329 -
062411JT8 (igneous clast) Colorado Creek 63.3066 149.7318 -
062411JT9 Colorado Creek 63.3067 149.7302 -
062411JT11 Colorado Creek 63.3081 149.7239 -

Mafic dikes near Denali Fault
28CHED WR#L1 Foraker Glacier 63.0514 151.3755 2253
02PETER WR#L1 Peter's Glacier 63.1677 151.1632 2472
24PETER WR#L1 Peter's Glacier 63.2052 150.9168 1519
25PETER WR#L1 Peter's Glacier 63.2056 150.9151 1529
30PETER WR#L1 Peter's Glacier 63.2361 150.7383 2002
55NEN WR#L1 Nenana Glacier 63.5104 147.7665 1369
02BAL WR#L1 Mount Balchan 63.6169 146.8887 2273
07BAL WR#L1 Mount Balchan 63.6201 146.9245 2092
28BAL WR#L1 Mount Balchan 63.6139 146.8696 2693
10910DIKE WR#L1 Peak east of Mount Balchan 63.6110 146.7878 2825
JB09MUD Muldrow Glacier 63.2054 150.8519 -

JB10MUD Muldrow Glacier 63.2092 150.8382 -

JB15AMUD Muldrow Glacier 63.2436 150.6471 -

JBAUG Augustana Pass 63.4349 145.9843 -

Related, previously dated volcanic rocks 
Sugarloaf volcano rhyolite Sugarloaf Mountain 63.7517 148.7900 1117
05RN269A dacite 64.0000 148.5702 970

Modern detrital sand
01TEK Teklanika River at Park Road Bridge 63.6357 149.5611 820
Susitna Glacier Susitna Glacier terminus 63.4191 147.2222 818
West Fork Glacier West Fork Glacier terminus 63.3496 147.5224 805

Note:  datum WGS84 for all samples

Data Repository Item A - Sample location information

1 Supplemental Items. Sample locations, analytical 
details, geochronologic data/plots, and geochemical 
data/plots. Please visit https://doi.org/10.1130​
/GES02014.S1 or access the full-text article on www​
.gsapubs.org to view the Supplemental Items.
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TABLE 1. SUMMARY OF 40Ar/39Ar ANALYTICAL RESULTS FROM COLORADO CREEK VOLCANIC ROCKS

Sample name Phase 
analyzed

Integrated age
(Ma)

Plateau age
(Ma)

Plateau information Isochron age
(Ma)

Isochron information Supplemental figure
(see text footnote 1)

3 of 7 fractions
062411JT03 Biotite 69.5 ± 0.7 69.9 ± 1.1 86.6 % 39Ar release –– –– Item D‑A

MSWD = 2.39
3 of 7 fractions

062411JT04 Whole‑rock 67.2 ± 0.5 68.1 ± 0.7 93.1% 39Ar release –– –– Item D‑B
MSWD = 2.18
6 of 7 fractions 6 of 7 fractions

062411JT05 Biotite 70.6 ± 0.8 70.8 ± 1.2* 99.4% 39Ar release 71.9 ± 0.9 40Ar/36Ari = 305.8 ± 55.0 Item D‑C
MSWD = 2.56 MSWD = 1.98
4 of 7 fractions

062411JT06 Whole‑rock 67.0 ± 0.6 68.2 ± 0.7 95.7% 39Ar release –– –– Item D‑D
MSWD =2.21

Note: Preferred age determination in bold.
*Does not meet the criteria of a plateau age. Weighted average age reported. MSWD—mean square of weighted deviates.

Figure 10. (A) Age spectrum for 40Ar/39Ar age samples of Colorado Creek volcanics. Plateau ages (tp) are quoted for all samples. (B) Weighted average plots of 40Ar/39Ar age samples of the Colorado 
Creek volcanics shown in Figure 10A. See text for discussion. MSWD—mean square of weighted deviates.
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Cantwell Formation Bentonites

We report geochronologic data from nine bentonite samples from Cantwell 
Formation strata in the northwestern Cantwell basin (Fig. 2). Sampled ben-
tonites are <5-cm- to ~15-cm-thick, brown- to yellow-weathering altered tuffs. 
Cantwell Formation bentonites typically consist of clay, mainly montmorillonite 
with minor illite and chlorite, and minor zircon, apatite, altered feldspars, and 
volcanic glass (Tomsich et al., 2014; Salazar Jaramillo et al., 2016). Refer to 
Supplemental Item E for analytical data. Eight of the nine new samples yield 
U-Pb zircon ages that range from ca. 68 to ca. 71 Ma (Table 2 and Fig. 11). 
These ages overlap three previously reported ages from Cantwell Formation 
bentonites (Fig. 12; Tomsich et al., 2014; Salazar-Jaramillo et al., 2016).

A ninth bentonite sample yields a ca. 88 Ma U-Pb zircon age (West Bank of 
the East Fork River on Fig. 11), which is substantially older than other benton-
ite ages from this study and previous studies. This older age may indicate a 
potentially older depositional age for part of the Cantwell Formation; the age 
of initial deposition has been interpreted as ca. 84 Ma based on the presence 
of early Campanian pollen and spores at other localities (Ridgway et al., 1997). 
A lithologically similar but more deformed sedimentary unit near Panorama 
Mountain (Fig. 2) yielded a maximum depositional age of ca. 84 Ma judging 
from the youngest detrital-zircon U-Pb ages (Huff, 2008). Alternatively, the ca. 
88 Ma zircons could represent recycled grains that are not representative of 
the timing of primary volcanism and/or deposition.

Two of the Cantwell Formation bentonite samples yield a subset of younger 
grains indicative of Pb loss at ca. 57 Ma (Figs. 12 and 13). Single-grain ICP-MS 
analyses permit recognition of Pb loss and resultant younger than depositional 
ages by the presence of young zircon age tails (Gehrels, 2014). Given that 

Cantwell Formation bentonites are associated with dinosaur remains (Fiorillo 
et al., 2014; Tomsich et al., 2014) and other fossils restricted to the Cretaceous 
(Ridgway et al., 1997; Fiorillo et al., 2009), there is also independent confirmation 
that ca. 57 Ma zircon grains are younger than the eruptive age for these ash-
fall deposits and that Pb loss is likely responsible for the anomalously young 
single-grain U-Pb zircon ages. Pb loss may occur during fluid flow with tem-
peratures as low as ~300 °C (Cherniak and Watson, 2001), conditions expected 
in a volcanic province that typified the Cantwell basin during Paleocene–Eocene 
time (Cole et al., 1999). We have no images of the zircons dated, nor evidence 
of a correlation between U or Th and age, and concordance cannot be used to 
determine if Pb loss occurred due to the young age of these samples and the 
linear nature of the concordia plot for young samples. We infer Pb loss was due 
to hydrothermal fluid leaching of Pb (Geisler et al., 2002) but acknowledge the 
anomalously young grains may have defects allowing fast diffusion pathways 
given our lack of zircon image documentation. Adding further support to these 
ca. 57 Ma zircon grains reflecting Pb loss related to volcanic processes is the 
fact that the ca. 57 Ma age represents the time of peak Teklanika Formation 
magmatism in the Cantwell basin (Cole et al., 1999; this study).

ZHe and AFT Results—Cantwell Formation Bentonite

We present thermochronologic data from a Cantwell Formation bentonite 
along the East Fork of the Toklat River in the northwestern part of the Cantwell 
basin (Fig. 2). The bentonite was deposited ca. 69.5 Ma judging from U-Pb zircon 
data (Table 2). Three single-grain ZHe ages from the bentonite sample yielded 
an average age of ca. 45.7 Ma with a standard deviation error of 8.76. Apatites 

TABLE 2. SUMMARY OF U/Pb ZIRCON ANALYTICAL RESULTS FROM CANTWELL FORMATION BENTONITES

Sample name Location name Mean weighted 
U/Pb age 

(Ma)

MSWD No. of zircons 
used for age 
calculation

Total no. of zircons 
analyzed

References

East Fork East Bank East Fork Toklat River 69.5 ± 0.7 2.0 46 54 Salazar‑Jaramillo et al., 2016
East Fork West Bank East Fork Toklat River 88.0 ± 0.4 1.0 61 112 This study
East Fork West Bank (Pb loss) East Fork Toklat River 58.2 ± 1.1 0.8 5 112 This study
Brown Ash Tattler Creek 71.5 ± 0.9 1.3 38 54 Tomsich et al., 2014
White Ash Tattler Creek 71.0 ± 1.1 1.8 22 54 Tomsich et al., 2014
01LTC Igloo Creek 68.8 ± 0.5 1.0 42 112 This study
02LTC Igloo Creek 68.0 ± 0.4 0.8 65 109 This study
03LTC Igloo Creek 67.8 ± 0.2 1.0 78 100 This study
03POLY Polychrome Mountain 68.0 ± 0.5 1.0 40 111 This study
01DOB Double Mountain 69.6 ± 0.7 1.1 31 101 This study
01DOB (Pb loss) Double Mountain 57.1 ± 1.2 1.2 7 101 This study
03DOB Double Mountain 70.2 ± 1.0 1.0 10 63 This study
04DOB Double Mountain 70.4 ± 0.9 1.0 11 102 This study
05DOB Double Mountain 70.8 ± 0.4 1.0 65 112 This study

