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Abstract 

The Sonya Creek volcanic field (SCVF) contains the oldest in situ magmatic products in 

the ~29 Maïmodern Wrangell arc (WA) in south-central Alaska. The WA is located 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. WA 

magmatism is due to the shallow subduction (11ï16°) of the Yakutat microplate. New 40Ar/39Ar 

and U-Pb geochronology of bedrock and modern river sediments shows that SCVF magmatism 

occurred from ~29ï18 Ma. Volcanic units are divided based on field mapping, physical 

characteristics, geochronology, and new major and trace element geochemistry. A dacite dome 

yields a ~29 Ma 40Ar/39Ar age and was followed by eruptions of basaltic-andesite to dacite lavas 

and domes (~28ï23 Ma Rocker Creek lavas and domes) that record hydrous, subduction-related, 

calc-alkaline magmatism with an apparent adakite-like component. This was followed by a 

westward shift to continued subduction-related magmatism without the adakite-like component 

(e.g., mantle wedge melting), represented by ~23ï21 Ma basaltic-andesite to dacite domes and 

associated diorites (ñintermediate domesò). These eruptions were followed by a westward shift in 

volcanism to anhydrous, transitional, basaltic-andesite to rhyolite lavas of the ~23ï18 Ma Sonya 

Creek shield volcano (Cabin Creek lavas), including a rhyolite ignimbrite unit (~19 Ma Flat Top 

tuff), recording the influence of local intra-arc extension. The end of SCVF activity was marked 

by a southward shift in volcanism back to hydrous calc-alkaline lavas at ~22ï19 Ma (Young 

Creek rocks and Border Lavas). SCVF geochemical types are very similar to those from the <5 

WA, and no alkaline lavas that characterize the ~18ï10 Ma Yukon WA are present. Sr-Nd-Pb-Hf 

radiogenic isotope data suggest the SCVF data were generated by contamination of a depleted 

mantle wedge by ~0.2ï4% subducted terrigenous sediment, agreeing with geologic evidence 



  

from many places along the southern Alaskan margin. Our combined dataset reveals 

geochemical and spatial transitions through the lifetime of the SCVF, which record changing 

tectonic processes during the early evolution of the WA. The earliest SCVF phases suggest the 

initiation of Yakutat microplate subduction. Early SCVF igneous rocks are also chemically 

similar to hypabyssal intrusive rocks of similar ages that crop out to the west; together these 

~29ï20 Ma rocks imply that WA initiation occurred over a <100 km belt, ~50ï60 km inboard 

from the modern WA and current loci of arc magmatism that extends from Mt. Drum to Mt. 

Churchill. 
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Chapter 1 - Introduction 

 Objectives 

This study presents new data on the physical, spatial, and temporal characteristics of a 

largely unstudied volcanic field within the Wrangell Arc in south-central Alaska. The primary 

objective of this thesis is to evaluate the geochemical, isotopic, geochronologic, and stratigraphic 

characteristics of the volcanic and shallow intrusive rocks of the Sonya Creek volcanic field 

(SCVF), with the goal of constraining their petrogenetic processes and tectonic setting in which 

they originated.  

 Regional Tectonic Framework 

Convergent margins worldwide ubiquitously contain a ñtransition zoneò between a 

volcanic arc and a transform boundary (e.g., Central America, Tibaldi et al., 2010; Kamchatka, 

Park et al., 2002; the Philippine Sea region, Fitch, 1972). The position of the actively subducting 

slab and translation of the upper plate along strike-slip faults occurs as the directions and rates of 

plate convergence change, and these variations are recorded in the volcanic arc portion of the 

arc-transform transition zone (Park et al., 2002; Portnyagin et al., 2005).  

Along-strike variations in tectonic style of convergence create a wide range of 

geochemistries, from ñtypicalò calc-alkaline magmas normally associated with subduction zones, 

to alkaline magmatism associated with upwelling asthenosphere around slab-edges/windows and 

ñleakyò strike-slip faults. In these complex tectonic settings, the geochemistry of an erupted 

magma will depend on proximity to intrabelt strike-slip faults and slab-edges (Thorkelson and 

Taylor, 1989: Maury et al., 2004). Additionally, the angle of the subducted slab plays a control 

on magma geochemistry, position of the volcanic arc, and deformation of the overlying plate. 

Flat slab subduction is a feature of ~10% of modern convergent plate margins (Gutscher et al., 
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2010), which adds an increased role for slab-edge effects as a control on magma geochemistry 

and eruptive frequency of these volcanic belts (Portnyagin et al., 2005; Gutscher et al., 2010). 

The northeastern Pacific plate margin is characterized by northward convergence with the 

North American plate along the southern Alaskan margin, and shows a west to east transition 

from typical subduction to shallow-slab subduction to strike-slip tectonics (e.g., Eberhart-Phillips 

et al., 2006; Hauessler, 2008; Gulick et al., 2013) (Fig 1.1). Previous geochemical studies, as 

well as the new data presented here, show that subduction-related magmatism in the Wrangell 

Mountains of south-central Alaska has been active since at least ~30 Ma, based on calc-alkaline 

to transitional geochemistries of sampled eruptive products (Nye, 1983; Richter et al., 1990; 

