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 ■ ABSTRACT

The Sonya Creek volcanic field (SCVF) contains the oldest in situ volcanic 
products in the ca. 30 Ma–modern Wrangell Arc (WA) in south-central Alaska, 
which commenced due to Yakutat microplate subduction initiation. The WA 
occurs within a transition zone between Aleutian subduction to the west 
and dextral strike-slip tectonics along the Queen Charlotte–Fairweather and 
Denali–Duke River fault systems to the east. New 40Ar/39Ar geochronology of 
bedrock shows that SCVF magmatism occurred from ca. 30–19 Ma. New field 
mapping, physical volcanology, and major- and trace-element geochemistry, 
coupled with the 40Ar/39Ar ages and prior reconnaissance work, allows for the 
reconstruction of SCVF magmatic evolution. Initial SCVF magmatism that 
commenced at ca. 30 Ma records hydrous, subduction-related, calc-alkaline 
magmatism and also an adakite-like component that we interpret to represent 
slab-edge melting of the Yakutat slab. A minor westward shift of volcanism 
within the SCVF at ca. 25 Ma was accompanied by continued subduction-re-
lated magmatism without the adakite-like component (i.e., mantle-wedge 
melting), represented by ca. 25–20 Ma basaltic-andesite to dacite domes and 
associated diorites. These eruptions were coeval with another westward shift 
to anhydrous, transitional-tholeiitic, basaltic-andesite to rhyolite lavas and tuffs 
of the ca. 23–19 Ma Sonya Creek shield volcano; we attribute these eruptions to 
intra-arc extension. SCVF activity was also marked by a small southward shift 
in volcanism at ca. 21 Ma, characterized by hydrous calc-alkaline lavas. SCVF 
geochemical compositions closely overlap those from the <13 Ma WA, and no 
alkaline lavas that characterize the ca. 18–10 Ma eastern Wrangell volcanic belt 
exposed in Yukon Territory are observed. Calc-alkaline, transitional-tholeiitic, 
and adakite-like SCVF volcanism from ca. 30–19 Ma reflects subduction of 
oceanic lithosphere of the Yakutat microplate beneath North America. We 
suggest that the increase in magmatic flux and adakitic eruptions at ca. 25 
Ma, align with a recently documented change in Pacific plate direction and 
velocity at this time and regional deformation events in southern Alaska. By 
ca. 18 Ma, SCVF activity ceased, and the locus of WA magmatism shifted to 
the south and east. The change in relative plate motions would be expected to 
transfer stress to strike-slip faults above the inboard margin of the subducting 

Yakutat slab, a scenario consistent with increased transtensional-related melt-
ing recorded by the ca. 23–19 Ma transitional-tholeiitic Sonya Creek shield 
volcano between the Denali and Totschunda faults. Moreover, we infer the 
Totschunda fault accommodated more than ~85 km of horizontal offset since 
ca. 18 Ma, based on reconstructing the initial alignment of the early WA (i.e., 
30–18 Ma SCVF) and temporally and chemically similar intrusions that crop 
out to the west on the opposite side of the Totschunda fault. Our results from 
the SCVF quantify spatial-temporal changes in deformation and magmatism 
that may typify arc-transform junctions over similar time scales (>10 m.y.).

■ INTRODUCTION

Volcanic arcs have long been recognized as locations of continental crust 
formation and are a key component of subduction. The geochemistry and 
temporal-spatial distribution of lavas erupted from arc volcanic centers located 
above a subduction zone depend on many factors involving the nature and 
geometry of the subducting and overriding plates (Stern, 2002). The position, 
rate and angle of convergence, and dip of the actively subducting slab can 
determine the physical conditions under which source melting and eruption 
can occur (Syracuse and Abers, 2006; Portnyagin and Manea, 2008; England 
and Katz, 2010; Grove et al., 2012).

Along with “typical” calc-alkaline magmas that are a result of hydrous 
melting of the mantle wedge, the subducted oceanic plate itself can undergo 
partial melting. There are many conditions and contributing factors under 
which melting can be triggered including sediment influx at the trench, fluids 
fluxed off the slab, composition of the upper plate, angle, rate, and geometry 
of subduction (Cross and Pilger, 1982; Pearce and Peate, 1995; Borg et al., 1997; 
Castillo, 2012; Stern, 2002; Kelemen et al., 2003; Pearce et al., 2005). These 
settings also influence volcanic product geochemistry. Similarly, translation of 
the upper plate along strike-slip faults can play a role on the conditions under 
which melting and magma evolution can occur (Cole and Basu, 1992, 1995).

Detailed study of long-lived, well-preserved volcanic arc types and their 
eruptive products can help better illuminate these competing phenomena 
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and how they influence arc geochemistry. Arc-transform boundaries com-
prise an underappreciated type of subduction zone configuration (Park et al., 
2002). These arc-transform junctions are found across Earth (e.g., Kamchatka, 
Central America, etc.) and document both upper- and lower-plate translation. 
The geochemistry of arc-transform volcanic products is affected by both the 
underlying plate geometry and the composition and structural configuration of 
the upper plate. Net extensional forces across a strike-slip fault (i.e., transten-
sion) can trigger decompression melting, and lateral motion along the fault 
may translate a volcanic center significant distances from its original position 
(Cole, 1990; Vaughan and Scarrow, 2003; Bai and Montési, 2015). However, only 
a few studies have carefully documented variations in the geochemistry and 
physical volcanology of volcanic fields constructed along such plate margin 
transition zones (notable exceptions include Park et al., 2002; Maury et al., 
2004; Portnyagin et al., 2005; Tibaldi et al., 2010; Lee et al., 2016).

Moreover, arc-transform magmatic junctions may involve flat-slab subduc-
tion. Flat-slab subduction occurs over 10% of the modern convergent margins 
(Gutscher et al., 2000). Flat-slab volcanic products are understudied because 
flat slabs often lead to the near total cessation of arc magmatism, yet the edge 
of the flat slab can generate significant arc magmatism (Portnyagin et al., 2005). 
The ca. 30 Ma to present Wrangell Arc (WA) of south-central Alaska (Richter 
et al., 1990; Preece and Hart, 2004; Trop et al., 2012; Brueseke et al., 2019) is a 
classic example of an arc-transform subduction configuration along the edge 
of a flat slab, hence an ideal location to study the geochemical signatures of 
flat-slab subduction and transtension in an arc-transform setting.

This study presents new data on the physical, spatial, and temporal charac-
teristics of a largely unstudied volcanic field within the subduction-dominated, 
Alaskan portion of the Wrangell volcanic belt (WVB; i.e., the Wrangell Arc [WA]; 
Brueseke et al., 2019) in south-central Alaska. This volcanic field was chosen 
because it was apparently active at the initiation of the arc based on recon-
naissance geochronological data (Richter et al., 1990). The primary objective of 
this paper is to evaluate the geochemical, geochronological, and stratigraphic 
characteristics of the volcanic and shallow intrusive rocks of the WA Sonya 
Creek volcanic field (SCVF), with the goal of constraining their petrogenetic 
processes and tectonic setting in which they originated. The secondary objec-
tive is to use the SCVF as an analog for the geological signatures during arc 
initiation in an arc-transform junction.

 ■ GEOLOGICAL BACKGROUND

The northeastern Pacific plate margin is presently characterized by north-
westward convergence along the southern Alaskan margin and shows a west 
to east transition from typical subduction to flat-slab subduction to strike-slip 
tectonics (e.g., Eberhart-Phillips et al., 2006; Haeussler, 2008). Subduction 
of the Yakutat microplate, interpreted to be anomalously thick and buoyant 
oceanic crust (e.g., an oceanic plateau), is responsible for Oligocene–Holo-
cene volcanism and deformation in eastern Alaska (Plafker and Berg, 1994; 

Pavlis et al., 2004; Benowitz et al., 2011, 2014, 2019; Worthington et al., 2012). 
Recent geophysical studies beneath south-central Alaska reveal an eastward 
increase in the angle of the subducted Yakutat slab, from ~6° south of the 
Talkeetna Mountains, and ~11° to 16° below the volcanoes of the Wrangell 
Mountains, with a projected depth of 80 km to the top of the slab (Bauer et al., 
2014; Pavlis et al., 2019). Geophysical studies by Martin-Short et al. (2018) and 
Venereau et al. (2019) suggest that modern WA volcanism occurs along the 
eastern edge of Yakutat slab, due to mantle upwelling and melting along the 
slab edge. Brueseke et al. (2019) suggest that the WA has been at the leading 
edge of the slab since ca. 30 Ma; implicit in their study is that slab-derived 
components, fluxed off the subducting Yakutat slab, played a key role in WA 
igneous geochemistry.

Above the flat-slab region west of ~148°W, the upper plate exhibits lim-
ited volcanism due to crustal stresses that inhibited the rise and eruption of 
magmas generated from heating and dehydration of the subducted slab (e.g., 
McNamara and Pasyanos, 2002; Nye et al., 2002; Finzel et al., 2011). Subduction 
of oceanic lithosphere with thick crust (aseismic ridges, oceanic plateaus, or 
seamount chains) often coincides spatially and temporally with the absence of 
arc volcanism (e.g., McGeary et al., 1985; van Hunen et al., 2002). Small-volume 
eruptions of magmas have been emplaced locally along the leading edge of 
the Yakutat flat slab, far inland from the subduction zone. For example, spa-
tially limited Holocene maars along the north flank of the Alaska Range record 
magma eruptions ~500 km inboard of the trench (Nye et al., 2002).

The eastern region of the tectonic transition zone (east of ~148°W) displays 
active volcanism in the WA, shallow seismicity, and displacement along the 
Denali–Duke River–Totschunda and Queen Charlotte–Fairweather right-lat-
eral strike-slip fault systems (Fig. 1; Page et al., 1991; Eberhart-Phillips et 
al., 2003; Preece and Hart, 2004; Qi et al., 2007; Haeussler et al., 2017). The 
entire Denali–Duke River–Totschunda fault system comprises a northward 
extension of right-lateral transform motion between the Pacific plate and 
Yakutat microplate past the North American continent along the Queen Char-
lotte–Fairweather fault systems (Kalbas et al., 2008). A possible connecting 
fault that links the Totschunda and Fairweather may strike to the southeast 
between the two faults (e.g., Connector fault on Fig. 1; Richter and Matson, 
1971; Kalbas et al., 2008). Aberrations from pure strike-slip motion along this 
complex system result in localized areas that show components of transten-
sional and transpressional basin development along the Duke River fault 
(Ridgway and DeCelles, 1993).

The WA is located within this eastern region of tectonic transition zone 
overlying the Wrangellia composite terrane. The Wrangellia composite ter-
rane is composed of Paleozoic to Precambrian continental margin rocks, a 
Triassic oceanic plateau (e.g., Nikolai Formation), and Jurassic–Cretaceous 
island arcs (Nokleberg et al., 1994; Greene et al., 2008). We acknowledge 
that this long prior history of magmatism has likely affected the pre–30 Ma 
lithospheric mantle below the study area. Previous geochemical studies of ca. 
30–0.1 Ma igneous rocks show that the processes of subduction, slab melting, 
and motion along strike-slip faults have all contributed to magma geochemistry 
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at distinct volcanic centers during the lifetime of the arc (Nye, 1983; Richter 
et al., 1990; Skulski et al., 1991, 1992; Preece and Hart, 2004; Trop et al., 2012; 
Brueseke et al., 2019).