Notes: East Fork Toklat (West Bank) and 01DOB1 yield a subset of younger ages interpreted to have experienced lead loss; these younger grains are 
reported separately and highlighted in italics and gray background.
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Figure 11. Weighted average plots showing concordant zircons from Cantwell Formation bentonites. Zircons plotted are interpreted as reflecting age of ash eruption/deposition. Age determinations 
represent laser ablation–inductively coupled plasma–mass spectrometry (LA-MS-ICP) analyses from individual zircons. Green bars represent weighted-mean U-Pb ages. Nage—total number of 
concordant zircons used for age determination. Ntotal—total number of zircons analyzed in bentonite sample. MSWD—mean square of weighted deviates. Data plotted in Isoplot (Ludwig, 2008).
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from the bentonite sample yielded an AFT age of 9.42 (−2.9, +4.3) Ma. Refer to 
Supplemental Items F and G (footnote 1) for analytical data. Figure 14 shows 
results of HeFTy modeling of the AFT data and other constraints discussed above, 
providing insight on the history of basin burial and inversion. The sample was at 
the surface at ca. 69.5 Ma and was buried during Paleocene–Eocene time. Burial 
temperatures were reached high enough to fully reset the ZHe (~180 °C; Reiners 
et al., 2005) and AFT (~110 °C; Reiners et al., 2005) systems, implying >6 km of 
burial assuming a 30 °C/km geothermal gradient. By ca. 46 Ma, the Cantwell ba-
sin was inverting or the regional geothermal gradient had dropped significantly 
enough to close the ZHe system in the bentonite sample. Based on HeFTy mod-
eling of the AFT results, by ca. 20 Ma, the Cantwell basin was being unroofed.

Colorado Creek Formation Detrital Geochronology

We present new detrital-zircon U-Pb ages from two lithic sandstone sam-
ples from the Colorado Creek Formation and one lithic sandstone from the 
underlying Kahiltna Formation. Refer to Figure 15 for age spectra and Supple-
mental Item H for analytical data. Samples are constrained within the context 
of targeted field mapping and measured stratigraphic sections (Figs. 2 and 6). 
Samples 062411JT1 and 062411JT9 are from a ~350-m-thick section of fluvial 
strata of the Oligocene Colorado Creek Formation. Both samples contain a 
dominant population of ca. 101–92 Ma grains (59%–82% of ages in two sam-
ples) and minor populations of ca. 364 to ca. 462 Ma (8%–10%) and ca. 1234 
to ca. 2326 Ma (3%–5%). Sample 062411JT9 also contains minor populations 
of ca. 67 to ca. 71 Ma (23%) and ca. 29 to ca. 30 Ma (2%). For each sample, a 
maximum depositional age was calculated in Isoplot (Ludwig, 2008) using the 
mean weighted age of the youngest significant peak (≥3 zircon ages) whose 
1σ errors overlap. The youngest age cluster in sample 062311JT1 includes four 
ca. 29 to ca. 30 Ma ages that yield a mean weighted average of 29.4 ± 0.8 Ma 
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Figure 12. Weighted means (A) and probability plots (B) showing overlapping age 
range of Cantwell Formation bentonites (green) and Colorado Creek volcanics (or-
ange). Numbers in parentheses represent the number of zircon grains used in the 
age calculation for bentonites. Refer to Figures 10 and 11 for detailed age plots.

Figure 13. Weighted-means plots showing concordant zircons from Cantwell Formation bentonite samples. Zircons plotted represent a subset of zircons that yield younger ages than the main age 
population and are interpreted as recording Pb loss after eruption, deposition, and burial of the volcanic ash. Refer to Figure 11 for explanation.
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(MSWD = 0.57). This ca. 29 Ma maximum depositional age supports previ-
ously reported biostratiographic data diagnostic of early Oligocene deposition 
(Trop et al., 2004). Sample 062411JT9 only yields Cretaceous and older detrital 
zircons but is interpreted as early Oligocene given its stratigraphic position 
above lithologically similar strata that yield early Oligocene palynomorphs 
and sample 062411JT1, which yields ca. 29 Ma detrital zircons. A volcanic clast 
sample (062411JT8) from conglomerate in the middle of the section (Fig. 6) 
yields a U-Pb zircon age of 65.9 ± 0.4 Ma (Fig. 16). For comparative purposes, 
a sandstone (062411JT11) was sampled from Upper Cretaceous marine strata 
that unconformably underlie the fluvial strata. This older sample yields a 
broader distribution of detrital-zircon ages overall, including more abundant 
Paleozoic and Precambrian ages than the Colorado Creek Formation (Fig. 15).

Denali Fault Dike Swarms

We report geochronologic data from mafic dike swarms that crop out along 
the McKinley segment of the Denali fault system in the central and eastern 
Alaska Range (Figs. 2 and 9). Refer to Supplemental Items I and J (footnote 1) 
for analytical data and additional plots. Ten mafic dikes yield 40Ar/39Ar ages 
that range from ca. 38 to ca. 25 Ma (Table 3 and Figs. 17 and 18). Dikes from 
Peter’s Glacier and Gunsight Pass in the central Alaska Range yield ca. 38 to 
ca. 27 Ma ages. Samples from the Nenana Glacier and Mount Balchen areas 
in the eastern Alaska Range yield ca. 32 to ca. 25 Ma ages. These dike ages 
are all younger than ages reported from plutons that the dikes intrude (Wil-
son et al., 2015).

Teklanika River Sediment Detrital-Zircon Geochronology

We report detrital-zircon U-Pb age data from a modern stream-sediment 
sample collected from the Teklanika River (Tek Bridge on Fig. 2). Refer to Sup-
plemental Items A and K for sample location and analytical data. The sample 
yielded 106 single-grain U-Pb zircon ages ranging from ca. 54 to ca. 2850 Ma 
(Fig. 15). Precambrian ages make up 49% of the ages. Subordinate Cenozoic 
ages (24%) range from ca. 64 to ca. 54 Ma and minor Paleozoic ages (~19%) 
span ca. 333 to ca. 541 Ma, including a major peak at ca. 422 Ma. Mesozoic 
ages are distinctly sparse (8%), with isolated ages from ca. 84 to ca. 219 Ma.

■■ IGNEOUS GEOCHEMISTRY

Description of Colorado Creek Volcanic Rocks

The Colorado Creek lavas range from basalt to trachyte using the Zr/Ti ver-
sus Nb/Y classification of Pearce (1996) (Fig. 19A). These lavas are in the high-K 
calc-alkaline to shoshonitic series (Fig. 19B), consistent with their relatively high 

Nb/Y ratio (which serves as a proxy for K). None of the Colorado Creek lavas 
have primitive compositions (they have low MgO, Cr, and Ni) (Supplemental 
Item L [footnote 1]). The Colorado Creek lava samples have Th/Yb ratios that 
are elevated above the mantle array (Fig. 19C) and exhibit high ratios of large 
ion lithophile (LILE) and fluid-mobile elements (FMEs) to less mobile elements 
including high field strength (HFSE) and heavy rare-earth elements (HREE). 
For example, Ba/Ta ratios range from 384 to 2842 (all but one sample is >450). 
Chondrite-normalized rare-earth element plots (Fig. 20) reveal a uniform pattern 
among the Colorado Creek lava samples with an average (La/Yb)N ratio of 9.5, 
with La ranging from 101 to 170 times chondrite. One sample (JT8) exhibits a 
pronounced negative Eu anomaly, but the remaining samples show small to 
no negative Eu anomaly (Fig. 20).

Description of Dikes along the Denali Fault

The dikes that crosscut granitic plutons along the Denali fault range from 
basalt to basaltic andesite (Fig. 19A) and have moderate K2O content, largely 
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Figure 15. Normalized probability density plots of detrital-zircon U-Pb ages of Phanerozoic grains for Oligocene Colorado Creek Formation sandstone and Cretaceous Kahiltna assemblage 
sandstone at Colorado Creek. Age determinations represent laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) analyses from individual zircons. For comparative 
purposes, data from a Cretaceous Kahiltna assemblage sandstone at Ruth Glacier (Hampton et al., 2010) and eastern Alaska Range modern rivers (this study) are also plotted. Refer to 
Supplemental Item H (text footnote 1) for geochronologic data.
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TABLE 3. SUMMARY OF 40Ar/39Ar ANALYTICAL RESULTS FROM MAFIC DIKES ALONG THE DENALI FAULT

Sample Location Phase 
analyzed

Integrated age
(Ma)

Plateau age
(Ma)

Plateau information Isochron age
(Ma)

Isochron or other 
information

Supplemental figure
(text footnote 1)

28CHED WR#L1 Foreaker Glacier Whole rock 34.3 ± 0.2 34.0 ± 1.0* 3 of 8 fractions __ __ Item J, section A
55.6 % 39Ar release

MSWD = 2.70
02PETER WR#L1 Peter’s Glacier Whole rock 37.2 ± 0.5 38.0 ± 0.4 3 of 8 fractions __ __ Item J, section B

87.5% 39Ar release
MSWD = 0.59

24PETER WR#L1 Peter’s Glacier Whole rock 32.7 ± 0.3 34.8 ± 0.3 3 of 8 fractions __ __ Item J, section C
83.3% 39Ar release