Skulski et al., 1991, 1992; Preece and Hart, 2004; Trop et al., 2012), and the presence of a 

geophysically imaged northward-dipping subducting slab (Eberhart-Phillips et al., 2006; Bauer et 

al., 2014) (Fig. 1.1). However, there is little evidence of a subducting slab forming an arcuate 

chain of volcanoes (i.e., a ñtypicalò volcanic arc) across the entire Wrangell Mountains 

throughout the entire history of the subduction zone. In Yukon Territory, Miocene volcanic 

centers are spatially correlated along strike-slip faults and show alkaline, transitional, and calc-

alkaline geochemical affinities, suggesting that volcanism along ñleakyò strike-slip faults was 

important, due in part to low-degree melting of upwelling asthenosphere in an extensional 

regime, as well as subduction-related processes (Skulski et al., 1991, 1992). Further inboard is a 

broad province of alkaline volcanism that formed in response to changes in Pacific plate 

convergence angles and rates (Edwards and Russel, 1999; 2000). Richter et al., (1990) 

demonstrated that calc-alkaline volcanism in the Wrangell Mountains has shown a 

northwestward migration from ~26ï0.2 Ma, and Preece and Hart (2004) showed that subduction, 

slab-edge effects, and intra-arc extension controlled magma geochemistries of <5 Ma volcanic 
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rocks. Changes in the relative locations of volcanism in the upper plate, as controlled by the 

position of the subducting slab and strike-slip faults, as well as variations in magma 

geochemistry, are common features of volcanic fields in arc-transform transition zones (Park et 

al., 2002).  

In the western region of the arc-transform transition zone, subduction of Pacific oceanic 

lithosphere produces a Wadati-Benioff zone that reaches 100-150 km depth within ~400 km of 

the trench, and is responsible for the well-defined Aleutian volcanic arc (Fig. 1.1). In the central 

region, from approximately 145°-152° west longitude, the Yakutat microplate is subducting 

below southern Alaska (Fig. 1.1). Based on seismic and drilling data, the Yakutat microplate is 

interpreted to represent anomalously thick and buoyant oceanic crust that originated at lower 

latitudes and has been translated northward to its current position along right-lateral transform 

faults (Plafker and Berg, 1994; Pavlis et al., 2004; Gulick et al., 2007; Worthington et al., 2012). 

The Yakutat microplate increases in thickness from 15 km in the west to 30 km in the east, and 

subduction and underthrusting has resulted in increased topography and exhumation in the 

Chugach and St. Elias Ranges on the overriding Alaskan continental crust (Enkelmann et al., 

2010; Finzel et al., 2011; Worthington et al., 2012; Pavlis et al., 2014; Falkowski et al., 2014; 

Enkelmann et al., 2017). The Yakutat microplate is bounded to the northwest by the Aleutian 

megathrust, to the north by the Chugach-St. Elias thrust fault, the east by the Fairweather right-

lateral transform fault, and to the southwest by the Transition fault (Fig. 1.1). The modern rate of 

Yakutat subduction is ~45-46 mm/yr to the northwest (Fletcher and Freymueller, 2003; Elliot et 

al., 2010), and the subducted portion of the Yakutat microplate extends for ~250 km to the 

northwest at a ~6° angle, and ultimately reaches a depth of 150 km below the Alaska Range, 

more than 600 km from the trench (Eberhart-Phillips et al., 2006). Recent geophysical studies 
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beneath south-central Alaska reveal an eastward increase in the angle of the subducted Yakutat 

slab, from ~6° below 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). 

Previously termed the Wrangell volcanic field (Richter et al, 1990) and the Wrangell volcanic 

belt (Skulski et al., 1991; Preece and Hart, 2004), we propose that the linear chain of young 

volcanoes located above this seismically-imgaed subduction zone should be called the Wrangell 

Arc (WA). 

 The eastern region of the tectonic transition zone displays active volcanism in the 

Wrangell arc, shallow seismicity (<50 km), and displacement along the Denali-Duke River, 

Totschunda, and Fairweather right-lateral strike-slip fault systems (Page et al., 1991; Eberhart-

Phillips et al., 2003; Preece and Hart, 2004; Qi et al., 2007; Benowitz et al., 2011) (Fig. 1.1). The 

paucity of earthquakes along the section of the Denali fault adjacent to the Wrangell Mountains 

suggests that the eastern section of the fault is relatively inactive (Page et al., 1991; Matmon et 

al., 2006). The Totschunda and Fairweather faults instead accommodate a large component of 

right-lateral motion. A possible connecting fault that links the Totschunda and Fairweather may 

strike to the southeast between the two faults (Richter and Matson, 1971; Kalbas et al., 2008), or 

alternatively take a westward bend and merge with thrust faults that accommodate compressive 

forces (Fig 1.1) (Doser and Lomas, 2000; Doser, 2014). 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 Charlotte-Fairweather fault systems (Kalbas et al., 2008). Aberrations from pure strike-

slip motion along this complex system result in localized areas that show components of 

extension or compression. It is in this complex setting that the WA is located. Recent studies 
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have provided major advancements in the understanding of recent (e.g., Neogene) deformation in 

the zone between Yakutat convergence and the former continental margin in south-central 

Alaska (e.g., Gulick et al., 2007; Enkelmann et al., 2010; Worthington et al., 2012; Pavlis et al., 

2014; Falkowski et al., 2014; Finzel et al, 2015; Finzel et al, 2016; Enkelmann et al, 2017), but 

the connection between subduction of the northeastern corner of the Yakutat microplate and 

volcanism in the WA remains largely understudied, including the earliest phases of volcanism. 