In the western WA, Preece and Hart (2004) documented three geochem-
ical trends and/or suites in <5 Ma volcanic rocks in the western WA (trend 
1—transitional-tholeiitic; trend 2a—“typical” subduction-related calc-alka-
line; trend 2b, adakite) and described the geochemical significance of each 
trend in three geographic zones: front-side, interior, and back-side volcanoes 
(Figs. 1 and 2). Less than 5 Ma eruptive products are from large composite 
shield volcanoes (Mounts Blackburn, Jarvis, and Sanford; Tanada Peak; Capital 

Mountain; and Skookum Creek volcanic complex), stratovolcanoes (Mounts 
Drum and Churchill), and a series of aligned cinder cones in the interior of the 
western WA. Preece and Hart (2004) suggest that Trend 1 rocks (dominantly 
from the interior of the WA) represent relatively low degrees of melting due 
to localized intra-arc extension, resulting in fast magma ascent rates and 
minimal fractional crystallization. Trend 2a rocks constitute the largest vol-
ume of <5 Ma WA volcanic products and show “typical” subduction-related 
calc-alkaline geochemical affinities that suggest somewhat higher degrees 
of partial melting due to fluid flux into the mantle wedge (Preece and Hart, 
2004). Trend 2b rocks occur only on the front side of the modern WA, and their 
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adakitic character is attributed to partial melting of the Yakutat slab (Preece 
and Hart, 2004; Preece et al., 2014).

In the central WA (Fig. 1), Trop et al. (2012) showed that trends 1 and 2a 
erupted from ca. 12–5 Ma into intra-arc basins, but trend 2b volcanic products 
are not recognized there. Trop et al. (2012) also documented north-trending Mio-
cene faults and dikes, consistent with transtension from the northwest-trending 
Totschunda fault, in the central WA. Trop et al. (2012) concluded that the same 
types of magma generation processes (e.g., mantle-wedge melting due to 
subduction and low-degree melting of mantle less affected by subduction 
due to intra-arc extension) that characterized the <5 Ma western WA, affected 
the central WA during Miocene time. Trop et al. (2012) focused on part of 
the southern portion of the central WA. The northern part of the central WA 
was essentially unexplored (until the present study) except for a handful of 
geochronological and geochemical analyses completed as part of regional 
geological mapping studies (Richter 1976; Richter et al., 2000). More recent 
work from the central WA (Brueseke et al., 2019) has demonstrated that since 
initiation at ca. 30 Ma to the present, the Wrangell volcanic belt in Alaska has 
been an arc, continuously producing volcanic products with a subduction 
signature (trend 2a). Additionally, Brueseke et al. (2019), concluded slab-edge 
upwelling, flat-slab defocused fluid flux, and faults acting as magma conduits 
are likely responsible for the exceptionally large volcanoes and high eruption 
rates of the Wrangell Arc.

The eastern WA in southwestern Yukon Territory and northwestern British 
Columbia, Canada, is characterized by a series of northwest-southeast–trending 
volcanic fields and records WA volcanism along the Duke River strike-slip fault 
(Fig. 1A; Skulski et al., 1991, 1992). The Stanley Creek volcanic field, the smallest 
of these fields and the farthest to the southeast, is composed of undated tran-
sitional and minor alkaline lavas (St on Fig. 1A; Skulski et al., 1991). The Alsek 
field is composed of ca. 14–11 Ma calc-alkaline and volumetrically minor tran-
sitional and alkaline lavas (AC on Fig. 1A), and the Nines Creek field consists of 
ca. 16–13 Ma transitional lavas (NC on Fig. 1A; Dodds and Campbell, 1988). The 
St. Clare Creek field is adjacent to the Yukon-Alaska border and comprises ca. 
18–10 Ma transitional and minor alkaline and calc-alkaline lavas (SC on Fig. 1A; 
Skulski et al., 1992). The St. Clare Creek volcanic field contains two distinct and 
overlapping composite volcanoes, termed the Wolverine and Klutlan eruptive 
centers. The ca. 18–16 Ma Wolverine center shows a chemo-stratigraphic trend 
from >17.8 Ma alkaline basalts at the base to transitional lavas in the middle of 
the section, to ca. 16 Ma calc-alkaline lavas at the top of the succession. The 
ca. 16–10 Ma Klutlan center shows the opposite relationship, with ca. 16–11 Ma 
calc-alkaline lavas comprising the lower half of the succession and ca. 11–10 
Ma transitional lavas making up the most recent eruptive products (Skulski 
et al., 1992). The presence of calc-alkaline chemistries, as well as similar iso-
topic compositions to western WA rocks, suggest that a mid-Miocene period 
of volcanism in the St. Clare Creek volcanic field was influenced by subduc-
tion. However, the alkaline, intraplate-like nature of the lowermost Wolverine 
lavas (intermediate between Cordilleran intra-plate and arc magmas; e.g., 
Eiché et al., 1987; Skulski et al., 1991) suggests that subduction input was not 

constant through the lifetime of the Wolverine volcanic center, and melting 
of a subduction-affected mantle wedge did not always occur in this location 
(Fig. 1). To explain the geochemistry of the Wolverine center, Skulski et al. 
(1992) suggested that extension across the right-lateral Duke River and Denali 
faults (i.e., transtension) and associated low-degree melting of asthenosphere 
were responsible for the alkaline lavas. Abundant north-trending dikes are 
consistent with transtension between the northwest-trending strike-slip faults 
(Skulski et al., 1992). A gradual upsection change to more subduction-related 
input created the transitional to calc-alkaline chemistries. The opposite trend 
seen in the Klutlan center reflects a decreased subduction input.

The SCVF is located adjacent to the United States–Canada border in Alaska, 
~30 km southwest of the Denali fault and ~30 km east of the Totschunda fault, 
~60 km northeast of Mount Churchill and the modern slab edge (Fig. 1). The 
SCVF contains the oldest known WA lavas, including a basalt that yielded a 
40Ar/39Ar age of ca. 30 Ma (Brueseke et al., 2019), which has been interpreted 
to represent the onset of WA magmatism (Richter et al., 1990; Brueseke et al., 
2019). The SCVF is ~18 km × ~28 km in size, and much of it was mapped by 
Richter et al. (2000), who also provided major-element chemical analyses of 
18 SCVF rocks. Within the SCVF, several different eruptive packages that are 
geochemically and temporally distinct crop out, and we discuss these packages 
below. We adopt the geochemical framework of Preece and Hart (2004) and 
Trop et al. (2012) as a means of understanding the roles of intra-arc extension, 
subduction, and slab-edge effects in the petrogenesis of older phases of WA 
magmatism. Our field, geochemical, and geochronological results constrain 
the nature and timing of volcanism within the discrete SCVF, the oldest known 
part of the WA.

 ■ METHODS

Samples were collected to maximize stratigraphic relationships and to 
obtain a representative set of the mapped rock units of Richter et al. (2000). 
The geological units we display on Figure 2 are geographically constrained, 
time-transgressive petrologic units (based on observed physical, petrographic, 
and geochemical heterogeneities, following Brueseke and Hart [2008]) that 
encompass multiple units previously defined by Richter et al. (2000). Only 
the freshest samples were collected, and splits of most samples were made 
for both geochemistry and geochronology, from the same sample. A subset 
of splits of the same samples were processed for geochronology (n = 60) and 
geochemistry (n = 60).

Fourteen samples were previously analyzed through traditional 40Ar/39 
step-heat geochronology at the University of Alaska Fairbanks Geochronol-
ogy Lab and published in Brueseke et al. (2019). Forty-six different igneous 
rock samples were analyzed by 40Ar/39Ar geochronology at the University of 
Alaska Fairbanks Geochronology Lab using the single-grain fusion 40Ar/39Ar 
geochronology method (Broussard et al., 2018). Rock samples were crushed 
using a stainless-steel mortar and pestle, then sieved using 500–1000 micron 
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sieves. Samples were then washed and sonically bathed in deionized water 
to remove and decant clay particles. Samples were then dried in an oven 
overnight at ~60 °C, and homogeneous grains were hand-picked under an 
optical microscope to select phenocryst-free groundmass chips as well as 
hornblende and biotite mineral separates. The monitor mineral TCR-2 with 
an age of 28.619 Ma (Renne et al., 2010) was used to monitor neutron flux 
and calculate the irradiation parameter (J) for all samples. The samples and 
standards were wrapped in aluminum foil and loaded into aluminum cans 
of 2.5 cm diameter and 6 cm height. Mineral separates were sent to the ura-
nium-enriched research reactor of McMaster University in Hamilton, Ontario, 
Canada, and irradiated for 20 megawatt-hours. After irradiation, samples were 
loaded into 2-mm-diameter holes in a copper tray and loaded in an ultra-high 
vacuum extraction line. The monitors were fused, and samples were heated, 
using a 6 W argon-ion laser following the technique described in York et al. 
(1981), Layer et al. (1987), and Benowitz et al. (2014). Argon purification was 
achieved using a liquid nitrogen cold trap and a SAES Zr-Al getter at 400 °C. 
The samples were analyzed in a VG-3600 mass spectrometer. The argon iso-
topes measured were corrected for system blank and mass discrimination, 
as well as calcium, potassium, and chlorine interference reactions following 
procedures outlined in McDougall and Harrison (1999). Typical full-system 
8 min laser blank values (in moles) were generally 2 × 1018 mol 40Ar, 3 × 1018 
mol 39Ar, 9 × 1018 mol 38Ar, and 2 × 1018 mol 36Ar, which are 10–50 times smaller 
than the sample/standard volume fractions. Correction factors for nucleo-
genic interferences during irradiation were determined from irradiated CaF2 
and K2SO4 as follows: (39Ar/37Ar)Ca = 7.06 × 104, (36Ar/37Ar)Ca = 2.79 × 104, and 
(40Ar/39Ar)K = 0.0297. Mass discrimination was monitored by running calibrated 
air shots. The mass discrimination during these experiments was 0.8% per 
mass unit. The majority of samples were analyzed using a single-grain or 
multi-grain fusion analysis approach. We developed a procedure to limit the 
effects of alteration by degassing each sample at 0.5 W for 60 seconds, and 
the released gas was pumped off for time efficiency and hence increased 
throughput. The results have a single-grain and/or multi-grain precision of 
1%. A subset of 14 samples was selected for higher-precision ages and step-
heated from relatively low temperatures until reaching fusion temperatures 
using the 6 W argon-ion laser (Benowitz et al., 2014). For each step, isotopic 
ratios of Ar were determined, with a range of mean square of weighted devi-
ates (MSWD) values of 0.0 –6.25 (Table S11).

A summary of 46 new 40Ar/39Ar single-grain fusion ages is given in Table S1 
(footnote 1) with all ages quoted to the ±1 sigma level and calculated using 
the constants of Renne et al. (2010). The integrated age is the age given by the 
total gas measured and is equivalent to a potassium-argon (K-Ar) age. The age 
spectrum provides a plateau age, if three or more consecutive gas fractions 
represent at least 50% of the total gas release and are within two standard 
deviations of each other (MSWD <2.5). When possible, inverse isochron ages 
were calculated from an inverse isochron diagram of 36Ar/40Ar versus 39Ar/40Ar 
ratios measured during each heating step (Roddick, 1978; Roddick et al., 1980; 
Benowitz et al., 2011).

For geochemistry, fist-sized samples were split into smaller pieces using 
a hydraulic press with tungsten splitting jaws. All weathered surfaces were 
removed by cutting with a rock saw and grinding on a 60-grit grinding wheel. 
All samples were cleaned in deionized water with an ordinary toothbrush and 
allowed to dry completely. When dry, all samples were crushed to pea-size and 
smaller fragments using tungsten crushing plates of the RockLabs hydraulic 
press, then randomized using a coning and quartering method on a glass 
plate. A small amount (~25 mL) of crushed sample was powdered using a Spex 
Industries shatterbox and an Alumina shatterbox assembly for eight minutes.