MSWD = 0.37
25PETER WR#L1 Peter’s Glacier Whole rock 27.6 ± 0.7 27.3 ± 0.6 5 of 8 fractions 28.2 ± 0.9 10 steps Item J, section D

88.7% 39Ar release 40Ar/36Ari = 292.4 ± 3.8
MSWD = 0.50 MSWD 0.31

30PETER WR#L1 Peter’s Glacier Whole rock 34.2 ± 0.7 35.7 ± 0.7 5 of 10 fractions 34.9 ± 0.9 10 steps Item J, section E
88.7% 39Ar release 40Ar/36Ari = 303.8 ± 7.7

MSWD = 0.52 MSWD 0.52
55NEN WR#L1 Nenana Glacier Whole rock 25.7 ± 0.1 25.4 ± 0.1* 4 of 9 fractions __ __ Item J, section F

74.2% 39Ar release
MSWD = 3.11

02BAL WR#L1 Mount Balchen Whole rock 27.4 ± 0.2 28.4 ± 0.2 5 of 13 fractions __ __ Item J, section G
64.1% 39Ar release

MSWD = 0.79
07BAL WR#L1 Mount Balchen Whole‑rock 27.5 ± 0.2 27.1 ± 0.2 6 of 12 fractions __ __ Item J, section H

78.9% 39Ar release
MSWD = 0.71

28BAL WR#L1 Mount Balchen Whole rock 32.2 ± 0.2 32.1 ± 0.2* 4 of 12 fractions __ __ Item J, section I
43.3% 39Ar release

MSWD = 0.21
10910DIKE WR#L1 Near Mount Balchen Whole rock 26.2 ± 0.7 27.6 ± 0.9 3 of 8 fractions __ __ Item J, section J

85.3% 39Ar release
MSWD = 1.45

Note: Preferred age determination in bold. MSWD—mean square of weighted deviates.
*Does not meet the criteria of a plateau age. Weighted average age reported.

Figure 16. Histograms showing concordant zircons from 
a felsic volcanic clast from the Colorado Creek Formation. 
Age determinations represent laser ablation–inductively 
coupled plasma–mass spectrometry (LA-ICP-MS) analy-
ses from individual zircons. Green bar represents weight-
ed-mean U-Pb age. Nage—total number of concordant 
zircons used for age determination. Ntotal—total num-
ber of zircons analyzed in the sample. MSWD—mean 
square of weighted deviates. Data are plotted using 
Isoplot (Ludwig, 2008).

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02014.1/4785475/ges02014.pdf
by guest
on 26 June 2019

http://geosphere.gsapubs.org


20Trop et al.  |  Alaska Range suture zone: A polyphase reactivated terrane boundaryGEOSPHERE  |  Volume 15  |  Number X

Research Paper

Dike sample 28CHED WR#1
Whole rock 40Ar/39Ar age spectrum 

Ag
e 

in
 M

a                               

                           

                              

                           

                             

 

                              

                           

                              

                           

                              

                           

                              

                           

                              

                           

                              

                           

                              

                           

40

30

20

10

0

Integrated age: 34 ±  0.2 Ma
Weighted average age: 34.0 ± 1.0 Ma
N: 3 out of 8 
MSWD: 2.70
% release: 55.6%

0.0          0.2         0.4          0.6          0.8        1.0
Fraction of 39Ar released

Dike sample 24Peters WR#1 
Whole rock 40Ar/39Ar age spectrum

Integrated age: 32.7 ±  0.3 Ma
Plateau age: 34.8 ± 0.3 Ma
N: 3 out of 8 
MSWD: 0.37
% release: 83.3%

Ag
e 

in
 M

a
Ag

e 
in

 M
a

50

40

30

20

10

0

50

40

30

20

10

0

Dike sample 30Peters WR#1 
Whole rock 40Ar/39Ar age spectrum

Fraction of 39Ar released

Dike sample 02BAL WR#1 
Whole rock 40Ar/39Ar age spectrum

Fraction of 39Ar released

Ag
e 

in
 M

a

Fraction of 39Ar released

Integrated age: 34.2 ±  0.7 Ma
Plateau  age: 35.7 ± 0.5 Ma
N: 5 out of 10 
MSWD: 0.52
% release: 88.7%

50

40

30

20

10

0

0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0
Fraction of 39Ar released

Ag
e 

in
 M

a

50

40

30

20

10

0

Dike sample 28BAL WR#1 
Whole rock 40Ar/39Ar age spectrum

Integrated age: 27.4 ±  0.2 Ma
Plateau age: 28.4 ± 0.2 Ma
N: 5 out of 13 
MSWD: 0.79
% release: 64.1%

Integrated age: 32.2 ±  0.2 Ma
Weighted average age: 32.1 ± 0.2 Ma
N: 4 out of 12 
MSWD: 0.21
% release: 43.3%

50

40

30

20

10

0

Ag
e 

in
 M

a
Ag

e 
in

 M
a

Ag
e 

in
 M

a
50

40

30

20

10

0

40

30

20

10

0

50

40

30

20

10

0

Ag
e 

in
 M

a
Ag

e 
in

 M
a

50

40

30

20

10

0

Fraction of 39Ar released

Fraction of 39Ar released

Fraction of 39Ar released

Fraction of 39Ar released

Fraction of 39Ar released
0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0

0.0          0.2         0.4          0.6          0.8        1.0

Dike sample 02PETERS WR#1
Whole rock 40Ar/39Ar age spectrum 

Dike sample 25PETERS WR#1
Whole rock 40Ar/39Ar age spectrum 

Dike sample 55 NEN WR#1
Whole rock 40Ar/39Ar age spectrum 

Dike sample 07BAL WR#1
Whole rock 40Ar/39Ar age spectrum 

Dike sample 10910 DIKE WR#1
Whole rock 40Ar/39Ar age spectrum 

Integrated age: 37.2 ±  0.5 Ma
Plateau age: 38.0 ± 0.4 Ma
N: 3 out of 8 
MSWD: 0.59
% release: 87.5%

Integrated age: 27.6 ±  0.7 Ma
Plateau age: 27.3 ± 0.6 Ma
N: 5 out of 10
MSWD: 0.50
% release: 88.9%

Integrated age: 25.7 ±  0.1 Ma
Weighted average age: 25.4 ± 0.1 Ma
N: 4 out of 9 
MSWD: 3.11
% release: 74.2%

Integrated age: 27.5 ±  0.2 Ma
Plateau age: 27.1± 0.2 Ma
N: 6 out of 12 
MSWD: 0.71
% release: 78.9%

Integrated age: 26.2 ±  0.7 Ma
Plateau age: 27.6 ± 0.9 Ma
N: 3 out of 8 
MSWD: 1.45
% release: 85.3%

Figure 17. 40Ar-39Ar age spectra for mafic dike samples along the Denali fault in the eastern and central Alaska Range. 
MSWD—mean square of weighted deviates.
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Figure 18. Histograms (A) and probability 
plot (B) of 40Ar/39Ar ages from mafic dike 
samples along the Denali fault in the east-
ern and central Alaska Range. Orange rect-
angle represents age range of Colorado 
Creek Formation sediment accumulation 
based on biostratigraphic data (Trop et al., 
2004) and the youngest cluster of detrital 
zircons (this study).

Figure 19. Major- and trace-element vari-
ation diagrams for Colorado Creek volca-
nics (this study), dikes along the Denali fault 
(this study), and other igneous rocks in the 
Alaska Range suture zone (data compiled 
from Reed and Lanphere, 1973; Gilbert et 
al., 1976; Decker and Gilbert, 1978; Lan-
phere and Reed, 1985; Reiners et al., 1996; 
Cole and Layer, 2002; Cole et al., 2007; and 
Hung, 2008). (A) Rock classification scheme 
of Pearce (1996). (B) Rock series on SiO2 
versus K2O plot from Rickwood (1989). 
(C) Th/Yb versus Nb/Yb with mantle array 
(from Pearce, 2008). (D) Rb versus Yb + Nb 
plot (after Pearce et al., 1984). Abbrevia-
tions: E-MORB—enriched mid-ocean ridge 
basalt; N-MORB—normal mid-ocean ridge 
basalt; OIB—oceanic island basalts; ORG—
ocean-ridge granites; syn-COLG—syncolli-
sional granites; VAG—volcanic arc granites; 
WPG—within-plate granites.
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consistent with the calc-alkaline series (Fig. 19B). Most of the dike samples 
have Th/Yb and Nb/Yb ratios that are in the range of enriched mid-ocean 
ridge basalt (E-MORB) and lie along or above the mantle array (Fig. 19C). The 
dike samples exhibit relatively high LILE and FME contents with Ba/Ta ratios 
ranging from 517 to 2442. Chondrite-normalized rare-earth element plots 
(Fig. 20) reveal a relatively small degree of light rare-earth element (LREE) 
enrichment with (La/Yb)N ratios ranging from 2.9 to 11.9 and La ranging from 
25 to 136 times chondrite. The dike samples have smooth REE patterns and 
show no negative Eu anomalies. The sample with the lowest La/Yb ratio, 
JB09-MUD, also has relatively high Cr (430 ppm) and Ni (110 ppm) compared 
to other dike samples (Supplemental Item L), but none of these samples has 
a primitive composition.