 Wrangell Arc Geology- Underlying Rocks and Wrangell Arc Volcanic Rocks 

The Wrangell Mountains and record deformation and uplift of the Wrangellia composite 

terrane basement rocks, intra-arc extension and deposition, and ~30 million years of subduction-

related arc volcanism (Richter et al., 1990; Skulski et al, 1991, 1992; Miller and Richter, 1994; 

Enkelmann et al., 2010). The WA covers >25,000 km2 of eastern Alaska, southwestern Yukon 

Territory, and northwestern British Columbia, and is comprised of ice-covered peaks that exceed 

4,900 meters in elevation. The volcanic products of the WA are Oligocene-Holocene (~30 Ma-

1500 ka) in age, and are comprised of lava flows, domes, and pyroclastic deposits that erupted 

from shield volcanoes, stratovolcanoes, caldera complexes, volcanic domes, and cinder cones, as 

well as relatively minor volcaniclastic deposits that accumulated in intra-arc basins (Skulski et 

al., 1992, 1992; Richter et al., 2006; Trop et al., 2012). Shallow intrusive rocks crop out in the 

central and eastern WA, and are interpreted to be sub-volcanic roots of eroded overlying 

volcanoes (Richter et al., 2000; Trop et al., 2012). WA volcanic and volcaniclastic rocks 

primarily overlie deformed rocks of the Wrangellia composite terrane (which includes Paleozoic 

to Mesozoic sedimentary rocks, and a swarm of Cretaceous plutons), and have a preserved 

thickness of greater than 2 km in places, especially in the central and western WA (i.e., west of 

~142.5° W) (Richter, 1976; MacKevett, 1978; Richter et al., 2006).  
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The age, geochemical characterizations, and structure of WA volcanic rocks vary with 

position across the arc. WA volcanic rocks in southwestern Yukon Territory and northwestern 

British Columbia crop out in a discontinuous chain for >300 km along segments of the Duke 

River and Denali faults (Fig. 1.1). Individual volcanic centers include the Klutlan and Wolverine 

centers (collectively form the St. Clare Creek volcanic field), Nines Creek, Alsek, and Stanley 

Creek centers. These volcanic centers are principally comprised of Miocene lavas, with 

subordinate pyroclastic, intrusive, and sedimentary rocks (Souther and Stanciu, 1975; Dodds and 

Campbell, 1988; Skulski et al., 1991; 1992; Israel et al., 2005; Israel et al., 2007; Israel and 

Cobbett, 2008a; Israel and Cobbett, 2008b; Cobbett, 2012; Cobbett, 2013a; Cobbett, 2013b; 

Israel et al., 2014; Colpron et al., 2016). Underlying these later packages are Eocene-Oligocene 

sedimentary rocks of the Amphitheater Formation (Cole and Ridgway, 1993; Ridgway and 

DeCelles, 1993). The Duke River fault cuts the lower sections of these eastern WA lavas, and 

some sections may be cut by related faults (Souther and Stanciu, 1975; Skulski et al., 1992; 

Colpron et al., 2016). Eastern WA volcanism is attributed to eruption of lavas along strike-slip 

faults, based on the presence of primitive alkaline and transitional to calc-alkaline volcanic rocks 

and their spatially limited extent proximal to large strike-slip faults (Skulski et al., 1991, 1992).  

Calc-alkaline volcanic rocks are attributed to subduction, and the small-volume of alkaline 

volcanic rocks is attributed to low-degree melting of asthenosphere and lithospheric mantle 

following mantle upwelling around the edge of the slab and through a slab-window (Thorkelson 

et al., 2011). A younger analog to the alkaline magmatism found in the Canadian (eastern) WA is 

the Neogene-Quaternary Northern Cordilleran volcanic province that ranges ~1200 km from 

central Yukon Territory to central British Columbia (Edwards and Russell, 1999; 2000). 
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The central WA stretches from the Alaska-Yukon border to Mt. Blackburn, at roughly 

143° west longitude (Fig. 1.1) The central WA is underlain by rock units of the Wrangellia 

composite terrane, which includes Pennsylvanian-Permian to Cretaceous sedimentary and 

igneous rocks (Richter, 1976; MacKevett, 1978). Middle Cretaceous intrusive rocks include at 

least eight distinct plutons. The south flank of the central WA includes the Miocene Fredericka 

Formation, which records intra-arc transtensional basin subsidence and sedimentation 

accommodated along north-striking normal faults, followed by progradation of lavas into these 

basins (MacKevett, 1978; Richter et al., 2000; Eyles and Eyles, 1989; Trop et al., 2012). The 

uppermost stratigraphy of the central WA is comprised of late Miocene and younger WA lavas 

and subordinate pyroclastic, intrusive, and sedimentary rocks (Richter, 1976; MacKevett, 1978; 

Trop et al., 2012). Late Miocene-1500 ka WA volcanism is dominantly characterized by lavas 

that erupted from shield volcanoes, cinder cones, silicic domes, and small plugs. The adakitic 

White River Ash is a product of the Holocene Plinian eruption (volcanic explosivity index of 6) 

from Mount Churchill, a large stratovolcano (Lerbekmo and Campbell, 1969; McGimsey et al., 

1992; Richter et al., 1995; Lerbekmo, 2008; Preece et al., 2014). Shallow intrusive and 

hypabyssal rocks that are coeval with WA volcanic rocks are likely the sub-volcanic roots of 

eroded volcanic centers (MacKevett, 1978; Trop et al., 2012). Geochemistry of volcanic rocks in 

the central WA is ñtypicalò of that produced by subduction-related processes, as well as minor 

intra-arc extension (Preece and Hart, 2004; Trop et al., 2012).  