Fifty-five rock sample powders were sent to Washington State University 
for X-ray fluorescence (XRF) analysis of major elements, minor elements, and 
select trace elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P, V, Ni, Cr, Ga, Cu, and 
Zn) and inductively coupled plasma–mass spectrometry (ICP-MS) analysis of 
select trace- and rare-earth elements (Ba, Th, Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, Sc, 
Zr, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu). Analyses occurred 
via a ThermoARL Advant’XP+ sequential X-ray fluorescence spectrometer and 
an Agilent 7700 ICP-MS following the methods of Johnson et al. (1999) and 
Gaschnig et al. (2011). Five samples (SB15-30, 15JB16LA, 15JB28LA, 15JB31LA, 
and 15JB41LA) were analyzed for major-element (Si, Al, Fe, Mn, Mg, Ca, Na, 
K, and P) and trace-element (Rb, Sr, Y, Zr, V, Ni, Cr, Nb, Ga, Cu, Zn, Co, Ba, La, 
Ce, U, Th, Sc, and Pb) chemistry via a Panalytical PW 4204 XRF spectrometer 
at Franklin and Marshall College, following the methods outlined in Mertzman 
(2000, 2015) and online at http://www.fandm.edu/earth-environment/ laboratory- 
facilities/. Total volatiles loss-on-ignition (LOI) values were determined for 
each sample. Major elements are reported as wt% oxide, and trace-element 
concentrations are presented as parts per million (ppm). All major-, trace-, and 
rare-earth element data are presented in Table S2 (footnote 1). Fe was split 
according to LeMaitre (1976), and all major-element data used in diagrams and 
the discussion are reported as anhydrous using the split Fe data.

Although care was taken in the field to collect the freshest possible samples 
of volcanic rocks, LOI values and petrographic evidence suggest that some 
samples have been affected by secondary hydrothermal and/or meteoric fluid 
alteration and/or weathering. Based on a sample containing one or more of: 
(1) petrographic observations of abundant secondary phyllosilicate and/or 
carbonate phases; (2) LOI > 3.5 wt%; and/or (3) anomalous (i.e., non-igneous) 
relationships between Mg, Fe, Ni, Cr, V, and Sc, nine samples were interpreted 
to be altered and possess non-primary geochemical traits and were excluded 
from further consideration (reported in Table S2).

 ■ RESULTS

Field Relations and Geochronology

Field work in 2015 consisted of a week of targeted sampling and strati-
graphic section measuring; time constraints did not permit targeted geologic 
mapping. Sample locations are summarized in Table S2 (footnote 1) and on 

1 Supplemental Files. Complete spectra and laser- 
fusion 40Ar/39Ar data and whole-rock geochemistry. 
Please visit https://doi.org /10.1130 /GES02114.S1 or 
access the full-text article on www .gsapubs.org to 
view the Supplemental Files.
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Figure 2. Detailed petrographic descriptions of all SCVF samples can be found 
in Berkelhammer (2017). A summary of step-heat geochronology is found in 
Table 1 and Figure 3; the complete spectra and laser-fusion 40Ar/39Ar data are 
presented in the Supplemental Files (Table S1). Photographs of outcrops and 
field relations are shown in Figure 4 and Figure S1. Representative photo-
micro graphs from SCVF units are shown in Figure S2. Rock units from the 
SCVF are named based on geographic location and chemical composition 
and are divided into six units: (1) Rocker Creek volcanics; (2)Ptarmigan Creek 
volcanics, which include two suites of silicic materials; (3) Cabin Creek volca-
nics and Sonya Creek shield volcano; (4) Flat Top volcanics; (5) Young Creek 
volcanics; and (6) Border lavas; Fig. 2). Refer to Supplemental Files (footnote 1) 
for sample locations and Figure 2 for how our units compare to SCVF map 
units defined by Richter et al. (2000).

Rocker Creek Volcanics

Rocker Creek volcanics are primarily poorly exposed, blocky lavas that 
crop out mainly in small gullies along Rocker Creek (Fig. 4; Fig. S1). Rocker 
Creek lavas are intruded by domes and subvolcanic rocks (Richter et al., 2000). 
Petrographically, Rocker Creek lavas are clinopyroxene-plagioclase-phyric 
with a glassy or microcrystalline groundmass consisting of plagioclase laths, 
opaque oxide minerals, and/or clinopyroxene. Only a basaltic sample contains 

olivine. More evolved rocks have hornblende and biotite phenocrysts. Rocker 
Creek lavas yield 30.9 (±0.85)–23.4 Ma 40Ar/39Ar ages (Table 1). The Rocker Creek 
volcanics also include lava domes that occur as platy and blocky outcrops of 
hornblende plagioclase-phyric rock (Fig. 4). They have a glassy, microcrystal-
line groundmass consisting of aligned and/or flow-banded plagioclase laths 
and opaque minerals. Rocker Creek domes yield 26.0–23.2 Ma 40Ar/39Ar ages 
(Table 1). Other Rocker Creek volcanic rocks are exposed north of Ptarmigan 
Lake (Fig. 2). These yield >28 Ma ages and were originally mapped by Rich-
ter et al. (2000) as unit Tdh (our Ptarmigan Creek volcanics) (Fig. 2; Table 1).

Ptarmigan Creek Volcanics

The Ptarmigan Creek volcanics are located physically between the Rocker 
Creek volcanics and the Sonya Creek shield volcano (Cabin Creek volcanics), 
and they are dominated by two primary chemical suites: (1) a package that 
ranges chemically from basaltic andesite to dacite (Ptarmigan Creek inter-
mediate rocks) and (2) a second suite of more silicic rocks (Ptarmigan Creek 
silicic rocks) with SiO2 >72 wt%; this suite also includes samples that meet 
geochemical criteria to be considered adakitic (see below). The Ptarmigan 
Creek intermediate suite includes 23.2–21.7 Ma lavas, domes, plugs, and 
diorites (Fig. 4). These rocks show petrographic diversity. Two samples have 
cumulate textures of anhedral plagioclase crystals with intergranular biotite, 

TABLE 1. SUMMARY OF NEW 40Ar/39Ar AGE RESULTS

Age  
(Ma)

Error Sample no. Unit Age
(Ma)

Error Sample no. Unit Age
(Ma)

Error Sample no. Unit

24.1 0.2 15LA RC 22.1 0.3 43LA No chemistry 23.9 0.2 SB34 PC
24.8 0.3 16LA RC 23.4 0.7 45LA BL 23.7 0.6 SB36 PC
25.9 0.4 17LA RC 21.3 0.5 46LA BL 28.0 3.1 SB37 PC
22.6 0.7 20LA RC 27.0 0.4 47LA BL 24.6 0.3 SB39 FT
27.5 0.4 20LATUFF No chemistry 21.4 0.1 49LA RC 19.3 0.1 SB40 FT
26.2 1.2 26LA RC 30.3 3.1 MINIVOLCANO RC 19.7 0.1 SB41 FT
22.9 0.2 27LA RC 21.3 0.1 SB17 CC 23.0 0.2 SB43 PC
23.2 0.2 28LA RC 19.7 0.4 SB18 CC 25.6 0.2 SB44 No chemistry
24.5 0.6 30LA RC 23.3 0.3 SB19 CC 20.3 0.1 SB45 PC
23.4 0.5 31LA RC 22.1 0.4 SB20 CC 22.6 0.2 SB46 PC
22.3 0.3 32LA No chemistry 22.5 0.2 SB23 CC 22.2 0.1 SB47 PC
26.0 0.2 33LA RC 22.1 0.2 SB24 CC 21.7 0.3 SB48 PC
26.6 0.5 34LA RC 21.5 0.4 SB25 CC 25.3 1.2 SB50 YC
27.5 0.5 35LA No chemistry 20.7 0.4 SB27 CC 20.2 0.7 SB51 YC
19.6 0.5 37LA RC 18.5 0.5 SB28 CC 19.7 0.2 SB52 YC
23.3 0.1 38LA RC 21.3 0.5 SB29 CC 21.3 0.5 SB53 YC
23.2 0.2 39LA RC 21.7 0.4 SB30 CC 19.2 0.3 SB54 YC
26.0 0.4 40LA RC 21.7 0.6 SB31 CC 19.1 0.2 SB55 YC
23.5 0.2 41LA RC 22.0 0.3 SB32 CC 22.9 2.3 SB56 YC
27.2 0.4 42LA RC 29.0 0.2 SB33 PC

Note: Plateau ages in italics. BL—Border lavas; CC—Cabin Creek; FT—Flat Top; PC—Ptarmigan Creek; RC—Rocker Creek; YC—Young Creek.
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clinopyroxene, amphibole, and quartz (in the dacite). The basaltic-andesite and 
andesite samples have extrusive textures, with plagioclase phenocrysts and 
altered mafic phases in a glassy groundmass. Two dacites have hornblende 
phenocrysts and are otherwise plagioclase-phyric lavas. The Ptarmigan Creek 
silicic suite includes lava domes that yield 24.8–23.3 Ma 40Ar/39Ar ages and a 
20.3 ± 0.12 Ma plug (Table 1). These silicic rocks crop out as >300-m-tall domes, 
lavas in valleys, and as plugs (Fig. 4). They are porphyritic with plagioclase 
and sanidine phenocrysts in a microcrystalline to cryptocrystalline ground-
mass. Three samples have biotite phenocrysts, and one has hornblende and 
biotite phenocrysts. The adakitic samples are sanidine-phyric lavas with a 
microcrystalline and glassy groundmass.

Sonya Creek Shield Volcano: Cabin Creek and Flat Top Volcanics

Cabin Creek volcanics are from two stratigraphic sections on the north 
and south flanks of the Cabin Creek drainage in the Sonya Creek shield vol-
cano. Cabin Creek lavas are flat lying to gently dipping and range in thickness 
from 10 to 50 m thick (Fig. 4). Most lavas have vesicular and oxidized basal 
and upper breccia zones that form slopes, while the massive lava interiors 
are cliff forming. Thin (50 cm), interbedded tuffaceous breccia occurs on the 
north side of Cabin Creek. Along the south side of Cabin Creek are dacite lavas 
with well-developed, ~30-m-tall columnar joints, as well as a package of four 
mafic lavas with interbedded volcanic breccias (Fig. 4). The south side has sed-
imentary units interbedded with lavas; a poorly sorted boulder conglomerate 
with rounded volcanic clasts is interpreted as a debris and/or hyperconcen-
trated-flow deposit, and a poorly sorted breccia with volcanic boulders up to 
one meter in size is interpreted as a lahar deposit (Fig. 4). These sedimentary 
units are likely inter-eruptional deposits on the flanks of the volcano. Lavas 
along the north side of Cabin Creek are two-pyroxene, plagioclase-phyric glom-
eroporphyritic lavas. Clinopyroxene phenocrysts are pink in plane-polarized 
light and are likely titanaugite. Plagioclase phenocrysts show varying degrees 
of disequilibrium textures, but sieve texture and embayments are common. 
The trachydacites and the trachyandesite from the top of the section on the 
south side of Cabin Creek are plagioclase phyric and contain clinopyroxene 
phenocrysts. The lowermost rocks from the south side (“mafic package” of 
basaltic-andesites to andesites) are two-pyroxene, plagioclase-olivine-phyric 
glomeroporphyritic lavas. Clinopyroxene crystals may be titanaugite, and 
plagioclase phenocrysts show sieve texture. Cabin Creek volcanics yield 23.3–
18.5 Ma 40Ar/39Ar ages (Table 1).