Interpretations and Summary of Alaska Range Suture Zone 
Cretaceous-Cenozoic Magmatism

The Colorado Creek lava and Denali fault dike samples have geochemi-
cal signatures indicative of arc magmatism. The high concentration of LILE 
and FME is a typical characteristic of arc magmatism when these elements 

are released from a subducted slab into the overlying mantle wedge (Pearce 
and Parkinson, 1993; Arculus, 1994). The elevated Th/Yb ratios (above the 
mantle array) among the more mafic samples (Fig. 19C) are consistent with 
magma-crust interaction or slab input to the source magma (Pearce, 2008). 
The more felsic samples of each unit fall within the volcanic arc field on a Rb 
versus Y + Nb discriminatory plot (Fig. 19D). Given their age and geochemical 
affinity, we interpret that the Colorado Creek lavas were erupted as part of 
Alaska Range–Talkeetna Mountains arc magmatism while the Wrangellia com-
posite terrane was shortened and uplifted within the suture zone. The Denali 
fault dikes were emplaced during the subsequent Alaska-Aleutian Range arc 
magmatism; however, arc magmatism was essentially shut off in south-central 
Alaska during progressive flat-slab subduction of the Yakutat plate.

While the Colorado Creek lavas and Denali fault dikes share common traits 
of arc magmatism, there are important geochemical differences between these 
two sample sets. Importantly, the Denali fault dikes are more geochemically 
depleted (e.g., lower K, La/Yb, Th/Yb, and Nb/Yb) than the Colorado Creek lavas 
(Figs. 19 and 20). From a regional perspective, the Colorado Creek lavas are 
similar geochemically to other Late Cretaceous volcanic and plutonic rocks, 
and the Denali fault dikes are similar geochemically to other mid-Eocene to 
Oligocene volcanic and plutonic rocks in the Alaska Range suture zone (Fig. 19). 
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While there are no primitive compositions among the Colorado Creek lavas 
and Denali fault dike samples, these regional observations are suggestive of 
a change to more depleted magmatism that may reflect a change in mantle 
source composition beneath the Alaska Range suture zone between Late Cre-
taceous and mid-Eocene time.

Paleocene to early Eocene volcanic and plutonic rocks within the Alaska 
Range suture zone have a different geochemical affinity than the Colorado 
Creek lavas or Denali fault dikes (Fig. 19). Overall, the Paleocene to Early Eocene 
rocks have a diverse compositional range including A-type granites, adakite, 
and within-plate to arc affinity that represent an episode of collisional magma-
tism with less influence of “typical” arc processes (Cole et al., 2007; Carrion 
et al., 2012; Cole and Chung, 2013). The Paleocene to early Eocene igneous 
rocks have geochemical compositions (e.g., K2O, Nb/Yb, and Th/Yb) that lie 
between the compositions of Late Cretaceous and mid Eocene to Oligocene 
igneous rocks in the Alaska Range suture zone with some overlap (Fig. 19).

In summary, Late Cretaceous igneous rocks in the Alaska Range suture 
zone represent Alaska Range–Talkeetna Mountain arc magmatism during su-
turing of the Wrangellia composite terrane to south-central Alaska, marked 
by contractional deformation and peak metamorphism between ca. 70 and 
60 Ma. Melt-fertile Kahiltna assemblage rocks in the thickened suture zone 
contributed to the enriched high-alkali magmas that formed at this time and 
into Paleocene time (Reiners et al., 1996; Cole et al., 2007). Exhumation of early 
Paleocene plutons by late Paleocene time (Cole and Chung, 2013) indicates 
that regional uplift followed collision of the Wrangellia composite terrane 
and accompanied Paleocene magmatism. The more depleted geochemical 
composition of the mid-Eocene to Oligocene igneous rocks (e.g., lower Nb/
Yb, Th/Yb, K2O) indicate less crustal contamination and/or a more depleted 
asthenospheric source than was present during Late Cretaceous time (Figs. 
19B–C) (Pearce, 2008).

■■ COLORADO CREEK SEDIMENTARY PROVENANCE AND DENALI 
FAULT DISPLACEMENT

Oligocene Colorado Creek fluvial strata were eroded chiefly from sedi-
mentary and igneous bedrock sources judging from compositional and detri-
tal geochronologic data. Polymictic conglomerate and lithic sandstone clast 
types dominate conglomerate and sandstone compositions, consistent with 
recycling of Cretaceous sedimentary strata that crop out along the suture zone 
(Fig. 21; Trop et al., 2004). The mid-Cretaceous detrital-zircon population that 
dominates the Oligocene Colorado Creek sandstones (Fig. 15) typifies Creta-
ceous strata that crop out in the central Alaska Range, including the northern 
Kahiltna assemblage, lower Cantwell Formation, and Panorama Peak unit (Huff, 
2008; Hampton et al., 2010; Hults et al., 2013; Brennan and Ridgway, 2015). 
Moreover, modern rivers draining these Cretaceous strata yield abundant 
mid-Cretaceous detrital ages reflecting second-cycle zircons eroded from the 
Kahiltna assemblage. For example, the modern Chulitna River in the central 
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Figure 21. (A) Histograms showing clast dominance of sedimentary lithologies in com-
positional data from Oligocene Colorado Creek Formation conglomerate. From Trop et 
al. (2004). (B) Photograph of recycled conglomerate clast common in Oligocene Colo-
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stone lithic grains (Lsm) common in Oligocene Colorado Creek Formation sandstone.
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Alaska Range yields chiefly ca. 110 to ca. 90 Ma U-Pb detrital-zircon ages 
(Lease et al., 2016). However, most Kahiltna assemblage strata yield a broader 
distribution of Cretaceous detrital-zircon ages as well as subordinate Jurassic, 
Paleozoic, and Precambrian detrital-zircon ages (Huff, 2008; Hampton et al., 
2010; Hults et al., 2013) that are not observed in the sampled Colorado Creek 
Formation sandstones.

In addition to recycling of Cretaceous sedimentary sources exposed in 
the suture zone, subordinate Oligocene detritus was eroded from igneous 
sources judging from compositional and detrital geochronologic data. Volca-
nic clasts are common in the Oligocene sandstone (29% of lithic grains) and 
conglomerate (15% of all clasts). A volcanic clast from conglomerate yields 
a ca. 66 Ma U-Pb zircon age, and sandstones yield abundant ca. 71 to ca. 67 
Ma detrital-zircon ages, which fall within the ca. 71 to ca. 68 Ma age range 
of Colorado Creek volcanics (this paper) that are faulted directly against the 
Oligocene fluvial strata in the study area (Figs. 4 and 5). Notably, Latest Cre-
taceous, mid-Cretaceous, and Devonian–Mississippian detrital-zircon popula-
tions in the Oligocene fluvial strata overlap the ages of igneous rocks presently 
exposed north of the Denali fault in the eastern Alaska Range. Igneous rocks 
exposed in that region yield ca. 70–72 Ma, ca. 95–98 Ma, and ca. 330–375 Ma 
ages based on K-Ar, 40Ar/39Ar, and U-Pb geochronology (Fig. 2; Nokleberg et 
al., 1992a, 1992b). Farther north in the Yukon-Tanana Uplands, crystalline rocks 
yield U-Pb zircon and monazite ages of ca. 120–90 Ma (Fig. 2; Dilworth et al., 
2007; Day et al., 2014; Solie et al., 2014) and ca. 375–335 Ma (Aleinikoff et al., 
1981, 1984, 1986; Dusel-Bacon et al., 2006; Dusel-Bacon and Williams, 2009; 
Day et al., 2014). However, derivation from more distant latest Cretaceous 
igneous sources is possible; latest Cretaceous plutons and sparse volcanic 
rocks occur throughout the Alaska Range, other parts of southern Alaska, and 
contiguous areas in Canada (Moll-Stalcup, 1994; Plafker and Berg, 1994; Jones 
et al., 2014; Wilson et al., 2015).

Sparse ca. 30 to ca. 29 Ma detrital zircons in the fluvial strata likely reflect 
erosion of the youngest belt of igneous rocks in the Alaska Range. Spatially 
limited ca. 40 to ca. 25 Ma igneous rocks, mainly dikes and sills, presently 
crop out in the central and eastern Alaska Range (Reed and Lanphere, 1974; 
Csejtey et al., 1992; Benowitz et al., 2011; Jones et al., 2014; this study). Mod-
ern rivers draining the Alaska Range yield only minor populations of ca. 40 
to ca. 25 Ma zircons, consistent with spatially limited magmatism during this 
interval (Lease et al., 2016). An alternative source of the ca. 30–29 Ma grains 
is far-traveled volcanic ash air fall from the oldest phase of the Wrangell arc 
(Richter et al., 1990; Brueseke et al., 2019) or undocumented volcanic edifices 
related to the Denali fault Oligocene dike swarms (this study).

The paucity of metamorphic clasts in conglomerate and Precambrian and 
Devonian–Mississippian detrital zircons in sandstone indicates that the Yukon 
composite terrane was not a major sediment source for Colorado Creek sand-
stones. Minor Proterozoic and Devonian–Mississippian ages (<15% of samples) 
overlap zircon ages reported from the late Paleozoic metasedimentary strata in 
the eastern Alaska Range (Huff, 2008) and the Yukon composite terrane from 
east-central Alaska (Bradley et al., 2007; Dusel-Bacon and Williams, 2009) to 

adjacent parts of Yukon Territory, British Columbia, and southeastern Alaska 
(Gehrels and Kapp, 1998; Gehrels and Ross, 1998). Aerially extensive ca. 216 
to ca. 181 Ma plutons intrude the Yukon composite terrane, but only a couple 
detrital zircons in the Colorado Creek samples match this age population. Pro-
terozoic and Devonian–Mississippian ages may also be accounted for through 
recycling from Cretaceous strata within the suture zone (Huff, 2008; Hampton 
et al., 2010).