The western WA includes the most recent volcanic activity, expressed as Pliocene-

Holocene/modern shield volcanoes, stratovolcanoes, and smaller cinder cones that are covered 

extensively by ice caps and glaciers at higher elevations (Fig. 1.1; Richter et al., 1990; 1995; 

2006). Mount Wrangell (4317 m), and andesitic shield, is the largest volcano in the WA by 
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volume and has shown occasional historic activity (~1800 A.D.) at the summit caldera, and 

fumarole activity is common (Nye, 1983; Richter et al., 1990). To the west and north of Mt. 

Wrangell are Mt. Drum (3661 m), a large stratocone, and Mt. Sanford (4949 m), a large 

composite shield volcano, respectively, which are less than ~0.7 Ma in age (Richter et al., 1990; 

1994). Capital Mountain and Tanada Peak are examples of older (~1 Ma and ~1ï2.2 Ma, 

respectively) erosional remnants of shield volcanoes with summit calderas filled with thick 

(~900-1200 m) intracaldera lavas. The Skookum Creek volcanic center is a ~3.25ï2.25 Ma 

shield volcano complex, with multiple overlapping phases of volcanism (Preece, 1997; Preece 

and Hart, 2004). The geochemistry of western WA volcanic rocks is broadly similar to volcanics 

of the central WA, showing transitional to calc-alkaline affinities, except for adakitic 

characteristics found at Mt. Drum and Mt. Churchill, which suggests the role of slab-melt 

(Preece and Hart, 2004; Preece et al., 2014). Western WA magmatism is largely attributed to 

subduction-related processes, based on the spatial association of shield and stratovolcanoes 

above a geophysically imaged northward-dipping slab (Fig. 1.1; Page et al., 1989; Miller and 

Richter, 1994; Preece and Hart, 2004; Fuis et al., 2008). 

 Previous Geochemical Work  

 Volcanic and shallow intrusive rocks span a range of geochemical compositions (e.g., 

mafic to felsic) and include calc-alkaline, transitional, alkaline, and adakite magmas (Nye, 1983; 

Skulski et al., 1991; 1992; Preece and Hart, 2004; Trop et al., 2012; Preece et al., 2014). These 

previous studies provide a geochemical framework for interpreting new WA geochemical data. 

 Western Wrangell Arc Volcanism: Geochemical Trends  

Preece and Hart (2004) document three geochemical trends/suites in <5 Ma volcanic 

rocks in the western WA, and describe the geochemical significance of each trend in three 
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geographic zones: front-side, interior, and back-side volcanoes (Fig. 1.1). <5 Ma eruptive 

products are from large composite shield volcanoes (Mts. Wrangell, Sanford, Capital, Tanada, 

Jarvis, Skookum Creek Volcanic Complex, Blackburn), stratovolcanoes (Mt. Drum and Mt. 

Churchill), and a series of cinder cones in the interior of the western WA. TiO2 content, plotted 

against SiO2, is used to divide the <5Ma WA samples into trend 1 (TiO2>1.15 wt. %) and trend 2 

(TiO2<1.15 wt.%) (Fig. 3.17a). Trend 1 samples also show higher Y contents for a given SiO2 

(30-60 ppm at SiO2>60 wt. %) (Fig. 3.18e). Trend 2 rocks show lower Y values (13-29 ppm at 

SiO2>60 wt. %), and in fact show two different arrays for Y content between 61-67 wt. % SiO2. 

The higher-Y array samples (trend 2a) are from Mt. Wrangell, Tanada, and the Skookum Creek 

Volcanic Complex, and the lower array samples (trend 2b) are from Mt. Drum and Mt. Churchill 

(both are front-side volcanoes, Fig. 1.1). Trend 2b samples also show higher values of Sr, Sr/Y, 

and La/Yb than trend 1 and 2a, leading to their classification as ñadakitesò or adakitic (Defant 

and Drummond, 1990). Generally, trend 1 rocks are transitional to tholeiitic in character, and at a 

given SiO2 value have higher TiO2, Y, and Zr values, and lower Sr values than trend 2a contents. 

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 1 lavas erupted from cinder 

cones that are aligned with the 80-km depth-to-slab contour of Bauer et al. (2014), and Trop et 

al. (2012) showed that some trend 1 lavas erupted into actively subsiding intra-arc basins.  

Trend 2a rocks constitute the largest volume of <5 Ma WA volcanic products, and show 

ñtypicalò 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). The 

trend 2a parental magmas underwent magma-mixing and magma-mantle/crust interactions, 
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creating the wide range of erupted geochemical affinities. Nye (1983) documents the high edifice 

production rates (~30 km3/km/my) of the youngest (<5 Ma) WA volcanism at Mt. Wrangell, 

which are many times greater than rates calculated for other volcanic arc segments: 3.11 

km3/km/my in Central America and 9.7 km3/km/my in the Marianas arc (Stolber and Carr, 1974; 

Sample and Karig, 1982).  

Trend 2b rocks occur only on the front-side and on the two extreme ends of the <5 Ma 

WA, at Mount Churchill in the southeast and at Mount Drum in the northwest (Fig. 1.1). 