The Flat Top volcanics were collected in stratigraphic context from the 
southeast margin of the inferred Sonya Creek shield volcano. Flat Top volcanics 
include lavas, tuff, and interbedded lahar deposits (Fig. 4). Silicic lavas in this 
package are ~10-m-thick blocky outcrops with sparse interbedded air-fall tuff 
deposits (Fig. 4). The massively bedded rhyolite ash-flow tuff (Flat Top tuff) 
that caps the stratigraphy is ~30 m thick and has flattened pumice fragments 
and volcanic lithic fragments greater than 15 cm long (Fig. 4). The Flat Top tuff 

0

5

10

15

20

25

0 5 10 15 20 25 30 35 40 45

Relative probability

Nu
m

be
r

Age (Ma)

45

 
40 39Ar/ Ar 
single-grain 
fusion ages
n=47

0
45

1

45

2

45

3

45

4

45

5

45

6

450 455 4510 4515 4520 4525 4530 4535 4540 454545

Relative probability

45

Nu
m

be
r

45

40 39Ar/ Ar 
plateau ages
n=14

0

45

5

45

10

45

15

45

20

45

25

45

0

45

5

45

10

45

15

45

20

45

25

45

30

45

35

45

40

45

45

45

Relative probability

45

Nu
m

be
r

45

 
40 /39Ar Ar ages
combined 
n=61

vector change

45

Initial Yakutat 
subduction

A

B

C

Figure 3. Histograms (gray bars) and age probability diagrams (red curves) for 40Ar/39Ar 
ages from volcanic bedrocks samples from the Sonya Creek volcanic field. (A) Plateau 
ages (n = 14). (B) Single-grain fusion ages (n = 46). (C) Combined plateau and single-grain 
fusion ages (n = 60). Yellow vertical bar denotes change in Pacific plate vector (Jicha et 
al., 2018). Each curve is the sum of ages and uncertainties from all analyses of a set of 
samples. The area under each curve is normalized according to the number of constitu-
ent analyses. No volume constraints on magmatic activity through time (or per unit) are 
implied by these diagrams.
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Figure 4. (A) The large Ptarmigan Creek silicic dome is ~300 m thick and was emplaced through the older Rocker Creek lavas. View to the east. (B) A view of the Ptarmigan 
Creek intermediate domes and hypabyssal diorite intrusives, with Cabin Creek volcanics in the foreground. (C) Photograph showing the south side of Cabin Creek section 
(see Fig. 2), with the lower mafic package, interbedded sedimentary strata, and thick upper trachydacite flow. (D) Cabin Creek volcanic package along north side of Cabin 
Creek and our sampling traverse (green line; Fig. 2). The dashed yellow line marks the approximate level below which the lavas dip more steeply to the west and above which 
have shallower dips. (E) View from distal Cabin Creek volcanics Flat Top hill. The location of the 24.6 Ma Flat Top basalt (SB15-39) is shown by the green X; the 19.3 Ma Flat 
Top tuff (SB15-40) is marked by the yellow arrow (e.g., capping unit). (F) View to the north from Flat Top hill, showing the large domes and plugs associated with marginal 
fractures of the Sonya Creek shield volcano. (G) Complex structural relationships of the northwest-dipping Young Creek volcanics, Rock Lake diorite (SB15-56), and flat- 
lying rocks of the Sonya Creek shield volcano (e.g., Cabin Creek volcanics) and Flat Top volcanics. View to the northeast. (H) View of an ~400-m-thick section of the Border 
lavas in the upper Rocker Creek showing them overlying the Rocker Creek volcanics. These lavas are across the border in Yukon Territory, Canada. View to the southeast.
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is found only along the southeast margin of the Sonya Creek shield volcano 
(as mapped by Richter et al., 2000). Rocks from the Flat Top volcanics show 
some petrographic diversity. The basalt from the bottom of the section is a clin-
opyroxene-plagioclase-olivine-phyric lava in coarse-grained groundmass. The 
Flat Top tuff (SB15-40) has embayed plagioclase, anorthoclase, and sanidine 
phenocrysts, and rare clinopyroxene. The groundmass is cryptocrystalline with 
a vitrophyric to eutaxitic texture, showing welded pumice fragments (Fig. 4). 
The two trachydacites are crystal-poor lavas. The Flat Top volcanics are ca. 
25–19 Ma, judging from a basalt at the base of the sampled stratigraphy that 
yields a 40Ar/39Ar age of 24.6 Ma and two lavas higher in the section that yield 
40Ar/39Ar ages of 19.7 Ma and 19.3 Ma (Table 1).

Young Creek Volcanics and Border Lavas

Young Creek volcanics crop out as massive clinopyroxene-plagioclase 
phyric lavas that dip to the northwest and are intruded by a north-striking 
dike (Figs. 2 and 4G). Two basaltic andesites contain olivine, and one of the 
andesites is hornblende bearing. A diorite intrusive body is exposed along 
Rock Lake (Figs. 2 and 4G) and has a cumulate texture of large plagioclase 
crystals with intergranular clinopyroxene and biotite; the diorite is included 

with Young Creek volcanics on geochemical plots presented below because of 
similar geochemistry, age, and geographic extent (Richter et al., 2000; Berkel-
hammer, 2017). Young Creek rocks yield 21.3–19.1 Ma 40Ar/39Ar ages; the Rock 
Lake diorite is 22.9 Ma with a large error (±2.2 Ma) (Table 1).

The Border lavas (Fig. 2) depositionally overlie the Rocker Creek volcanics 
(Fig. 4H) but are age-correlative with Young Creek volcanics and are included 
with those on chemical plots (see geochemistry section below). This package 
includes volcaniclastic rocks (Richter et al., 2000). Sampled Border lavas are 
plagioclase-phyric with a glassy and microcrystalline groundmass, including 
embayed plagioclase crystals that show sieve texture and opaque pseudo-
morphs after hornblende (Fig. 5). The Border lavas yield 21.3 and 19.6 Ma 
40Ar/39Ar ages (Table 1).

Geochemical Classification and Bulk-Rock Geochemistry

A total alkali versus silica (TAS) diagram after LeBas et al. (1986) shows 
the SCVF rocks spanning a compositional range from sub-alkaline basalt 
through rhyolite, with some samples plotting within the transitional fields of 
trachyandesite and trachydacite (Fig. 5). Most SCVF rocks plot as medium-K 
on the classification diagram of Gill (1981), but ten samples from Cabin Creek, 
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Figure 5. (A) Total alkali silica diagram after Le Bas et al. (1986), with the alkaline/sub-alkaline discrimination line of Irvine and Baragar (1971). (B) AFM discrimination diagram after Irvine and Baragar 
(1971). Data for Yukon alkaline, transitional, and calc-alkaline fields are ca. 18–10 Ma eastern Wrangell Arc samples from Skulski et al. (1991, 1992). All other figures that depict chemical data use 
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Flat Top, and Ptarmigan Creek show a high-K array (Fig. 6). An AFM diagram 
after Irvine and Baragar (1971) shows that all SCVF intermediate samples are 
calc-alkaline, with some of the Cabin Creek and Flat Top rocks plotting along 
the divide between the calc-alkaline and tholeiitic fields (Fig. 6). A FeO*/MgO 
versus wt% SiO2 diagram after Miyashiro (1974) shows most of the Flat Top 
and Cabin Creek rocks (as well as one Border lava and one Ptarmigan Creek 
adakitic lava) plotting within the tholeiitic field, while the remainder of the 
SCVF rocks plot as calc-alkaline (Fig. 6). Because the Flat Top and Cabin Creek 
rocks are sub-alkaline to transitional on a TAS diagram, and they plot as either 
calc-alkaline or tholeiitic depending on what classification diagram is used, 
they will be referred to as “transitional tholeiitic” in geochemical discussions. 
This term was used by Preece and Hart (2004) to describe their trend 1 magma 
series, and because Flat Top and Cabin Creek rocks are geochemically similar 
to trend 1 rocks, we adopt a similar approach. No SCVF rocks show similar 
chemistry to the primitive alkaline and transitional volcanic rocks from WVB 
volcanic fields in Canada (Figs. 5 and 6; Skulski et al., 1991, 1992), and these 
fields are not included on additional plots of geochemistry.

All SCVF samples with SiO2 >65 wt% are plotted on discrimination diagrams 
for silicic rocks (Fig. 7). SCVF rocks plot as peraluminous to metaluminous 
based on the alumina saturation index (Frost and Frost, 2008; Fig. 7). The Y 
versus Nb discrimination diagram after Pearce et al. (1984) shows that three 
Flat Top rocks plot in the within-plate granite field, while the remainder of the 
SCVF silicic rocks plot in the volcanic arc field (Fig. 7). Similarly, the same 
Flat Top rocks plot in the “A-type granite” field, and the remainder plot in the 

“I & S-types granite” field on the discrimination diagram of Whalen et al. (1987) 
(Fig. 7). This indicates that the geochemistry of the three silicic Flat Top rocks 

(two lavas and the 19.3 Ma Flat Top tuff) reflects processes that formed “hot 
and dry felsic” magmas, which is consistent with their anhydrous mineralogy.

Major-element concentrations for SCVF rocks are plotted on Harker dia-
grams to show geochemical arrays with differentiation (Figs. 8 and 9). All 
SCVF rocks show decreasing wt% TiO2, Al2O3, FeO*, MnO, MgO, P2O5, and 
CaO values with increasing SiO2, but Flat Top and Cabin Creek rocks tend 
to have higher amounts of TiO2 and P2O5 and lower amounts of MgO and 
CaO for a given SiO2 content (Fig. 8). Conversely, Rocker Creek and Young 
Creek rocks tend to have lower TiO2 and P2O5 and higher MgO and CaO at a 
given SiO2 value. All SCVF rocks show increasing K2O and Na2O values with 
increasing SiO2 (Fig. 8). Flat Top and Cabin Creek rocks tend to have higher 
values of both, while Rocker Creek and Young Creek rocks tend to have lower 
values, at a given SiO2 content. The Ptarmigan Creek intermediate rocks have 
major-element compositions that are intermediate between the Flat Top and 
Cabin Creek rocks and Rocker Creek suite (i.e., TiO2, MgO, and K2O). The Ptar-
migan Creek silicic rocks (72.9–76.5 wt% SiO2) show arrays that are different 
from the intermediate rocks. The silicic rocks show a sharp decrease in Al2O3 
content at high SiO2 values and lower Na2O values (3.7–4.6 wt%) than Flat 
Top silicic volcanics (4.9–5.3 wt%). Three of the Ptarmigan Creek silicic rocks 
belong to the high-K array, and the two Ptarmigan Creek adakites belong to 
the medium-K array (Fig. 8). Flat Top and Cabin Creek rocks plot within the 
field for trend 1 data of Preece and Hart (2004) and the “calc-alkaline” field of 
WA rocks in Canada (Skulski et al., 1991, 1992), discussed later.

Trace-element values for SCVF rocks are plotted on Harker diagrams to 
show geochemical arrays (Fig. 9). All SCVF rocks show decreasing values of 
the compatible trace elements (Sr, Ni, Sc, Cr, Cu, Zn, and V) with increasing 
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wt% SiO2 content, but Flat Top and Cabin Creek rocks tend to have lower 
amounts of Sr, Ni, and Cr and higher Zn for a given SiO2 content (Fig. 9; 
Table S2 [footnote 1]). Most Rocker Creek volcanics overlap with trend 2b 
calc-alkaline lavas of Preece and Hart (2004), the significance of which will 
be discussed later. All SCVF rocks show increasing values of the large ion 
lithophile elements (LILEs; Rb, Ba, U, Th, Pb, and Cs) with increasing SiO2, 
but Flat Top and Cabin Creek rocks tend to have higher concentrations of Rb, 
U, Th, Pb, and Cs at a given SiO2 content (Fig. 9; Table S2). The Ptarmigan 
Creek silicic rocks show a wide range of these incompatible trace elements 
over a relatively restricted SiO2 range. High field strength elements (HFSEs; 
Y, Zr, Nb, Hf, and Ta) show mixed arrays for SCVF rocks. Flat Top and Cabin 
Creek rocks show a strong increase in HFSE values with SiO2, especially for 

Y, Zr, and Hf (Fig. 9; Table S2) and overlap with trend 1 transitional-tholeiitic 
rocks of Preece and Hart (2004) and “calc-alkaline” field of eastern WA rocks 
in Canada (Skulski et al., 1991, 1992). The intermediate domes have slightly 
higher Y values at a given SiO2 value than the Rocker Creek rocks and overlap 
with trend 2a adakites of Preece and Hart (2004).