Carbonate clasts make up <20% of clasts in uppermost conglomerates 
(Fig. 16; two of nine beds sampled). These clasts have been interpreted as 
reflecting erosion of Devonian sedimentary strata that crop out north of the 
Colorado Creek basin immediately north of the Denali fault (Dillinger terrane; 
unit DLs on Fig. 2; Csejtey et al., 1992). The provenance link between the clasts 
and the adjacent Dillinger terrane was based on the presence of late Devonian 
conodonts in limestone clasts that match the age of limestone in the Dillinger 
terrane (Csejtey et al., 1992). The linkage would limit dextral displacement 
across the Denali fault to less than tens of kilometers, unless a thrust fault 
mapped along the north side of the Dillinger terrane (Csejtey et al., 1992) also 
experienced strike-slip displacement. Alternatively, the limestone clasts may 
have been eroded from the Devonian Yanert Fork sequence presently exposed 
along strike to the east in the eastern Alaska Range. There, the Yanert Fork 
sequence consists of deformed metasedimentary and metavolcanic rocks, 
and locally contains carbonate strata (Csejtey et al., 1992; Huff, 2008). Another 
potential source of carbonate clasts is Cretaceous mélange exposed along the 
Denali fault; the mélange contains outsized carbonate blocks interpreted as 
displaced fragments of the Dillinger terrane (Csejtey et al., 1992).

Igneous rocks exposed in the southern and/or outboard part of the suture 
zone apparently were not major sediment sources judging from the paucity 
of ca. 60 to ca. 50 Ma detrital zircons and ca. 213 to ca. 153 Ma detrital zircons. 
Intrusive rocks with ca. 60 to ca. 50 Ma ages crop out extensively in the De-
nali–Ruth Glacier area of the central Alaska Range and the northern Talkeetna 
Mountains (Fig. 3, Cole et al., 2007; Wilson et al., 2015). Modern rivers draining 
these bedrock sources yield abundant ca. 60 to ca. 50 Ma detrital zircons (Lease 
et al., 2016). Moreover, ca. 213 to ca. 153 Ma igneous rocks crop out extensively 
in the Talkeetna Mountains (Fig. 3; Rioux et al., 2007) that are not evident in 
detrital geochronologic ages in the sampled Oligocene strata.

In summary, compositional and detrital geochronologic data from Oligo-
cene Colorado Creek strata indicate erosion chiefly of Cretaceous and Oligo-
cene sedimentary and igneous sources presently exposed along the central 
Denali fault in the central and eastern Alaska Range. The compositional and 
geochronologic data are best explained by restoration of ~150 km or more of 
dextral displacement along the Denali fault since deposition ca. 29 Ma, plac-
ing the Oligocene fluvial strata adjacent to the eastern Alaska Range. Future 
studies can evaluate this new hypothesis. This interpretation fits the current 
model where total Cenozoic slip along the Denali fault decreases from the 
eastern to central Alaska Range (Reed and Lanphere, 1974; Nokleberg et al., 
1985; Benowitz et al., 2012b; Haeussler et al., 2017a) owing to strain partition-
ing (Bemis et al., 2015).
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■■ TECTONIC SYNTHESIS: EVOLUTION OF THE ALASKA RANGE 
SUTURE ZONE

The following section integrates new geochronologic and geochemical 
data sets from this study with previous data sets, summarizing constraints on 
timing and nature of magmatism, sedimentation, and deformation processes 
that shaped the suture zone and tectonic interpretations.

Late Jurassic–Early Late Cretaceous (ca. 157 to ca. 84 Ma)

Upper Jurassic–Upper Cretaceous marine clastic strata of the Kahiltna as-
semblage are interpreted by most workers to have accumulated along both 
the inboard (northern) margin of the Wrangellia composite terrane and the 
southern margin of the Yukon composite terrane (e.g., Kalbas et al., 2007; 
Hampton et al., 2010; Hults et al., 2013). The Kahiltna basin was part of a series 
of marine depocenters along the >2000 km length of the Wrangellia composite 
terrane (McClelland et al., 1992). Provenance studies indicate that northern 
Kahiltna strata exposed in the central Alaska Range reflect erosion of bedrock 
source terranes exposed along the former continental margin to the north 
(Yukon composite terrane) as well as mid-Cretaceous arc rocks (Kalbas et al., 
2007; Huff, 2008; Romero, 2018). Our new detrital-zircon data from northern 
Kahiltna strata at Colorado Creek provide similar results. In contrast, Kahiltna 
and coeval marine strata exposed to the south in the Talkeetna and Clearwa-
ter Mountains reflect sediment contributions from Mesozoic sources in the 
Wrangellia composite terrane to the south (Hampton et al., 2010; Hults et al., 
2013). Southern Kahiltna strata locally record upsection increases in detritus 
interpreted by Hampton et al. (2010) as reflecting continental-margin sources, 
consistent with closure of the suture zone and accretion of the Wrangellia 
composite terrane during late early to early Late Cretaceous time. In contrast, 
Hults et al. (2013) interpret provenance differences between the northern and 
southern Kahilta strata as evidence that the depositional systems were never 
connected and that the Wrangellia composite terrane was not near the for-
mer continental margin until Late Cretaceous time. Thus, the original width 
of the marine basin during Jurassic–Cretaceous time is controversial. Given 
that faults with evidence of strike-slip deformation bisect northern and south-
ern Kahiltna outcrop belts, and detailed stratigraphic correlations across the 
faults are lacking, the two belts of Kahiltna marine strata may have been 
faulted together and laterally shuffled. Sedimentologic and paleontological 
data indicate that parts of the Kahiltna and the Nutzotin basin to the southeast 
were subaerially exposed by early Late Cretaceous time. Spatially restricted 
Aptian–Cenomanian fluvial strata in the northern Talkeetna Mountains (Car-
ibou Pass Formation) were deposited unconformably upon marine strata of 
the Kahiltna assemblage in the northern Talkeetna Mountains (Hampton et al., 
2007); similar strata crop out locally in the Nutzotin Mountains (Richter, 1976; 
Fiorillo et al., 2012; Koepp et al., 2017). Provenance data from these sediments 
indicate sediment derivation from both the Wrangellia and Yukon composite 

terranes judging from detrital-zircon geochronologic and Hf isotopic data and 
are interpreted to reflect closure of the marine basin by early Late Cretaceous 
time (Hampton et al., 2007, 2017).

Interpretations of the Late Jurassic–Early Cretaceous tectonic setting of 
the marine basins that separated the Wrangellia composite terrane from in-
board terranes vary. Several previous studies infer that strata deposited in 
the southern Kahiltna basin evolved from a backarc basin or remnant ocean 
basin setting during Late Jurassic to early Cretaceous time to a collisional, 
compressive basinal setting by early Late Cretaceous time as a result of col-
lision of the Wrangellia composite terrane (Ridgway et al., 2002; Kalbas et al., 
2007; Hampton et al., 2010; see Trop and Ridgway, 2007, their figure 4). In these 
models, northern Kahiltna strata accumulated along the southern margin of 
the inboard Yukon-Tanana terrane and in a forearc position with respect to 
arc plutons within the Yukon-Tanana terrane. These previous studies infer an 
inboard- (north-) dipping subduction zone along the northern margin of the 
Kahiltna basin that closed during Late Cretaceous time (Hampton et al., 2007; 
Trop and Ridgway, 2007, their figure 4). This interpretation is supported by the 
presence of rocks mapped as part of the Kahiltna assemblage; these rocks 
consist of a lower argillite-dominated mélange and an overlying klippe of older 
chert-dominated mélange that also includes greenstone and felsic tuff (Bier et 
al., 2017). Lithologic and structural observations, combined with geochemical 
analyses of the tuffs, indicate that this mélange is part of a south-facing ac-
cretionary wedge consisting of oceanic crust and hemipelagic sediment; this 
wedge formed prior to the closure of the Kahiltna basin (Bier and Fisher, 2003).

East of the Kahiltna basin in eastern Alaska and the Yukon Territory, the 
Nutzotin Mountains sequence and the Dezadeash Formation record Late Juras-
sic to Early Cretaceous deposition of marine siliciclastic strata and mafic-inter-
mediate volcanic rocks. Nutzotin Mountains strata are locally in depositional 
contact with the Wrangellia-Alexander terrane and in other areas have been 
thrust southward (present-day coordinates) over Wrangellia along south-verg-
ing thrust faults (Richter, 1976; Manuszak et al., 2007). Sedimentological and 
detrital data from the Nutzotin Mountains sequence and Dezadeash Formation 
reflect a provenance from sources within the Wrangellia-Alexander terrane 
(Manuszak et al., 2007; Lowey, 2011; Fasulo et al., 2018; Lowey, 2018), similar 
to the southern Kahiltna assemblage. Manuszak et al. (2007) infer that the 
Nutzotin strata accumulated in a compressional basin setting linked to Late 
Jurassic–Early Cretaceous shortening, uplift, and unconformity development 
documented in the Wrangellia composite terrane south of the Nutzotin basin 
(Trop et al., 2002). In contrast, Lowey (2018) infers that the Nutzotin-Dezadeash 
basin formed in a backarc setting throughout Late Jurassic–Early Cretaceous 
deposition.