Adakitic character is attributed to partial melting of the Yakutat slab (Preece and Hart, 2004; 

Preece et al., 2014). These magmas underwent similar open-system processes as trend 2a 

magmas (Preece and Hart, 2004). Studies of older seismic data (USGS Trans-Alaska Crustal 

Transect survey) show what may be a tear in the subducting slab below the westernmost modern 

WA (Fuis et al., 2008), which may have allowed sub-slab asthenosphere to upwell around the 

slab-edge and thermally erode the Yakutat slab, leading to adakitic affinities at Mount Drum 

(e.g., Kamchatka; Yogodzinski et al., 2001). A more recent geophysical study did not find 

evidence for a tear in the slab, but demonstrated that the slab is continuous from the eastern 

Aleutian arc to beneath the WA (Fig. 1.1; Bauer et al., 2014). Slab-melting could occur in that 

scenario if the rate of subduction changes as the angle of the slab changes. Previous study has 

linked these three geochemical trends to tectonic factors that were important in the <5 Ma WA. 

We therefore use them here 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. 

 Eastern Wrangell Arc Volcanism: ñLeakyò Strike-Slip 

 A series of northwest-southeast trending volcanic fields southwestern in Yukon Territory 

and northwestern British Columbia, Canada, record WA volcanism along the strike-slip Duke 
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River and Denali faults (fig. 1.1). The Stanley Creek volcanic field, the smallest of these fields 

and the furthest to the southeast, is comprised of undated transitional and minor alkaline lavas 

(Skulski et al., 1991). The Alsek field is comprised of ~10.8ï13.5 Ma calc-alkaline and 

volumetrically minor transitional and alkaline lavas, and the Nines Creek field consists of ~13ï

15.5 Ma transitional lavas (Fig. 1.1; Dodds and Campbell, 1988). The St. Clare Creek field is 

adjacent to the border with Alaska, and is comprised of ~10ï18 Ma transitional and minor 

alkaline and calc-alkaline lavas that overlie earlier sedimentary rocks and the underlying 

basement rocks of the Wrangellia and Alexander terranes (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 ~16ï18 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 ~16.2 Ma calc-alkaline lavas at the top of the succession. 

The ~16ï10 Ma Klutlan center shows the opposite trend, with ~11ï16 Ma calc-alkaline lavas 

comprising the lower half of the succession and ~10.4ï11 Ma transitional lavas making up the 

most recent eruptive products in the St. Clare Creek volcanic field (Skulski et al., 1992). The 

presence of calc-alkaline chemistries, as well as similar isotopic compositions to western WA 

rocks, suggest that a period of the volcanic history of the St. Clare Creek volcanic field during 

the mid-Miocene was influenced by subduction. However, the alkaline nature of the lowermost 

Wolverine lavas (intermediate between Cordilleran intra-plate and arc magmas, e.g., Eiché et al., 

1987, Skulski et al., 1991) suggest 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.  
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To explain the geochemical trend 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, was responsible for the alkaline lavas. 

Abundant north-trending dikes reinforce the idea of transtension between two strike-slip faults 

(Skulski et al., 1992). A gradual 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. This 

has been interpreted by Skulski et al., (1992) as evidence that the Yakutat slab rotated and the 

focus of subduction-related volcanism shifted to the northwest, followed by the upwelling of 

depleted asthenosphere around the edge of the slab, creating transitional to alkaline chemistries. 

A similar model is employed by Edwards and Russell (1999; 2000) to explain the bimodal 

alkaline nature of the Northern Cordilleran volcanic province, where incipient rifting was driven 

by changes in relative motion between the Pacific and North American plates, and low-degree 

melting of asthenosphere created alkaline geochemical affinities. Thorkelson et al. (2011) 

enhances this model by including the influence a slab window, wherein the subsequent upwelling 

of mantle asthenosphere would induce melting. The changes in geochemistry seen in the St. 

Clare Creek volcanic field over eight million years demonstrates the sensitivity of volcanic 

geochemistry to tectonic changes in an arc-transform transition zone. 

 Central Wrangell Arc Volcanism: Frederika Formation  

 Large portions of the central WA remain un-sampled, due in part to the rugged and 

remote nature of the ice-covered high Wrangell Mountains. However, Trop et al., (2012) 

document a thick package of intra-arc sedimentary and minor volcanic strata capped by a 

succession of WA lavas, altogether termed the Frederika Formation. Geochemical compositions 
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of Frederika lavas generally overlap with calc-alkaline lavas from the St. Clare Creek volcanic 

field in the Yukon (Skulski et al., 1992), the Sonya Creek volcanic field (Richter et al., 1990; 

2000), and trends 1 and 2a lavas from the <5 Ma western WA (Preece and Hart, 2004). These 

combined associations suggest that the ~12.5ï5.3 Ma central WA Frederika lavas reflect the 

effects of subduction and minor intra-arc extensional processes on magma genesis. Lavas in the 

eastern section have ages of ~12.5ï9.3 Ma (coeval with the latest St. Clare Creek volcanism, 

e.g., Skulski et al. 1992), and lavas in the western section have ages of ~9.6ï5.3 Ma, reflecting 

the northwestward migration of WA magmatism suggested by Richter et al. (1990). The late 

Miocene subduction of thickened oceanic crust (Yakutat microplate), and the resulting intra-arc 

extension of the upper plate, are similar processes that operated to produce the trend 2a calc-

alkaline and trend 1 transitional-tholeiitic series of Preece and Hart (2004) in the <5 Ma western 

WA. 