Selected rare-earth element (REE) values for SCVF rocks are plotted against 
SiO2 in Figure 9. REE concentrations versus SiO2 show a geochemical relation-
ship that is similar to the HFSE, with Flat Top and Cabin Creek rocks showing 
an increase in REE concentrations with increasing SiO2 and plotting within 
the “calc-alkaline” field for WA rocks in Canada (Skulski et al., 1991, 1992). 
Rocker Creek, Young Creek, and the Ptarmigan Creek intermediate rocks show 
no correlation or a broadly negative correlation of REE with increasing SiO2 
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(Fig. 9). In fact, the negative correlation for Rocker Creek, Young Creek, and the 
Ptarmigan Creek intermediate rocks is more evident with increasing atomic 
number; the light rare-earth elements (LREEs), especially La and Ce, show no 
obvious relationship, but the middle and heavy rare-earth elements (MREEs 
and HREEs) show a more defined negative variation with SiO2 (Fig. 9; Table S2 
[footnote 1]). Rocker Creek volcanics have similar REE profiles, with absent or 
small positive Eu-anomalies (Fig. 10). The one basalt (15JB25LA) is highlighted 
to show its generally higher trace-element abundances. The Ptarmigan Creek 
intermediate rocks show similar chondrite-normalized REE patterns, with sub-
dued negative or positive Eu anomalies (Fig. 10). The Ptarmigan Creek silicic 
rocks have lower normalized values and more significant negative Eu anom-
alies (Fig. 10). An exception is the Ptarmigan Creek adakitic lava (15JB15LA), 
which has a steeper REE profile (i.e., higher LREE/HREE ratio) and a slight 
positive Eu anomaly. Flat Top rocks show variety in their REE profiles. Flat Top 
silicic rocks have more elevated chondrite-normalized REE values and show 
negative Eu/Eu* anomalies (Fig. 10), while the basalt from lower in the strati-
graphic section (SB15-39) shows a very different REE profile, with lower REE 
values and a slight positive Eu/Eu* anomaly (Fig. 10). Cabin Creek rocks are 
similar to the Flat Top REE profiles but with slightly lower values and with more 
subdued negative Eu/Eu* anomalies (Fig. 10). Young Creek rocks and Border 
lavas show REE profiles that are similar to Rocker Creek lavas and domes, but 
the Border lavas have slightly steeper REE profiles (Fig. 10).

Multi-element diagrams of SCVF rocks, normalized to the primitive mantle 
values of Sun and McDonough (1989), show important geochemical differences 
and similarities (Fig. 11). Notably, all SCVF rocks show the enrichment in LILE 
and depletion in HFSE that are characteristic of subduction-related magma-
tism. The Rocker Creek volcanics show similar profiles to the Ptarmigan Creek 
intermediate rocks but with lower normalized trace-element values, particularly 
for REE (Fig. 11). The Ptarmigan Creek silicic rocks have higher values for the 
most incompatible trace elements but have similar REE values to Rocker Creek 
volcanics and Ptarmigan Creek intermediate rocks (Fig. 11). The Flat Top silicic 
rocks have very similar normalized trace-element values with HFSE depletion 
and LILE enrichment (Fig. 11). The basalt from lower in the Flat Top stratigraphic 
section shows a very different trace-element profile, with much lower normal-
ized trace-element values and a lack of large Sr, P, or Ti anomalies, as well as 
much less pronounced HFSE depletion and LILE enrichment (Fig. 11). The lavas 
of Cabin Creek are very similar to each other, except for the basaltic andesite 
that is the most primitive rock from the Cabin Creek section (Fig. 11). Most of 
the Young Creek volcanics are similar to Rocker Creek and Cabin Creek rocks 
(Fig. 11). However, the Rock Lake diorite (SB15-56) has a distinctly different 
profile, with larger depletions in HFSE and REE and higher Sr values. The two 
Border lavas are plotted with the Young Creek volcanics, based in part on geo-
chronological data, and have a similar geochemical profile (Fig. 11).

Select trace-element ratios are plotted against SiO2 in Figure 12 to show 
geochemical characteristics that are helpful in classifying some of the rock 
types. Sr/Y ratio versus SiO2 shows most of the Rocker Creek volcanics 
have higher Sr/Y values at a given SiO2 content than the other rock groups, 

particularly Flat Top and Cabin Creek rocks (Fig. 12A). At lower SiO2 values, the 
Young Creek volcanics are also elevated in Sr/Y relative to the Cabin Creek rocks. 
This high Sr/Y array serves to further distinguish the Rocker Creek volcanics 
from the Ptarmigan Creek intermediate rocks. Ba/Nb, a ratio of fluid-mobile 
incompatible element to high field strength element, can also be used as a 
proxy for subduction input (Pearce et al., 2005). Ba/Nb ratios of SCVF rocks 
show a similar distinction between the Rocker Creek and Young Creek volca-
nics, in comparison to Flat Top, Cabin Creek, and Ptarmigan Lake volcanics 
(e.g., higher Ba/Nb at a given wt% SiO2; Fig. 12B). Eu/Eu* quantifies the Eu 
anomalies shown on chondrite-normalized REE plots (Fig. 12C). When plotted 
against SiO2, the Ptarmigan Creek silicic rocks, the Flat Top silicic rocks, and 
the Cabin Creek volcanics show Eu/Eu* <1 (0.9–0.37), values that are generally 
lower than Rocker Creek and Young Creek volcanics at a given SiO2 content. 
The three most mafic samples from SCVF show the highest Eu/Eu* values 
(1.08–1.25; Fig. 12C). The Cabin Creek and Flat Top volcanics generally plot 
within the fields for “trend 1” data of Preece and Hart (2004), and the “calc-al-
kaline” field for Yukon WA rocks (Skulski et al., 1991, 1992). In summary, the 
bulk-rock geochemistry of SCVF rocks shows that a diverse suite of magmas 
erupted in the SCVF, all of which were affected by subduction zone processes 
in light of the variable major- and trace-element chemistries the rocks exhibit.

 ■ FIRST-ORDER CONSTRAINTS ON PETROGENESIS OF SCVF 
UNITS AND IMPLICATIONS

Rocker Creek Volcanics (30–23 Ma)

Rocker Creek lavas and domes show enrichment in LILE and HFSE depletion 
(relative to primitive mantle; Fig. 11), as well as elevated Sr/Y values (Fig. 12A), 
all of which suggests the role of fluids fluxing from the subducting oceanic 
plate and subsequent melting of mantle-wedge peridotite (Stern, 2002). Rocker 
Creek lavas and domes have elevated Ba/Nb values (Figs. 11 and 12B), sug-
gesting that they formed under oxidizing conditions in the presence of H2O 
and other volatile phases liberated from the subducting slab. The Rocker Creek 
lavas and domes also contain hornblende and biotite phenocrysts consistent 
with a role of H2O in their source and a subduction origin.

Eu/Eu* provides an indication of the oxidation state of a magma, where 
values less than 1 indicate a reducing environment (i.e., a greater propor-
tion of Eu2+ to Eu3+) and a role for plagioclase as a fractionating phase (i.e., 
distribution coefficient for Eu in plagioclase increases as proportion of Eu2+ 
increases; Drake, 1975; Drake and Weill, 1975). Rocker Creek lavas and domes 
have Eu/Eu* values close to 1 (Fig. 12C), suggesting that Eu was dominantly 
in the Eu3+ valence state, also indicating that the magma was oxidized. Rocker 
Creek domes are slightly younger and generally more evolved than Rocker 
Creek lavas (Table 1 and Figs. 8 and 9) and may represent the late-stage silicic 
phases of the same vent source that were too viscous to flow as far as the older 
lavas. Consequently, the eruptive source for Rocker Creek lavas and domes 
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may be buried below the extensive dome field of the Ptarmigan Creek volca-
nics (Fig. 2). In summary, the geochemistry of the oldest volcanic rocks in the 
WA indicates petrogenesis under oxidizing conditions, in a subduction zone.

Ptarmigan Creek Volcanics (25–20 Ma)

Ptarmigan Creek silicic rocks show generally consistent geochemistry; 
LILE enrichment and HFSE depletion and the presence of hydrous phenocryst 
phases (biotite and/or amphibole) indicate a subduction-related origin. Sample 
SB15-45 is ~3–4.5 m.y. younger than the other Ptarmigan Creek silicic rocks; 
so it is considered separately. The remaining two silicic lavas are high-silica 
rhyolites and have the highest K2O contents (>3.8 wt%) documented in the 
SCVF. Incompatible trace-element abundances can give information on the 
degree of fractionation or crustal contamination. Two silicic lavas have the 
highest abundances of Nb, Ta, and Rb in the SCVF (Fig. 11) and the most neg-
ative Eu anomalies (0.37–0.55, Fig. 12C). Figure 13 suggests that they follow 
the magma evolution path for a fractionating assemblage of plagioclase and 
amphibole. These two silicic lavas also have the highest Rb/Sr and lowest Zr/
Nb values of the entire SCVF array, consistent with fractionation of plagioclase 
and zircon, respectively. Zircon was observed in these lavas; so zircon fraction-
ation was likely responsible for the low Zr values. These trace-element data 
and phenocryst assemblages suggest that these two rhyolite lavas were likely 
generated by fractional crystallization of a hydrous parental magma, which 
included plagioclase, amphibole, and zircon fractionation (Drake, 1975; Drake 
and Weill, 1975). They erupted at 23.9–23.2 Ma, during the latest phases of 
Rocker Creek eruptive activity. However, the geochemical variations in Figures 
8–11 suggest that the two rhyolites are more closely related to a magmatic 

system similar to the intermediate domes (i.e., hydrous, subduction-related, 
calc-alkaline magmas without the adakite component).

The Ptarmigan Creek intermediate dome field lies between the Rocker Creek 
volcanics and Cabin Creek–Flat Top–Young Creek volcanics both geographically 
and in geochemical parameters. A wide range of geochemical compositions 
and a variety of petrographic textures (i.e., basaltic-andesite cumulate and 
intrusive diorites to rhyolitic porphyritic-extrusive lavas) exist within the sam-
pled area. Bulk geochemistry and mineralogy (presence of hydrous phases 
biotite and amphibole; Fig. S2 [footnote 1]) suggest that these rocks represent 
typical hydrous subduction-related processes, but with slightly lower values 
for slab-fluid signatures than Rocker Creek lavas and domes (i.e., Sr/Y, Ba/Nb; 
Fig. 12). The Ptarmigan Creek intermediate dome rocks are chemically similar 
to trend 2a of Preece and Hart (2004) of the <5 Ma western WA (Figs. 12 and 14), 
as well as the central WA Frederika Formation lavas of Trop et al. (2012). Those 
authors attribute those magma series to melting of the mantle wedge by 
the addition of fluids from the subducting slab. The presence of hornblende 
(and biotite) as phenocryst phases is consistent with the intermediate domes 
following the vector of a plagioclase ± amphibole fractionating assemblage 
(Fig. 13). The moderate values of trace-element ratios (Fig. 12; Sr/Y and Ba/Nb) 
that show elevated values of LILE and other fluid-mobile elements over HFSE 
and other immobile elements support the interpretation of hydrous melting 
of mantle wedge as the main control on intermediate dome magma genesis.