Along strike to the southeast, the outboard (western) portion of the Gravina 
basin in southeastern Alaska accumulated along the inboard margin of the 
Alexander-Wrangellia terrane and in a backarc position with respect to the 
western Coast Mountains batholith, which is built on the Alexander-Wrangellia 
terrane (Gehrels et al., 2009; Yokelson et al., 2015). These Late Jurassic–Early 
Cretaceous strata were derived chiefly from sources within the Alexander 
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terrane (Yokelson et al., 2015), analogous to southern Kahiltna assemblage 
strata. Late Jurassic–Early Cretaceous strata of the eastern Gravina belt depo-
sitionally overlie Middle Jurassic or older rocks of inboard terranes (Taku and 
Yukon-Tanana terranes) and accumulated in a forearc basin with respect to 
the eastern Coast Mountains batholith (built on the Stikine and Yukon-Tanana 
terranes), analogous to the northern Kahiltna strata of the Alaska Range su-
ture zone. The western facies of the Gravina belt are interpreted to have been 
juxtaposed against the eastern facies of the Gravina belt by Early Cretaceous 
sinistral strike-slip followed by mid-Cretaceous structural imbrication of the 
two Gravina basinal segments (Monger et al., 1994; Yokelson et al., 2015).

Although the original width and tectonic framework of the Late Jurassic–
Early Cretaceous Kahiltna, Nutzotin-Dezadeash, and Gravina basins remains 
controversial, there is agreement on the timing of postdepositional deformation. 
Strata in all these basins were deformed by regional mid-Cretaceous thrust 
faults, folds, and shear zones within the suture zone separating the Wrangellia 
composite terrane from inboard terranes (Rubin et al., 1990; Ridgway et al., 2002; 
Manuszak et al., 2007; Gehrels et al., 2009; Yokelson et al., 2015).

Latest Cretaceous (ca. 84 to ca. 67 Ma)

During latest Cretaceous time, the Alaska Range suture zone was marked 
by regional shortening and metamorphism that prompted subaerial uplift of 
marine basinal strata (Kahiltna assemblage) coeval with deposition of non-
marine strata (Cantwell Formation) and arc magmatism. We interpret these 
processes as reflecting terminal suturing of the oceanic Wrangellia composite 
terrane against metamorphic rocks of the continental margin. Mid-Cretaceous 
accretion of the Wrangellia composite terrane followed by latest Cretaceous 
northward-dipping subduction (modern coordinates) and arc magmatism 
prompted development of a retroarc thrust belt and attendant thrust-top basin 
(Cantwell basin; Ridgway et al., 1997; Trop and Ridgway, 2007). Cretaceous 
Kahiltna assemblage marine strata were subaerially uplifted and deformed 
by outboard- (south-) dipping thrust faults, folds, and synkinematic intrusions 
located inboard (north) of coeval arc-related igneous rocks (Csejtey et al., 1982; 
Davidson et al., 1992; Ridgway et al., 2002). This deformation is attributed to 
plate convergence outboard (south) of the suture zone, mainly north-dipping 
subduction (modern coordinates) of oceanic crust that is recorded by Upper 
Cretaceous arc plutons, forearc basin sedimentary strata, and accretionary 
prism metasedimentary strata preserved south of the suture zone (e.g., Plafker 
and Berg, 1994; Trop, 2008; Amato et al., 2013; Stevens Goddard et al., 2018). 
Along the southern part of the Cantwell basin, syndepositional displacement 
along south-dipping thrusts prompted deposition of fluvial-lacustrine strata in 
growth footwall synclines (Ridgway et al., 1997). Southern Cantwell Formation 
strata were derived chiefly from Mesozoic marine sedimentary and igneous 
sources within the actively uplifting suture zone, whereas northern strata were 
derived from Paleozoic–Precambrian metamorphic and igneous sources along 
the former continental margin (Trop and Ridgway, 1997).

Arc magmatism within the suture zone is reflected by ca. 71 to ca. 68 
Colorado Creek lavas (this study) that are correlative with more widespread 
intrusions (Wilson et al., 2015). These volcanic rocks and coeval intrusions yield 
arc-affinity geochemical compositions attributable to northward subduction 
(present coordinates) of oceanic lithosphere beneath the former continental 
margin (e.g., Moll-Stalcup, 1994; Plafker and Berg, 1994). Cantwell Formation 
bentonites also record ca. 71 to ca. 68 Ma magmatism. These tephra depos-
its may record eruptive centers located within the suture zone, or from more 
distant arc volcanoes that formed outboard (south) of the suture zone. In the 
Alaska Range–Talkeetna Mountains belt, which spans the suture zone and 
the Wrangellia composite terrane to the south, ca. 85 to ca. 66 Ma intrusions 
are common (Moll-Stalcup, 1994; Davidson and McPhillips, 2007; Cole and 
Chung, 2013; Bleick et al., 2012; Cole et al., 2016; Wilson et al., 2015; Harlan et 
al., 2017). Cole and Chung (2013) report ca. 84 to ca. 66 Ma U-Pb zircon ages 
from intrusions with an age peak at ca. 70 to ca. 68 Ma that closely overlaps 
the ca. 72 to ca. 67 Ma age range of Colorado Creek volcanics and Cantwell 
Formation bentonites. Less widespread volcanics include ca. 74 Ma tuff in the 
northern Talkeetna Mountains (Cole et al., 2007) and a small pile of ca. 70 to ca. 
67 Ma lavas in the western Alaska Range; this pile of lavas yields geochemical 
compositions similar to the Colorado Creek volcanics (Jones et al., 2014; J. 
Jones and E. Todd, 2016, personal commun.).

Latest Cretaceous–Early Paleocene (ca. 67–61 Ma)

Additional shortening, exhumation, and arc magmatism characterized the 
suture zone during late Maastrichtian–early Paleocene time. Arc magmatism 
is recorded by granitic plutons, including the ca. 64–60 Ma McKinley sequence 
plutons in the northern part of the suture zone around Denali (Hung, 2008). In 
the northern part of the suture zone, Cantwell Formation sedimentary strata 
were deformed, uplifted, and partly eroded by thrust faults and folds between 
ca. 67 Ma (age of the youngest dated Cantwell Formation bentonite) and ca. 
59 Ma (age of the oldest dated lava in the Teklanika Formation) (Ridgway et 
al., 1997; Cole et al., 1999; this paper). Metamorphosed rocks exposed in the 
middle of the suture zone along the Valdez Creek shear zone were uplifted and 
cooled through the biotite closure temperature by ca. 62 Ma (Davidson et al., 
1992; Ridgway et al., 2002). Geologic evidence of Latest Cretaceous–Paleocene 
shortening and exhumation has been attributed to continued plate conver-
gence and dextral transpression along regional strike-slip faults, including the 
Denali fault (Plafker and Berg, 1994; Ridgway et al., 2002; Pavlis and Roeske, 
2007). Shortening may have been linked to low-angle subduction of juvenile 
crust, an interpretation consistent with the presence of intrusions attributed 
to low-angle subduction emplaced far inboard of the margin (Moll-Stalcup, 
1994). Low-angle subduction may have been related to the approach of an 
oceanic spreading ridge that is interpreted to have subducted obliquely be-
neath southern Alaska ca. 61–50 Ma. This interpretation is based chiefly from 
a >2000-km-long string of ca. 61–50 Ma “near-trench” intrusions within the 
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Chugach accretionary prism presently located >250 km south of the suture 
zone (Bradley et al., 2003). Alternatively, the inferred spreading ridge may 
not have influenced the suture zone and other parts of interior south-central 
Alaska, if large-scale (>1000 km) strike-slip translated the prism with respect 
to inboard terranes (Garver and Davidson, 2015).

Early Paleocene–Early Eocene (ca. 61–50 Ma)

During early Paleocene to early Eocene time, the suture zone experienced 
episodes of overlapping plutonic and volcanic activity coupled with rapid up-
lift and exhumation. Volcanic rocks that were erupted during this time (e.g., 
the Teklanika Formation and those exposed in the Northern Talkeetna Moun-
tains) show geochemical compositions transitional between arc and intraplate 
characteristics and evolved by assimilation-fractional crystallization from an 
E-MORB to OIB type mantle source (Cole et al., 2006a; Cole et al., 2007). In 
addition, peraluminous granitic plutons were emplaced in the suture zone 
between ca. 62 and ca. 58 Ma, some with intraplate geochemistry (e.g., A-type, 
ferroan, and adakite geochemical characteristics) (Cole et al., 2007; Cole and 
Chung, 2013). These plutons mingle with km-wide zones of migmatite and both 
are crosscut by rhyolite dikes that contain garnet, tourmaline, cordierite, and 
muscovite (Birsic et al., 2011). These observations indicate melting of high-alu-
mina crustal rocks (e.g., the pelitic Kahiltna assemblage) was involved in the 
origin of the granitic plutons and the late-stage rhyolite dikes.