 Age Progression of Wrangell Arc Volcanism 

Richter et al. (1990) proposed a model of northwesterly progression of WA volcanism 

through time, from 26.3 Ma near the Alaska-Yukon border to ~0.2 Ma at the northwest edge of 

the WA. The oldest age documenting the inception of the WA was based on K-Ar dating of one 

lava sample from the Sonya Creek volcanic field. Mt. Churchill is an exception to the overall 

northwestward migration as it is in the central WA, and produced the White River Ash at 1147 

and 1886 years BP (Clague et al., 1995; Preece et al., 2014). Richter et al. (1990) attributes the 

earliest WA volcanism (~25-15 Ma) to the onset of Yakutat microplate subduction. The 

subsequent northwestward migration accelerated through time, with about half occurring overthe 

last 5 million years, concurrently with a change in the rate and direction of Pacific plate 

movement (Engebretson et al., 1985; Richter et al., 1990). Richter et al. (1990) suggests that the 
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faster subduction rate and more direct angle of convergence allowed increased magma 

production, resulting in the large andesitic shield volcanoes seen in the modern western WA. 

 >20 Ma Magmatism From the Central Wrangell Arc 

 Samples of ~24-20 Ma hypabyssal rocks (Tp unit of Richter, 1976; Th unit of 

MacKevett, 1978) that intrude Cretaceous plutons on the northern flank of the central WA show 

subduction-related geochemical compositions (green dots on Fig. 1.1; Brueseke et al., 2015). 

These samples are calc-alkaline and medium-K, show Ba/Nb values (75-234 ppm) and primitive 

mantle-normalized Sr/P values (2.8-4.8), similar to the moderately-spiked suggestive of a 

subduction-fluid affected source; high Sr/Y values reflect adakitic characteristics as defined by 

Castillo (2012). These features suggest that these plutons are like trend 2b rocks of Preece and 

Hart (2004) from the <5 Ma WA (Weber et al., 2017). The ages of these rocks are similar to the 

earliest published ages of WA volcanic rocks (~26 Ma, Rocker Creek; Richter et al., 1990; 

2000), and their location along the northern flank of the WA suggests that the northwest-

younging trend of WA volcanism proposed by Richter et al., (1990) is an oversimplification 

(Fig. 1.1). These rocks, together with new detrital geochronologic ages from modern rivers 

encircling the WA, provide evidence of a previously unrecognized southward shift of volcanism 

during the initiation and early stages of the WA (Trop et al., 2017). The only known area with 

~20ï30 Ma in situ bedrock ages is the well-exposed Sonya Creek volcanic field, for which 

limited data has been reported previously. Located in the north-central WA, this 28.8ï18.5 Ma 

volcanic field contains volcanic and shallow intrusive rocks that have been carefully mapped to 

provide spatial and temporal position to help evaluate this issue (Fig. 1.1). 
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 Sonya Creek Volcanic Field Study Area 

 The 28.8ï18.5 Ma (Richter et al., 1990; 2000) Sonya Creek volcanic field (SCVF) is in 

an area of relatively low elevation (~970-2300 m above sea level), easily accessible by aircraft 

and on foot, and is well-exposed and ice-free. This is in stark contrast to the rugged, remote, and 

ice-covered terrain of the high mountains that make up much of the central WA. Thus, the SCVF 

is an ideal location for a stratigraphic-based study of the early stages of WA magmatism.  

 The SCVF (Fig. 1.2) is dominated by the Sonya Creek shield volcano, which was 

interpreted to contain an inferred 10 x 14 km caldera that is similar to (but larger than) the 

summit calderas of the younger Wrangell, Tanada, and Capital volcanoes (Richter et al., 1990). 

Richter et al. (2000) interpreted the inferred caldera to be filled with more than 1 km of 18.5ï

23.3 Ma flat-lying basaltic-andesite to dacite lavas, with minor pyroclastic and volcaniclastic 

rocks. One of the lavas is obsidian-bearing and was apparently an important obsidian source 

among native peoples as far away as >460 km to the northwest (Layer, 1994, 1995; Cook, 1995; 

Patterson, 2008; Rasic et al., 2009). These thick lavas are adjacent to the rocks that make up the 

distal flanks of the Sonya Creek shield volcano, which include ~400 m of shallowly-dipping 

lavas (Flat Top, 24.5 Ma and 19.7ï19.3 Ma), lahars, and a welded ash-flow tuff unit. Basalt to 

rhyolite plugs, domes, dikes, and lavas associated with a marginal fracture system of the volcano 

stratigraphically overlie rocks of the shield volcano along the northeast margin. Another package 

of 19ï21.3 Ma northwest-dipping andesite lavas and interbedded mudflows, named the Young 

Creek lavas after a nearby river, underlie the rocks of the shield volcano and may be more than 

300-m-thick, but the base of the section is not exposed. The Young Creek lavas are adjacent to a 

22.9 ± 2.2 Ma subvolcanic/hypabyssal diorite that is roughly 5 km3 in volume. A broad field of 

20.34ï25.9 Ma coalesced andesitic subvolcanic/hypabyssal diorites and dacite domes/lavas form 
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an arcuate band from southwest to northeast around the perimeter of the shield volcano, and are 

locally overlain by the shield volcano rocks (Richter et al., 2000). In the extreme southern and 

eastern areas of the SCVF are thick packages of lavas of unknown origin (referred to as the 

Border Lavas) that may be contemporaneous with the Sonya Creek shield (Richter et al., 2000). 

To the east of the Sonya Creek shield volcano are the 27.2ï22.9 Ma Rocker Creek lavas and 

domes, a package of >1200-meter-thick basaltic to dacitic lavas that dip to the southwest, and are 

intruded by silicic domes (Richter et al., 2000). Richter et al., (1990) documented a single 

Rocker Creek basalt that yielded a K-Ar age of 26.3 Ma, which has been repeatedly cited to 

represent the onset of WA magmatism and the inception of the arc.  