Sample SB15-45 is a calc-alkaline rhyolite with a subduction signature and 
has hydrous phenocryst phases (biotite and amphibole), suggesting a subduc-
tion-related origin. It is similar in age (20.3 ± 0.12 Ma) to the Flat Top volcanics 
and the youngest Cabin Creek lavas (ca. 21–20 Ma) and was collected from a 
small plug with columnar jointing that intrudes the intermediate domes east 
of Ptarmigan Lake (Figs. 2 and S2 [footnote 1]). SB15-45 may be an unmapped 
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analog to four small rhyolitic domes and plugs mapped along the southeastern 
margin of the Sonya Creek shield volcano (Richter et al., 2000). The close spatial 
and temporal association of these domes and plugs with the Flat Top rocks 
suggests that the swarm of silicic domes and plugs may represent local crustal 
melts, silicic differentiation due to filter pressing within the Sonya Creek magma 
chamber, or resurgent magmatism after the Flat Top tuff eruption, during the 
late phases of the Sonya Creek shield volcano. The plug has Rb/Sr, Eu/Eu*, and 
major-element values comparable to the Flat Top trachydacite lavas and the 
Flat Top tuff, indicting a similar degree of magmatic differentiation between 
the two rock groups. However, the plug has hydrous phenocrysts and lacks 
the elevated values of HFSE and REE in the Flat Top volcanics (Figs. 10 and 11). 
Figure 13 shows the plug following the fractionation vector of plagioclase ± 
amphibole, which is distinctly different from the silicic Flat Top volcanics. This 
discrepancy between the silicic rocks of similar ages suggests a difference in 
petrogenesis. If this silicic plug is similar in age and geochemistry to plugs 
mapped by Richter et al. (2000) along the southeast margin of the Sonya Creek 
shield volcano, these plugs represent a pulse of calc-alkaline magmatism during 
the late phases of SCVF activity and could potentially be related to the Young 
Creek and/or Border lava magmatic systems to the south.

Sonya Creek Shield Volcano: Cabin Creek and Flat Top Volcanics 
(25–19 Ma)

The largest volcanic feature of the SCVF is the Sonya Creek shield volcano, 
which has had much of its edifice removed by erosion. The Sonya Creek shield 
volcano is composed of a >1-km-thick succession of basaltic to rhyolitic lavas, 
including an obsidian-bearing unit, termed the Cabin Creek lavas after the valley 
in which they were sampled (Fig. 2). Bulk geochemistry shows the Cabin Creek 
lavas (and broadly similar Flat Top volcanics) have elevated levels of HFSE at a 
given SiO2 content relative to the rest of the SCVF rocks, and they plot within 
the fields for trend 1 rocks of Preece and Hart (2004). Cabin Creek and Flat Top 
volcanics are also chemically similar to the “calc-alkaline” data from the Canada 
WVB volcanic fields (yellow fields in Figs. 8, 9, and 12; Skulski et al., 1991, 1992), 
which are interpreted to represent an input of subduction-related fluids into 
overlying mantle (Skulski et al., 1991, 1992). These melts would have formed 
in dry and reducing conditions, which resulted in the lower abundances of LILE 
and greater abundances of HFSE seen in geochemical variations of Cabin Creek 
and Flat Top volcanics (Figs. 8 and 9). Melting of this kind could be triggered by 
extensional pressure release (decompression melting) rather than flux-melting 
of the mantle wedge (Preece and Hart, 2004). Eu/Eu* values of Cabin Creek and 
Flat Top volcanics (0.69–0.99; excluding the Flat Top basalt, SB15-39) suggest 
that these magmas formed under relatively reducing conditions, allowing Eu2+

to partition into plagioclase as a fractionating phase (Fig. 12D; Drake, 1975; 
Drake and Weill, 1975). Figure 14A shows the Cabin Creek and Flat Top volca-
nics plot along the vector of a plagioclase ± olivine ± pyroxene (±magnetite) 
fractionating assemblage, consistent with observed mineralogy.

Flat Top trachydacite lavas and the Flat Top tuff crop out topographically 
higher than the adjacent Cabin Creek lavas, are younger than the bulk of Cabin 
Creek lavas, and lie along the same geochemical arrays to high SiO2 values, 
suggesting these rocks may be part of the same volcanic system (Figs. 8, 9, 
and 12). This interpretation is consistent with Richter et al.’s (2000) mapping, 
which shows fracture-associated domes, plugs, dikes, and lava flows along 
the northeast margin of the SC shield (Fig. 2). The basalt sampled from low 
in the Flat Top stratigraphy (SB15-39) is ~5.3 m.y. older than the overlying tra-
chydacites and rhyolite and is compositionally distinct (Figs. 8, 9, and 11). The 
age of the Flat Top basalt (24.6 ± 0.3 Ma) falls within the error for the Rocker 
Creek basalt (15JB25LA; 25.5 ± 2.9 Ma). This relationship likely suggests that 
the only two basalts sampled from the SCVF may represent the same mafic 
pulse of magmatism into the system.

Young Creek Volcanics and Border Lavas (23–19 Ma)

The Young Creek volcanics generally overlap with trend 2a data of Preece 
and Hart (2004) (Figs. 8, 9, and 12). Those authors interpret that trend as 
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reflecting “typical” subduction-related geochemical affinities, with enrichments 
in LILE and depletions in HFSE (Fig. 11). The Young Creek lavas erupted during 
the latest phases of SCVF volcanic activity (19.1–19.3 Ma) from an unknown 
source in the southwest segment of the volcanic field (Fig. 2; Table 1). The 
mafic diorite from Rock Lake (22.9 ± 2.2 Ma) is included in this group based on 
chemistry and age data and may represent a sub-volcanic root of an eruptive 
source for the Young Creek rocks (Figs. 2 and 4; Table 1). Our new geochrono-
logical data show that the Young Creek rocks overlap in age with the youngest 
phases of Cabin Creek and Flat Top magmatism (Fig. 3; Table 1); this overlap 
contradicts the interpretation of Richter et al. (2000) that Young Creek rocks 
are at least 23 Ma. However, field relations show flat-lying Flat Top rocks that 
overlie tilted Young Creek rocks (Figs. 2 and 4), indicating that the exact rela-
tionship between this geographically close magmatism is complicated and 
may be overlapping in places.

The sampled Border lavas have typical subduction-related chemistry and 
are generally chemically similar to Young Creek rocks, but at higher SiO2 values 
(Figs. 8 and 9). The Border lavas overlap in age with the Young Creek rocks, 
and although they are more silicic than the Young Creek volcanics, those two 
rocks groups show similar geochemical profiles (Figs. 10 and 11). This rela-
tionship does not imply that the Border lavas and Young Creek volcanics are 
petrogenetically related, but the close association in time and space, and their 
geochemical similarity, indicate that the two rock groups may have formed 
from a similar subduction-related magmatic event that erupted via different 
volcanoes. Regardless, the Border lavas and Young Creek rocks represent a 
shift to calc-alkaline magmatism in a southward direction, away from the Sonya 
Creek shield volcano. The alkaline to calc-alkaline St. Clare Creek volcanic field 
in Yukon Territory (~80 km to the southeast; SC on Fig. 1) was active immedi-
ately following SCVF activity at ca. 18 Ma (Skulski et al., 1992), and Young Creek 
and Border lava magmatism represents the beginning of this southward shift.

Adakite-Like Signature in Rocker Creek and Ptarmigan Creek 
Volcanics

Some Rocker Creek and Ptarmigan Creek volcanic rocks have higher Sr/Y 
values than most other SCVF rocks (Fig. 14A); these values imply a role for 
garnet or amphibole in the source rock (Defant et al., 1991). Figure 13 shows 
that the differentiation array of these rocks could be controlled by a fraction-
ating and/or residual assemblage of plagioclase ± amphibole ± garnet. These 
rocks do not have the high La/Yb values (>20) that would suggest a strong 
role for residual garnet, which is inconsistent with the formal usage of the 
term “adakite” as defined by Defant and Drummond (1990) (Figs. 14A and 14B). 
However, these rocks are chemically similar to the Mount Drum “transitional” 
dacites and andesites of the trend 2b adakite suite of Preece and Hart (2004); 
this suite consists of adakite-like Sr, Y, and Sr/Y, but slightly lower La/Yb ratios 
than adakites sensu stricto (Castillo, 2012; Fig. 14B). Those rocks plot between 
the adakite field and the evolved arc-related rocks of trends 1 and 2a, which 

we interpret to represent mixing between an adakite-like melt (slab melt or 
mafic lower-crustal melt) and some other primitive magma derived from a 
subduction-fluxed mantle wedge (Preece and Hart, 2004).

Geochemical and geochronological data reported recently from hypabyssal 
hornblende dacite intrusions ~60–100 km northwest of the SCVF documents 
adakite-like magmatism from ca. 29–22 Ma along the northern flank of the WA 
(data shown in dashed field in Fig. 14C; Weber et al., 2017). The two Ptarmigan 
Creek high-Si adakites (15JB15LA and 15JB16LA) have high Sr/Y (15JB15LA 
has high La/Yb) and may represent a differentiated product of an adakite-like 
magma that formed via melting of a slab edge or lower crust during subduc-
tion initiation (Defant and Drummond, 1990; Sajona et al., 1993; Peacock et 
al., 1994) and then underwent mixing with another primitive mantle-wedge 
melt to produce the geochemical array of the Rocker Creek volcanics. These 
two Ptarmigan Creek adakites have Nb and Ta values that are equal to, and in 
some cases, lower than, the Rocker Creek volcanics. Because Nb and Ta are 
incompatible in mafic minerals (Gill, 2010), the low values of those elements in 
the two rhyolites are not likely to result from differentiation of a mafic magma 
by fractional crystallization. Additionally, the two adakite-like samples have 
Eu/Eu* values close to one (Fig. 12C) and low Rb/Sr values, suggesting that 
plagioclase fractionation was not an important process in magma evolution. 
Although these two lavas share other major- and trace-element characteristics 
with the Ptarmigan Creek volcanics (discussed below), they likely belong to 
another eruptive system.

Trace elements for SCVF adakite-like rocks can be used to distinguish 
between melting of the slab and the lower crust, in lieu of radiogenic isotope 
data. A plot of Th/U versus U (Fig. 14C) shows that one of the Ptarmigan Creek 
adakites plots close to the fields for melts derived from middle continental 
crust and lower continental crust (Rudnick and Gao, 2003; Karsli et al., 2011), 
even considering the larger uncertainty for this XRF data (Fig. 14C). However, 
the other adakite lava (15JB15LA) plots close to the field for N-MORB–derived 
melts, along with the Rocker Creek volcanics. This could be evidence that the 
two Ptarmigan Creek adakite-like silicic lavas are not petrogenetically related, 
or secondary alteration by surface processes has changed the values of the 
fluid-mobile trace elements, U or Th. Regardless, the U and Th element data 
suggest some amount of lower- to middle-crust involvement in the genera-
tion of at least one of the adakite-like rhyolites. Figure 13A shows that the two 
silicic adakite-like lavas follow the vectors of a fractionating and/or residual 
assemblage containing amphibole ± garnet, as opposed to the Ptarmigan Creek 
intermediate rocks (Pearce and Norry, 1979; Irving and Frey, 1984).