The early Paleocene plutons are intruded by basalt, andesite, and rhyo-
lite dikes, one of which yields a zircon U-Pb age of ca. 57 Ma (Carrion et al., 
2012). In addition, the plutons are overlapped in places by late Paleocene to 
early Eocene volcanic deposits that include hundreds of meters of thick piles 
of andesite and rhyolite lavas and volcaniclastic units that contain clasts of 
granite and migmatite (Cole et al., 2007; Ceschini et al. 2013). Granitic clasts 
from the volcaniclastic units yield early Paleocene ages (Cole et al., 2007; Cole 
and Chung, 2013). The late Paleocene shallow intrusions that crosscut the 
early Paleocene plutons and the appearance of clasts with the same age as 
these plutons in early Eocene volcaniclastic units indicate uplift and exhuma-
tion of the early Paleocene plutons by the end of Paleocene time (ca. 56 Ma) 
(Cole et al., 2011).

The intraplate geochemical characteristics of the early Paleocene igneous 
rocks reveal a change from the more typical arc composition exhibited by 
Late Cretaceous rocks in the suture zone. This transition in magmatism was 
accompanied by an episode of regional uplift and exhumation (Benowitz et 
al., 2012a; Terhune, 2018). These observations are consistent with models of 
collisional magmatism during which there may be a combination of anatexis 
of thickened crustal rocks to form granitic magmas and convective removal or 
delamination of the root of thickened lithosphere in the suture zone resulting 
in upwelling and partial melting of asthenosphere (e.g., Aldanmaz et al., 2000; 
Chung et al., 2005; Pang et al., 2013). Further investigation of the igneous rocks 
in the Alaska Range suture zone is warranted to test these models.

Late Eocene–Late Oligocene (ca. 49–25 Ma)

Exhumation, diking, and localized fluvial sedimentation characterized the 
suture zone during late Eocene to late Oligocene time. Our ca. 46 Ma ZHe re-
sults indicate the ca. 69.5 Ma Cantwell Formation bentonite was buried deep 
enough to reset the ZHe system (~180 °C; Reiners et al., 2005). Vitrinite reflec-
tance analysis of Cantwell Formation sedimentary strata along the upper East 
Fork of the Toklat River (Stanley, 1987) indicates a maximum temperature of 
~160 °C, consistent with significant burial. We infer total burial of the bentonite 
was at least ~8 km, consistent with preservation of >4 km of Cantwell Formation 
sedimentary strata and >3 km of Teklanika Formation volcanic rocks (Gilbert 
et al., 1976; Ridgway et al., 1997; Cole et al., 1999). By ca. 46 Ma, the Cantwell 
basin was either exhuming or experienced a drop in regional geothermal 
gradient resulting in the closure of the ZHe system. We infer relatively slow 
exhumation and basin inversion during this time interval based on the HeFTy 
modeling (Fig. 14). Circa 46 Ma is broadly contemporaneous with a significant 
change in Pacific plate motion (Torsvik et al., 2017), initiation of the Aleutian 
Arc (Jicha et al., 2006) and renewed arc magmatism in the Alaska Range suture 
zone (Nokleberg et al., 1992a; Cole and Layer, 2002).

We infer that Oligocene Colorado Creek fluvial strata and dike swarms 
along the Denali fault record transtensional deformation linked to strike-slip 
deformation along the Denali fault ca. 38 to ca. 25 Ma. Similar age dikes are 
not reported distal from the fault zone. The fact that the dikes exist close to and 
preferentially along the north side of the fault implies a genetic link; transten-
sional deformation along the fault zone, perhaps by normal faults oriented 
oblique to the Denali fault, likely provided accommodation space for ascending 
arc magma. Notably, diking and fluvial sedimentation overlapped temporally 
and spatially with strike-slip basin development inferred along other segments 
of the Denali fault (Dickey, 1984; Ridgway and DeCelles, 1993), initial onset of 
rapid, persistent exhumation in the Alaska Range, and slab-edge volcanism in 
the Wrangell–St. Elias Range (Figs. 22 and 23; Richter et al., 1990; Trop et al., 
2012). Circa 37 to ca. 16 Ma hornblende, muscovite, and biotite cooling ages 
(K-Ar and 40Ar/39Ar) from the eastern Alaska Range proximal to the Denali fault 
are inferred to reflect metamorphism and deformation during lateral migration 
along the Denali fault (Nokleberg et al., 1992a; Roeske et al., 2012; Tait, 2017). 
Detrital thermochronologic data from modern rivers draining the Alaska Range 
reveal widespread late Oligocene to early Miocene cooling ages and suggest 
exhumation of the central Alaska Range starting ca. 30 Ma in the central Alaska 
Range (Lease et al., 2016). Bedrock thermochronology performed on granitoid 
samples from the central Alaska Range supports this interpretation (Benowitz 
et al., 2012c). Given that magmatism continued from ca. 30 Ma to ca. 25 Ma, 
this was likely a transition time as convergence of the southern Alaska block 
with the Denali fault increased with augmented coupling of the subducting 
Yakutat slab. The limiting of arc magmatism in the Alaska Range suture zone 
coincides with the initiation of Wrangell arc magmatism (Richter et al., 1990; 
Trop et al., 2012; Brueseke et al., 2019). Overall, Oligocene to early Miocene 
Alaska Range deformation and exhumation, localized within the lithological 
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weak crust comprising the Alaska Range suture zone, are interpreted to reflect 
partitioned strike-slip motion along the Denali fault driven by the far-field re-
sponses to initial Yakutat microplate collision at the plate margin >600 km to 
the southeast (Jadamec et al., 2013; Fitzgerald et al., 2014; Lease et al., 2016). 
Additional analysis of the spatially limited Oligocene dikes and sedimentary 
strata rocks in the Alaska Range suture zone is warranted to carefully evaluate 
these far-field collisional responses.

Neogene (25 Ma to Present)

Recent bedrock and detrital thermochronologic studies document rapid 
and persistent exhumation of the entire Alaska Range starting ca. 30–25 Ma 
(Benowitz et al., 2011, 2012a, 2012c, 2014; Fitzgerald et al., 2014; Riccio et al., 
2014; Lease et al., 2016) coincident with and locally proceeding Oligocene fluvial 
sedimentation in the Tanana foreland basin north of the Range (Ridgway et al., 
2007) and the McCallum and Colorado Creek basins south of the range (Allen, 

2016; Waldien et al., 2018; this study) as well as arc-related dike swarm em-
placement along the Denali fault (this study). Exhumation in the Alaska Range 
also impacted sedimentary basins positioned farther south of the range. The 
Susitna and Cook Inlet basins record late Oligocene–Neogene contractile de-
formation and increased sedimentation, including sediment reflecting erosion 
of bedrock sources in the central and eastern Alaska Range (Finzel et al., 2015, 
2016; Saltus et al., 2016; Bristol et al., 2017; Haeussler et al., 2017b). Overall, the 
Oligocene–Miocene was a period of major topographic development (e.g., Bill 
et al., 2018) and regional paleodrainage reorganization across southern Alaska 
(Davis et al., 2015; Finzel et al., 2016; Benowitz et al., 2019). Oligocene–Holocene 
deformation, nonmarine sedimentation, magmatism, and paleodrainage reor-
ganization within the suture zone is consistent with oblique plate convergence, 
including collision and flat-slab subduction of the Yakutat terrane (Ridgway 
et al., 2007; Trop et al., 2012; Benowitz et al., 2014; Bemis et al., 2015). Geo-
logic and geophysical studies infer that progressive northward subduction of 
overthickened oceanic crust of the Yakutat terrane transferred compressive 
stresses inboard to the overriding plate resulting in a zone of broad, diffuse 
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deformation and sparse magmatism (e.g., Ferris et al., 2003; Eberhart-Phillips, 
2006; Finzel et al., 2011; Trop et al., 2012; Arkle et al., 2013; Jadamec et al., 2013). 
The essentially shutting off of arc magmatism in the Alaska Range suture zone 
and syntectonic increase in deformation rates in the region at ca. 25 Ma also 
coincides with an increase in convergence rate of the Pacific-Yakutat plate with 
Alaska at ca. 25 Ma (Jicha et al., 2018); this change in convergence may have 
created a more transpressive environment along this section of the Denali fault 
and limited the fault zone acting as a conduit for arc magmatism.