  

Bedrock lithologies south of the Denali fault that are pre-WA in age include late 

Paleozoic through Tertiary sedimentary and igneous rocks, as described by MacKevett (1978) 

and Richter et al. (2000). The Pennsylvanian-Permian Station Creek Formation consists of 

amygdaloidal andesitic lavas and associated volcaniclastic rocks. The Permian Hasen Creek 

Formation is a marine argillite with minor sandstone and chert, with minor volcaniclastic rocks. 

Gabbroic sills of Triassic age are found within this unit, and are likely associated with the 

Triassic Nikolai Formation. The Nikolai Greenstone is composed of amygdaloidal tholeiitic 

basalt lavas and minor associated volcaniclastic rocks. These pre-WA bedrock lithologies 

underlie the volcanic rocks of the SCVF and crop out in a limited part of the map area, inside the 

Sonya Creek shield volcano margin and along marginal fractures. Cretaceous-Jurassic marine 

sedimentary rocks that crop out in the northern part of the map area are part of the Nutzotin 

Mountains sequence of Berg et al., (1972), and consist of thin- to medium-bedded argillite and 

rhythmically bedded and graded graywacke. Cretaceous volcanic and intrusive rocks of the 



17 

 

Chisana Formation intrude and overlie the marine sediments, including the Klein Creek pluton, 

which is found in the northeast part of the study area (Fig. 1.2), is composed of hornblende-

biotite granodiorite and quartz monzonite, and locally metamorphoses the Nutzotin Mountains 

sedimentary sequence. An unnamed unit of continental sedimentary rocks about 130-m-thick 

consists of clast-supported conglomerate, conglomeratic sandstone, and coarse sandstone. Clasts 

in the conglomerates as large as 20 cm in diameter are composed of crystalline gneiss, chert, 

greenstone, and quartz of Cretaceous age and older. Course sandstones are cross-bedded, and 

lignitized wood is locally abundant. Hornblende dacite sills intrude the unit in lower Rocker 

Creek (Richter et al, 2000). Quaternary surficial deposits consist of Pleistocene fluvio-glacial and 

glacial deposits of Wisconsin-age glaciation, to Holocene Alaskan-age glaciation glacial 

deposits, rock glacier, solifluction, landslide, colluvium, and alluvium deposits (Richter et al. 

2000). The Yukon-Tanana terrane is juxtaposed against the Wrangellia Composite Terrane along 

the Denali fault to the north of the SCVF, and consists of Precambrian-Paleozoic metamorphic 

rocks intruded by Paleozoic-Mesozoic plutons (Aleinikoff and Nokleberg, 1985; Nokleberg and 

Aleinikoff, 1985). 

 Structural Evidence for  Local Extensional Faulting 

Field relations and map patterns in the SCVF reveal what appears to be a northeast-

southwest striking fault (Fig. 1.2 and 1.3). The topographic expression of the inferred fault is 

indicated by a chain of small lakes that stretches from western Rock Lake to the long 

southwestern arm of Ptarmigan Lake, and follows the course of Ptarmigan Creek to where it 

meets Beaver Creek just west of the Yukon border. Maps from across the border in Yukon 

Territory show a fault (Beaver Creek fault) approximately matching up with this proposed fault, 

that cuts Pennsylvanian-Cretaceous strata and meets the right-lateral Denali fault (Israel et al, 
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2007; Israel and Cobbett, 2008b). Because the fault has been mapped in the Yukon, we will refer 

to it as the Beaver Creek fault. A rough trace of the Beaver Creek fault across the White River to 

the southwest meets the right-lateral Totschunda fault, and lines up with outcrops of Cretaceous 

rocks that are uplifted to the southeast of the fault, and at lower elevations or absent on the 

northwest side of the fault (MacKevett, 1978). This suggests a southeast-side-up sense of motion 

on the Beaver Creek fault.  

There are multiple pieces of evidence for the Beaver Creek fault within the SCVF. Sub-

aerial lavas from Cabin Creek are at similar elevations as sub-volcanic/hypabyssal plutonic rocks 

across the fault, 5 km to the southeast (Fig.1.2, 3.2E). The rocks from the dome field are at 

elevations of ~1680ï1920 m on the southeast side, and are less than 1620 m in elevation on the 

northeast side of the fault. The contact between the Sonya Creek lavas and the Rock Lake diorite 

is offset across the fault, with the southeast side higher and the northwest side lower (Figs. 1.2, 

3.5). The small fault that cuts through the exposed pre-SCVF Wrangellia basement rocks to the 

north of Ptarmigan Lake (Fig. 1.2) is sub-parallel to the main fault. Additionally, there is a series 

of dikes that intrude the dome field and the Young Creek area that are sub-parallel to the fault 

(Fig. 1.2). These structural features on the Alaskan side of the border suggest that the Beaver 

Creek fault has a larger extent than what was originally mapped in the Yukon (Israel et al, 2007; 

Israel and Cobbett, 2008b). It possibly originates at the Totschunda fault, underlies the White 

River valley, cuts through the middle of the SCVF, extends into Yukon Territory, and possibly 

meets the Denali fault. 