Figure 14C shows the Rocker Creek volcanics plot near the field for N-MORB–
derived melts. So, if they were derived from a mafic lower-crustal rock, it would 
have to be more similar to an underplated basalt in composition (more prim-
itive) than global average lower continental crust (Fig. 14C; Rudnick and Gao, 
2003). The Rocker Creek volcanics have Mg#, MgO, Ni, and Cr values (Figs. 8, 
9, and 14D) that suggest interaction with mantle-wedge peridotite and there-
fore either derivation by melting of delaminated mafic lower crust or melting 
of subducted oceanic basalt. Cretaceous adakitic andesites and dacites from 
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China have been demonstrated to form via delamination of underplated mafic 
lower crust that sank into the mantle, equilibrated with mantle peridotite, and 
partially melted (Xu et al., 2002; Wang et al., 2006). However, Rocker Creek 
volcanics extend to more primitive compositions (six samples with SiO2 <63 
wt%) and have higher MgO, Cr, and Ni values at a given SiO2 content than the 
Chinese adakites (Fig. 14D; Xu et al., 2002). The MgO, Ni, and Cr values for 
the majority of SCVF adakite-like rocks strongly suggest that their adakite-like 
signature was not derived via melting of mafic lower crust. A direct melt of 
the subducted Yakutat slab during subduction initiation is more likely as the 
source of the adakite-like signature in the SCVF and along the northern flank 
of the WA. Adakite chemistries have been shown to form via a number of 
geological processes in addition to slab melting (Castillo, 2012), and studies 
of arc magmatism also often associate adakites with high-Mg andesites (Mg#  
45, wt% SiO2 = 54%–65%; Grove et al., 2003; Kelemen et al., 2003; Streck and 
Leeman, 2018), rocks which have controversial (e.g., primitive melts of man-
tle-wedge versus magma-mixing) origins. However, slab melting does appear 
to be a viable process to form WA adakite-like magmas, especially when the 
subducting slab is young, shallow-dipping, and at shallow depths (Yogodz-
inski et al., 1995, 2001; Drummond et al., 1996; Gutscher et al., 2000). These 
conditions characterize southern Alaska and have done so for at least the 
past ~30 m.y. (Ferris et al., 2003; Finzel et al., 2011, 2016; Brueseke et al., 2019).

The tectonic implications of our data are the following: melting of either the 
slab-edge itself or mafic lower crust was triggered by mantle flow around the 
leading or lateral edge of the slab following the initiation of subduction of the 
Yakutat oceanic crust (Fig. 15). Recent three-dimensional modeling shows that 
toroidal flow of warm sub-slab mantle around the lateral edge of the Yakutat 
slab may have occurred (Jadamec, 2016). This upwelling sub-slab mantle 
could induce melting of the slab-edge or lower crust, with both melt sources 

giving rise to adakite-like magmas, and is consistent with recent geophysical 
study of south-central Alaska subduction that suggests that the modern WA 
exists above the Yakutat slab edge (Martin-Short et al., 2018). Preece and Hart 
(2004) proposed a slab-edge melting scenario of slab heating for <1 Ma WA 
adakites that erupted from Mount Churchill, partially due to the slowing of 
subduction rate. This interpretation is in line with recent geophysical con-
straints that indicate the WA trench has become more of a collisional zone in 
the past ~1 m.y. (Gulick et al., 2013). Preece and Hart (2004) and Thorkelson et 
al. (2011) proposed a slab-window scenario of adakite production in the WA. 
We propose a modified model for the presence of ca. 30–23 Ma WA adakite 
magmas: slab-edge melting due to toroidal flow during rapid convergence 
between the Yakutat microplate and North America.

 ■ REGIONAL ARC-TRANSFORM TECTONIC IMPLICATIONS

Wrangell Arc Initiation: Yakutat Subduction and Changes in Relative 
Plate Motion

New field, geochemical, and geochronological data for the Oligo–Miocene 
Sonya Creek volcanic field place constraints on the tectonic history during initi-
ation of the Wrangell Arc starting ca. 30 Ma (Figs. 3 and 16). Initial emplacement 
of subduction-related calc-alkaline magmas, including some with adakite-like 
chemistry, was followed by a geochemical, temporal, and geographic shift 
to more transitional-tholeiitic affinities related to anhydrous melting due to 
intra-arc extension. An additional pulse of calc-alkaline magmatism marked 
the end of SCVF activity. SCVF geochemical compositions are broadly similar 
to those documented in the central and western WA (ca. 12 Ma–Holocene), 
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reflecting the dominant roles of subduction and intra-arc extension on magma 
production. Exceptions are the presence of adakite-like lavas (trend 2b) and 
the lack of alkaline magmatism that characterized <19 Ma volcanism in adja-
cent areas of Yukon. Trend 2b rocks have not been identified in the older than 
<5 Ma Wrangell Arc until recently (Morter et al., 2016; Brueseke et al., 2019; 
this study). We propose a model for the geochemical changes documented 
in the SCVF, where a change in subduction angle or convergence angle and/
or rate initiated melting of previously modified and/or enriched MORB mantle. 
An initial geochemical signature of typical subduction-related calc-alkaline 
affinities (trend 2a; Rocker and Ptarmigan Creek volcanics) gave way to more 
transitional-tholeiitic affinities (trend 1; Cabin Creek and/or Flat Top), followed 
by a return to typical calc-alkaline magmatism (trend 2a; Young Creek and 
Border lavas). All three phases of SCVF magmatism are consistent with the 
subduction of the initial thinner edge of the Yakutat microplate or, alternatively, 
subduction of “typical” thickness oceanic crust in front of the Yakutat microplate. 
The latter is consistent with geophysical studies and modeling that imply the 
subducting Yakutat microplate plays a role in WA magmatism and the lack of 
any anomalous geochemical changes in erupted volcanic products during the 
~30 m.y. duration of the WA (Jadamec and Billen, 2010, 2012; Bauer et al., 2014; 
Martin-Short et al., 2016; Wech, 2016; Martin-Short et al., 2018; Brueseke et al., 
2019; Pavlis et al., 2019; Venereau et al., 2019).

Our new geochemical and geochronological data document initiation of 
the Wrangell Arc ca. 30 Ma along the inboard margin of the subducted Yakutat 
microplate. The timing of arc initiation is consistent with thermochronologic 
and stratigraphic records reported previously from the region above and adja-
cent to the Yakutat flat slab. Collectively, these studies document upper-plate 
processes attributable to flat-slab subduction starting in late Oligocene time, 
including shortening, exhumation, and erosion of the upper plate, shoaling 
or inversion of sedimentary basins above the flat-slab region, and deposition 
of thick, clastic wedges in sedimentary basins located along the western and 
northern perimeters of the flat-slab region (Berger et al., 2008a, 2008b; Enkel-
mann et al., 2008, 2010; McAleer et al., 2009; Finzel et al., 2011, 2016; Arkle et 
al., 2013; Grabowski et al., 2013; Falkowski et al., 2014, 2016; Falkowski and 
Enkelmann, 2016; Dunn et al., 2017; Enkelmann et al., 2017).

The overall frequency of SCVF magmatism appears to reflect not only the 
initiation of Yakutat flat-slab subduction (Benowitz et al., 2014; Lease et al., 
2016) but also a newly defined change in Pacific plate direction and velocity 
at ca. 25 Ma (Jicha et al., 2018) (Figs. 3 and 16). The initiation of Yakutat flat-
slab subduction is associated with the shutting off of arc magmatism in the 
Alaska Range (Trop et al., 2019), basin subsidence and inversion (Ridgway et 
al., 2012), and deformation across southern Alaska (e.g., Lease et al., 2016). 
The initiation of the Wrangell Arc has also been linked with initiation of Yaku-
tat flat-slab subduction (Richter et al., 1990; Brueseke et al., 2019; this study). 
Jicha et al. (2018), based on a kink in the northwest Hawaiian Ridge, defined 
a change in Pacific direction (more northerly) and velocity (52% increase) at 
25.3 Ma ± 0.5 Ma. The authors noted numerous tectonic and volcanic events 
at this time across the circum-Pacific, including an increase in deformation 

rates across the entirety of the Alaska Range (see Benowitz et al., 2014, for a 
summary). Based on our new geochronology and geochemistry data (Figs. 3 
and 16), the SCVF appears to have experienced an increase in magmatic flux 
and potentially an increase in slab-edge melting (e.g., adakite generation) at 
ca. 25 Ma; this melting aligns well with the previously identified ca. 25 Ma 
southern Alaska tectonic event (Benowitz et al., 2014). This new interpretation 
of the plate boundary driver for ca. 25 Ma deformation events across southern 
Alaska helps reconcile the apparent conflict of the initiation of Yakutat flat-
slab subduction (ca. 42–32 Ma, Finzel et al., 2011; ca. 30 Ma, Brueseke et al., 
2019) >5 m.y. prior to enhanced deformation across southern Alaska ca. 25 
Ma (Benowitz et al., 2012a; Benowitz et al., 2014).

We suggest that increased convergence rates can lead to more torpid man-
tle flow and could explain the apparent increase in adakite-like magmatism 
after the ca. 25 Ma change in Pacific plate vector. This scenario may explain 
WA adakite magmatism ca. 5 Ma to ca. 3 Ma, which has been attributed to a 
slab window (Preece and Hart, 2004; Thorkelson et al., 2011). Circa 5 Ma is also 
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when the known change in Pacific plate vector became more convergent with 
Alaska and also more rapid (Engbretson et al., 1985). This change has been 
linked to late Miocene deformation in the Alaska Range (Waldien et al., 2018).

Our new geochemical and geochronological data also indicate that an 
increase in convergence rate of the Pacific-Yakutat plate at ca. 25 Ma with 
Alaska (Jicha et al., 2018) may have transferred some component of strain to 
the upper plate via the Denali-Totschunda fault system ca. 23–22 Ma, based on 
the initiation of transitional-tholeiitic Sonya Creek shield volcanism (Fig. 16). 
This inference aligns well with known constraints on slip rates along the Denali 
fault system (Benowitz et al., 2012b). Immediately following SCVF magmatism, 
primitive alkaline lavas erupted to the southeast along the Duke River fault in 
the Yukon from ca. 18–16 Ma (Skulski et al., 1991, 1992). Extensional stresses 
across strike-slip faults (i.e., transtension) facilitate the ascent of mantle melts 
(Takada, 1994), and changes in degree of partial melting would result in vari-
ations in geochemistry (Preece and Hart, 2004). Our interpretation is that the 
presence of a subduction-modified mantle wedge would impart the trace-el-
ement subduction signature on transitional to calc-alkaline magmas, similar 
to what is documented in the “calc-alkaline” rocks from the eastern WVB in 
Canada. Dextral strike-slip motion documented along the Denali, Totschunda, 
and/or Duke River faults (Ridgway and DeCelles, 1993; Matmon et al., 2006; 
Cobbett et al., 2017) would be expected to shift the position of arc volcanoes 
southward and provide conduits for magma ascent (Skulski et al., 1991, 1992). 
Transtensional tectonics persisted throughout development of the WA, includ-
ing ca. 12–8 Ma transtensional arc volcanism and intra-arc basin development 
in the central WA (Trop et al., 2012) and Quaternary transtensional intra-arc 
magmatism in the western WA (Preece and Hart, 2004). This >30 Ma record of 
transtensional tectonics highlights the importance of both arc magmatism and 
strike-slip deformation in the complex transition zone of arc-transform margins.