The detrital-zircon signature of the Oligocene Colorado Creek Formation is 
best explained by erosion of bedrock sources presently exposed in the eastern 
Alaska Range, indicating ~150 km of dextral displacement since deposition ca. 
29 Ma. Previous studies infer hundreds to kilometers of dextral displacement 
along the eastern part of the fault system during Cretaceous–Cenozoic time 
based on offset geologic features (Nokleberg et al., 1985; Lowey, 1998; Allen, 
2016), including ~100 km between 57 and 25 Ma, and ~300 km since ca. 25 Ma 
(Benowitz et al., 2012b; Roeske et al., 2012; Riccio et al., 2014). A rate of ~300 km 
in ca. 25 Ma is a long-term horizontal slip rate of ~12 mm/yr, which is similar to 

the constrained cumulative Pleistocene slip rates (~13 mm/yr, Matmon et al., 
2006; Mériaux et al., 2009; Haeussler et al., 2017a) for the eastern Denali fault re-
gion (Fig. 1). The long-term average slip rate based on our new offset constraint 
is ~5 mm/yr, which is remarkably close to and within broad error (~2 mm/yr) 
of the Pleistocene to present slip rate of ~7 mm/yr (Haeussler et al., 2017a). In 
contrast, only tens of kilometers of Cenozoic dextral offset are possible along 
the central part of the fault system in the central Alaska Range, if piercing points 
reported by other researchers are correct (Reed and Lanphere, 1974; Csejtey 
et al., 1982). The long-term average slip rate of 1 mm/yr since ca. 38 Ma (Reed 
and Lanphere, 1974) to the west is in conflict with the Pleistocene slip rate of 
~5 mm/yr (Haeussler et al., 2017a). Hence, the often-cited Foraker-McGonagall 
same-pluton piercing point may be incorrect, and these plutons may not be 
genetically related. The observed westward decreases in displacement and slip 
rates, in conjunction with fault geometry and topography, indicate partitioning 
of fault-normal convergence along the Denali fault in a zone of transpression 
resulting from increasing obliquity between the fault and plate convergence 
(Hauessler, 2008; Fitzgerald et al., 2014; Bemis et al., 2015; Waldien et al., 2018).
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Changes in basin character along the Denali fault illuminate the overall 
tectonic setting. Strike-slip basin development along the eastern Denali–Duke 
River fault (Ridgway and DeCelles, 1993) occurs where “strong” terranes col-
lide and plate motion is oblique to the fault (Fitzgerald et al., 2014). Where the 

“weak” Alaska Range suture zone occurs, plate motion is more orthogonal to 
the fault, a broad foreland basin formed along the north flank of the Alaska 
Range (Tanana basin; Ridgway et al., 2007; Bemis et al., 2015), and smaller 
transpressional basins formed along the Denali fault within the Alaska Range 
(Dickey, 1984; Trop et al., 2004). Overall, obliquity of convergence (Vallage et 
al., 2014) and Oligocene to present-day Wrangell arc magmatism along the 
Denali fault system (e.g., Brueseke et al., 2019) suggest chiefly transtensional 
tectonics (along the eastern Denali fault system) that transition to chiefly trans-
pressive shortening along the fault in the Alaska Range. This is consistent with 
geodynamic modeling of Yakutat collision that produces a kinematic field with 
chiefly strike slip along the eastern Denali fault and mainly shortening and 
uplift in the Alaska Range (Koons et al., 2010).

The thermochronologic and geologic record suggest that the overall locus 
of magmatism uplift, exhumation, and basin formation across southern Alaska 
has changed substantially during latest Cretaceous–Cenozoic time owing to 
the changing nature of the plate boundary forces (geometry and coupling of 
subducting slabs, plate motion change, etc.). However, a relative constant with 
regard to the formation of the Alaska Range along the Denali fault is that the 
majority of tectonic uplift forming the high-standing topography (along with 
related exhumation) has occurred south of the fault in the central Alaska Range 
and north of the fault in the eastern Alaska Range (Fitzgerald et al., 2014). This 
has been related to strength contrasts between the Yukon composite terrane 
(strongest) to the north, the Wrangellia composite terrane to the south, and 
the intervening suture zone with deformed Mesozoic Kahiltna and Cantwell 
basins (weakest) (Figs. 1 and 2; Fitzgerald et al., 2014). Preexisting fault geom-
etry (Hines Creek fault on Figs. 1 and 2, in particular) may have also controlled 
the location where deformation has been focused.

The >70 m.y. record of arc magmatism within the Alaska Range suture 
zone deserves further investigation. The distance from the trench to the Alaska 
Range suture zone today is ~500 km; however, active arc magmatism is still 
occurring locally (Buzzard Marr, Andronikov and Mukasa, 2010). An intrinsic 
feature of the upper plate is likely driving the location of central Alaska Range 
arc magmatism, given the significant variations in slab age, slab thickness, 
and convergence rates over the past ~70 m.y. The deformed Alaska Range 
suture zone has been thickened to ~45 km (Veenstra et al., 2006) and is likely 
playing a hydrostatic role in flattening the underlying slabs regardless of slab 
characteristics, similar to a geodynamic model proposed to explain flat-slab 
subduction in central Mexico (Ferrari et al., 2012). The Denali fault, at times, 
has also played a role as a conduit for magma, as demonstrated by the Oli-
gocene dike swarm documented in this study.

The long-lived poly-phase nature of discrete structures is well documented 
(Oriolo et al., 2016; Betka et al., 2017), but suture zones can provide a greater sys-
tem-wide perspective on convergent margin processes. Long-lived suture zones 

can experience numerous episodes of reactivation (Dewey and Burke, 1973), 
basin subsidence–basin inversion (DeCelles et al., 2011), magmatism (Chung 
et al., 2005), focused deformation-exhumation (Martin et al., 2015), strike-slip 
faulting (Peltzer and Tapponnier, 1988), and they play a role in the dip of the 
underlying slab through crustal thickening (Burg et al., 1987; Manea et al., 2012).

More than 60 years of geologic field studies and research (St. Amand, 
1957; Richter and Matson, 1971) have documented the existence and history 
of the Alaska Range suture zone. We hope our integration of new geochemi-
cal, geochronologic, and sedimentological constraints with previous data sets 
demonstrates the utility of revisiting the Alaska Range suture zone. In summary, 
the Alaska Range suture zone having originally initiated in Cretaceous time, 
provides a record of ~120 million years of Northern Cordilleran magmatism 
and deformation and continues to shape the tectonic-magmatic regime of the 
interior of Alaska into the Quaternary (Andronikov and Mukasa, 2010).

■■ KEY CONCLUSIONS

(1) Kahiltna assemblage marine strata exposed in the central Alaska Range 
at Colorado Creek yield a maximum depositional age of ca. 97 Ma and 
detrital age spectra comparable to previously dated marine strata ex-
posed along strike in the Alaska Range, as well as modern river sediment 
from the watershed draining the Colorado Creek basin. Compositional 
data and detrital zircon ages indicate key sediment sources were Cre-
taceous and Paleozoic–Precambrian igneous and sedimentary rocks 
located within and inboard of the suture zone in the Alaska Range and 
Yukon-Tanana uplands.

(2) Latest Cretaceous lavas exposed in the central Alaska Range record 
arc magmatism within the suture zone. The previously undated lavas 
(Colorado Creek volcanics) exposed just south of the Denali fault yield 
ca. 70 to ca. 68 Ma 40Ar/39Ar ages and arc-affinity geochemical compo-
sitions. Bentonites exposed north of the Denali fault yield ca. 71 to ca. 
68 Ma U-Pb zircon ages, reflecting magmatism within the suture zone 
or from more distant eruptive centers, likely south of the suture zone. 
Together, these data sets offer relatively rare records of volcanism as-
sociated with more widespread Late Cretaceous intrusions that were 
emplaced in the suture zone and the Wrangellia composite terrane 
following initial mid-Cretaceous collision.

(3) Detrital-zircon U-Pb ages from a modern river draining the Cantwell 
basin and Pb-loss constraints on ca. 70 Ma ash-fall zircons delineate ca. 
57 Ma as the timing of peak magmatism within the suture zone during 
early Paleocene to early Eocene time, similar to ca. 61 to ca. 50 Ma 
magmatic activity documented across southern Alaska. Magmatism 
during this time included emplacement of granitic plutons with in-
traplate characteristics in the Alaska Range suture zone.

(4) Oligocene sedimentary strata and Eocene–Oligocene dike swarms exposed 
along the Denali fault reflect synchronous nonmarine sedimentation and 
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magmatism along the Denali fault ca. 38 to ca. 25 Ma and may reflect 
transtensional deformation along the fault. These processes overlapped 
temporally and spatially with initial onset of rapid, persistent exhumation 
in the Alaska Range, metamorphism in the Alaska Range, and volcanism 
in the Wrangell–St. Elias Range. Thermochronologic data from Cantwell 
Formation bentonites document burial and thermal reheating from ca. 70 
to ca. 55 Ma, followed by exhumation through the ZHe closure temperature 
at ca. 46 Ma and the apatite fission-track closure temperature at ca. 20 to 
ca. 15 Ma. Collectively, these data sets are interpreted to reflect far-field 
responses to initial Yakutat microplate collision at the plate margin (ca. 30 
Ma) in conjunction with a Pacific-Yakutat plate vector change at ca. 25 Ma, 
leading to a more convergent regime along the apex of the Denali fault 
and limiting the fault as a conduit for arc magmatism. Transpressional 
shortening along the Denali fault resulted in continued postcollisional de-
formation within the Alaska Range suture zone, a zone of relatively weak 
crust, above the shallowly subducting Yakutat microplate. Transpressional 
strike-slip deformation prompted lateral shuffling of Cretaceous–Ceno-
zoic basinal strata and magmatic products. Detrital geochronologic and 
compositional data from Oligocene fluvial strata at Colorado Creek reflect 
erosion of Cretaceous igneous and sedimentary bedrock sources that crop 
out along much of the Denali fault but are best explained by restoration of 
~150 km of dextral displacement along the Denali fault since deposition ca. 
29 Ma; future studies can evaluate this hypothesis. This interpretation con-
tributes to a number of studies documenting westward increases in strain 
partitioning along the Denali fault from the eastern to central Alaska Range 
and continuous Denali fault strike-slip motion from ca. 57 Ma to present.
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