Original Extent and Postemplacement Lateral Shuffling of the 
Wrangell Arc

The location of the SCVF, as well as that of geochemically and temporally 
similar ca. 30–20 Ma hypabyssal rocks from the northern flank of the modern 
WA, designate the position of the WA at its initiation (Weber et al., 2017). These 
hypabyssal rocks and the SCVF define a <100-km-long, northwest-trending out-
crop belt that is displaced by the Totschunda fault (Figs. 1 and 17). Recent studies 
document Late Cenozoic offset along the Totschunda fault, but its overall offset 
history is not well established (Haeussler et al., 2017; Marechal et al., 2018). We 
infer that the SCVF and the coeval plutonic rocks were originally contiguous 
and thus constrain total possible lateral offset along the Totschunda fault. Based 
on this interpretation, the maximum amount of dextral displacement since 
ca. 18 Ma (age of the youngest pulse of magmatism in the displaced outcrop 
belt) is <85 km (Fig. 17). We acknowledge that it is possible that yet unsampled 
similarly aged rocks exist in this region and, depending on where they crop 
out, could change displacement calculations. However, U/Pb geochronology of 

detrital zircons and 40Ar/39Ar geochronology of sand- and gravel-sized volcanic 
clasts from modern rivers encircling the WA reveal only a handful of 30–40 
Ma grains (<1% of >1600 new ages), followed by continuous magmatism from 
ca. 30 Ma to present (Davis et al., 2017; Trop et al., 2018). Waldien et al. (2018), 
based on lithofacies analysis and the timing of thrust belt initiation along the 
Denali fault system, inferred the Totschunda fault experienced a maximum of 
~80 km of offset since ca. 6 Ma, which aligns well with our new estimate of ~85 
km of dextral slip along the Totschunda fault since ca. 18 Ma.

The shift of volcanic locus from the SCVF to the Yukon volcanic fields at ca. 
18 Ma represents a southeastward shift of magmatism during the early phases 
of the WA. Continued northwestward migration of magmatism, from ca. 18 Ma 
onward, is documented by other studies of the WA igneous and sedimentary 
bedrock record (e.g., Richter et al., 1990; Preece and Hart, 2004; Trop et al., 2012) 
and thermochronologic data that document exhumation in the central WA ca. 
5–4 Ma (Enkelmann et al., 2010). An exception to the northwestward-younging 
pattern of volcanism is Mount Churchill, a Holocene stratovolcano in the cen-
tral WA that erupted large-volume (VEI [volcanic explosivity index] = 6, White 
River ash) silicic fall deposits as recently as 1147 yr B.P. (Clague et al., 1995; 
Preece et al., 2014). Northwestward migration of magmatism and associated 
intra-arc extension and/or basin development has been attributed to the pro-
gressive northwestward insertion of the northwestward-tapering Yakutat slab 
(Worthington et al., 2012) into the continental margin of south-central Alaska 
synchronous with a documented change in plate motion (Richter et al., 1990; 
Preece and Hart, 2004; Trop et al., 2012). Subduction-related fluids were derived 
from the shallow Yakutat slab, which initiated flux melting of the mantle wedge 
below the modern WA (Brueseke et al., 2019). Transitional-tholeiitic eruptive 
products, aligned cinder cones, and sedimentary basins in the interior of the 
WA suggest an intra-arc extensional regime (Lunt, 1997; Trop et al., 2012). Local-
ized intra-arc basin development and volcanism were likely accommodated 
by extensional deformation along documented north-striking normal faults 
and, more speculatively, transtensional basin development associated with 
northwest-striking, right-lateral, strike-slip faults, including the Totschunda 
fault (Fig. 1; Trop et al., 2012). Adakite dacite lavas from Mounts Drum and 
Churchill reflect Holocene melting of the Yakutat slab (Preece and Hart, 2004; 
Preece et al., 2014).

 ■ COMPARISONS TO GLOBAL ARC-TRANSFORM SETTINGS

The temporal, geochemical, and geographic shifts observed in the Sonya 
Creek volcanic field have implications for continental arc-transform junctions 
worldwide and throughout Earth history. Geochemistry of magmatic products 
in these transition zones are sensitive to slight shifts in the relative position of 
the subducting and overriding plates, as well as changes in rate and direction 
of convergence, angle of subduction, and motion along strike-slip faults (Park et 
al., 2002; Maury et al., 2004; Portnyagin et al., 2005; Tibaldi et al., 2010; Lee et al., 
2016). The presence of heterogeneous mantle materials introduces additional 
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complications, because changes in tectonic configuration can cause mantle flow 
and inheritance of previous geochemical signatures. An along-strike transition 
to oblique and strike-slip motion is ubiquitous in convergent margins, and 
understanding the geochemical signature of magmatic initiation can help to 
recognize similar situations in the geologic record, especially in arc-transform 
zones that are characterized by both arc magmatism and strike-slip deformation.

As discussed earlier, the geochemistry of arc-transform volcanic systems 
exhibits considerable variability beyond the calc-alkaline signature typical of 
subduction and/or arc processes. A significant geochemical aspect of the SCVF 
(as well as the modern WA) is the presence of transitional-tholeiitic magma 
series, interpreted here and by other workers to represent mantle-wedge 

melting associated with intra-arc extension, in this case, associated with coeval 
transtension along major strike-slip faults. Anomalous geochemical signatures 
are characteristic of arc-transform transition zones, and the presence of ada-
kite-like affinities has tectonic significance. The presence of SCVF rocks with 
elevated Sr/Y (20–70), and one sample with elevated La/Yb (~20), as well as the 
SiO2 versus Cr relations (Fig. 14D), suggests the role of an adakitic component 
in magma genesis (Fig. 15). The most likely mechanisms in the WA for adakite 
generation are the upwelling, thermal ablation, and melting of the Yakutat slab 
(Preece and Hart, 2004; Jadamec and Billen, 2010; Martin-Short et al., 2018; 
Brueseke et al., 2019). At least one of the adakite-like silicic lavas in the SCVF 
(15JB16LA) may have originated via melting of some mafic lower-crustal rock, 

Figure 17. Geologic map showing intrusions (red) 
that overlap the age range of ca. 20–30 Ma volcanic 
and intrusive rocks in the Sonya Creek volcanic field 
(this study). Assuming the coeval intrusions and 
Sonya Creek volcanics were initially part of the same 
magmatic episode, the maximum amount of dextral 
displacement along the Totschunda fault since 25 
Ma is <80 km (length of red line X–X′ is ~80 km).
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but the MgO, Ni, and Cr values of the Rocker Creek lavas and domes indicate 
that they more closely resemble adakites derived from slab melting, rather than 
melting of thick mafic lower crust (Figs. 14C and 14D). The higher Mg, Ni, and 
Cr concentrations in slab-melt–derived adakite-like magmas are suggested to 
derive from the melt reacting with mantle-wedge peridotite (Kepezhinskas et 
al., 1995; Stern and Kilian, 1996; Rapp et al., 1999; Wang et al., 2006). A sim-
ilar scenario is observed where the Kamchatka arc meets the Aleutian arc 
at a 90° angle in the northwestern Pacific. Adakitic volcanic rocks there are 
interpreted to represent the melting of subducted Pacific lithosphere as sub-
slab asthenosphere rises around the edge of a slab window (Yogodzinski et 
al., 2001; Park et al., 2002) or slab melts of eclogitic Pacific plate reacting with 
heterogeneous mantle wedge (Portnyagin et al., 2007). In Kamchatka, volca-
nism north of the subducting Pacific plate (e.g., Nachikinsky volcano, etc.) is 
characterized by decompression mantle melting of asthenosphere relatively 
unaffected by subduction (Portnyagin et al., 2007). This relationship parallels 
the interpretation of alkaline mafic lavas in the Canadian portions of the WVB 
by Skulski et al. (1992), Thorkelson et al. (2011), and Brueseke et al. (2019)—that 
their geochemistry reflects a decreased subduction input and intraplate and/
or slab-window melting environment, adjacent to the Yakutat slab (Fig. 15).

Cenozoic volcanism in Myanmar along the dextral Sangaing transform fault 
also shows chemical similarities to the SCVF. There, mid-Miocene volcanic 
rocks are calc-alkaline and inferred to form via typical subduction-fluid–related 
melting of mantle-wedge asthenosphere above the subducting Indian oce-
anic lithosphere (Maury et al., 2004; Lee et al., 2016). In other locations (e.g., 
Trans-Mexican volcanic belt and Northern Cordilleran volcanic province), 
changes in plate convergence rates are associated with upwelling astheno-
sphere leading to OIB-like alkaline magmatism and modification of the mantle 
wedge and slab-edge melts (adakites, sensu stricto) (Edwards and Russell, 
2000; Luhr, 2000; Ferrari et al., 2001; Thorkelson et al., 2011). Specific volcanic 
geochemistry depends on the local asthenosphere and lithospheric mantle, but 
changes in plate motion drove magmatism hundreds of kilometers inboard 
of the continental margin in these locations.

 ■ CONCLUSIONS

(1) Igneous rocks from the Sonya Creek volcanic field yield mineralogi-
cal and geochemical data that reflect calc-alkaline magmatism due to 
subduction and formation of a volcanic arc. In the SCVF, the 30–23 Ma 
Rocker Creek lavas and domes document subduction-related calc-alka-
line magmatism (e.g., subduction affected mantle-wedge melting) with 
an apparent adakite-like component during SCVF initiation. This was 
followed by the emplacement of the Ptarmigan Creek volcanics, which 
show a temporal and spatial transition to continued subduction-related 
magmatism without the adakite-like component. Another geochemi-
cal and minor spatial shift is recorded by the eruption of the 25–19 Ma 
transitional-tholeiitic lavas of the Sonya Creek shield volcano and the 

Flat Top volcanics, which indicate local intra-arc extension following 
arc initiation. Additional calc-alkaline magmatism, represented by the 
21–19 Ma Young Creek lavas and the 21–20 Ma Border lavas, marked 
the end of SCVF activity. We document no evidence of alkaline mag-
matism that characterizes the Yukon WVB in the SCVF.

(2) Magmas with adakite-like affinities are documented during initiation of 
the WA (ca. 30–20 Ma), reflecting one or more tectonic processes that we 
interpret to reflect anomalous heating of the Yakutat slab and/or mafic 
lower crust and variable production of fluids from the descending slab. 
Adakite-like affinities and ages that overlap with early SCVF volcanism 
also characterize hypabyssal units that are exposed ~40–100 km west 
of the SCVF (Weber et al., 2017). These intrusions and the SCVF likely 
represent the early initial extent of the WA, even though the SCVF was 
subsequently offset laterally along the Totschunda fault.

(3) The geochemistry and geochronology of the SCVF support existing 
tectonic models of southern Alaska and adjacent Yukon. Initial SCVF vol-
canism reflects northward and/or northeastward subduction of oceanic 
lithosphere of the Yakutat microplate beneath North America. A recently 
documented change in Pacific plate vector at ca. 25 Ma is reflected in 
an increase in SCVF magmatic flux and adakite magmas at that time, 
likely related to increased slab-edge toroidal flow due to the increase in 
convergence rate between the Yakutat microplate and North America.

(4) The change in Pacific plate vector to a more northerly direction at 
ca. 25 Ma likely is also responsible for transferring stress to inboard 
strike-slip faults and initiating transtensional-related mantle melting 
recorded by the ca. 23–19 Ma Sonya Creek shield volcano. By ca. 18 Ma, 
SCVF activity ceased, and the locus of magmatism shifted to the south 
and east, where transtensional deformation along dextral strike-slip 
faults and normal faults served as conduits for “leaky transform” alka-
line volcanism in adjacent parts of the Yukon.

(5) We infer the Totschunda fault has not experienced more than 85 km of 
offset since ca. 18 Ma based on reconstructing the initial alignment of the 
SCVF to geochemically and temporally similar ca. 30–20 Ma intrusions that 
crop out west of the SCVF on the opposite side of the Totschunda fault.

(6) This study of the long-lived and geochemically diverse SCVF elucidates 
the effects of Cenozoic northern Cordillera tectonics on the initiation of 
the WA specifically and more generally demonstrates the sensitivity 
of arc magmatic geochemistry to tectonic changes in an arc-transform 
transition zone.
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