The SCVF is located between two large right-lateral strike-slip faults, the Denali and 

Totschunda faults. The stress ellipse within a dextral strike-slip stress field shows extensional 

forces at approximately 30° to the fault, which would result in normal faulting (Christie-Blick 
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and Biddle, 1985). The kinematic history of the Beaver Creek fault is complicated, as the Yukon 

portion of the fault is mapped as a normal fault with an opposite sense of motion (i.e., southeast 

side down), possibly making the Beaver Creek fault a wrench or scissor fault.  
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Figure 1.1: Map of southern Alaska and western Canada showing major volcanic and tectonic 

features. Major fault systems are in yellow and black. The Yukon-Tanana composite terrane is 

north of the Denali fault, the Wrangellia composite terrane is between the Denali fault and the 

Border Ranges fault, and the Yakutat microplate is south of the suture with the North American 

plate at the Chugach-St. Elias fault. The Wrangell arc is shown by red fields and triangles 

(volcanoes active <5 Ma). The easternmost Aleutian arc is shown by orange triangles. Vector 

arrows in lower right corner show net displacement for Pacific plate relative to North American 

plate in Miocene-recent time. The location of the Sonya Creek volcanic field is indicated by the 

yellow box and is expanded in Figure 1.2. Adapted from Pavlis et al. (2004), Kalbas et al. 

(2008), Fuis et al. (2008), and Trop et al. (2012). Structural features: BRF-Border Ranges fault, 

CF-inferred Totschunda-Fairweather connector fault, CSEF-Chugach-St. Elias fault, TF-

Totschunda fault.   

 

<5 Ma Wrangell arc volcanoes: B-Mount Blackburn, C-Capital Mountain, cc-interior cinder 

cones, Ch-Mount Churchill, D-Mount Drum, J-Mount Jarvis, S-Mount Sanford, Sk-Skookum 

Creek Volcanic Center, T-Tanada Peak, W-Mount Wrangell.  

 

Yukon WA volcanic fields: A-Alsek volcanic field, NC-Nines Creek volcanic field, SC- St. 

Clare Creek volcanic field, St- Stanley Creek volcanic field. 

  

Aleutian arc volcanoes: AV -Augustine volcano, BC-Buzzard Creek maar, DG-Double Glacier 

volcano, Do-Mount Douglas, FP-Fourpeaked volcano, H-Mount Hayes, I -Mount Iliamna, R-

Mount Redoubt, Sp-Mount Spurr. 

 

Towns: A-Anchorage, M -McCarthy, V-Valdez, Y-Yakutat. 
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Figure 1.2: Simplified geologic map of the Sonya Creek volcanic field (SCVF), adapted from 

Richter et al. (2000). Below is a legend for Figure 1.2. Location of bedrock samples indicated by 

black dots and lines. Samples beginning with ñSBò follow the SB15-xx numbering scheme, and 

samples ending with ñLAò follow the 15JBxxLA scheme. Bedrock units are lumped into the 

geographic units described in the text (e.g., Flat Top rocks). Lines of cross-sections shown in 

Figure 3.5 are shown by lines X-Xô and Y-Yô. Inferred fault shown by dashed line from 

southwest to northeast. Location is shown in Figure 1.1. 
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Figure 1.3: Compiled geologic maps showing the inferred location and sense of motion of the 

Beaver Creek fault in Alaska and Yukon Territory. Strain ellipses for simple shear across a 

dextral strike-slip fault are shown. Maps adapted from MacKevett (1978), Richter et al. (2000), 

and Israel et al. (2007a; 2007b).  

 



 

 

2
5 

 

 



26 

 

Chapter 2 - Methods 

 Field Methods 

Samples were collected during July 2016. Target areas were determined by studying the 

maps of Richter et al. (1976), MacKevett (1978), and the highly detailed map of Richter et al., 

(2000), as well as Google Earth imagery. At the Sonya Creek volcano, samples of igneous units 

were obtained in stratigraphic context and a stratigraphic column was drafted (Figs. 3.11 and 

3.12). The Intermediate domes, Flat Top, Young Creek, Rock Lake, Rocker Creek, and Border 

Lava areas were targeted to get a representative set of the mapped rock units of Richter et al. 

(2000). Time was spent at each outcrop to obtain the freshest rock sample possible, which 

involved chipping away weathering rinds to the interior of a large block. Detailed hand sample 

descriptions were made in the field, as well as relevant stratigraphic or structural information. 

Coordinates were taken with a GPS device using the 1927 North American Datum (NAD27 

CONUS) datum. Coordinates and field descriptions can be found in Appendix A. 

 Analytical Methods 

Samples were split into smaller pieces using a RockLabs Hydraulic Press with tungsten 

splitting jaws. Weathered surfaces were removed from all samples by cutting with a rock saw 

with a diamond-tipped blade and grinding on a 60-grit sandpaper 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 the tungsten 

crushing plates of the RockLabs Hydraulic Press, then randomized using a cone-and-quarter 

method on a glass plate. A small amount (~25 mL) of crushed sample was powdered using a 

Spec Industries Shatterbox machine and an alumina shatterbox assembly for eight minutes. 

Powdered samples were shipped in glass vials for analysis. 
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 Major,  Trace, and Rare Earth Element Analysis 

Fifty-five rock sample powders were sent to Washington State University for 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, Zn) and 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, Lu). Loss on ignition (LOI) was also measured. For XRF analysis, 3.5 g aliquots of 

powder were mixed with 7 g of a lithium tetraborate (Li2B4O7) flux and fused in graphite 

crucibles at ~1000°C. The resulting beads were reground in tungsten-carbide shatterboxes and 

fused again under the same conditions. Samples were run on a ThermoARL Advant'XP+ 

sequential X-ray fluorescence spectrometer, following the procedures of Johnson et al. (1999). 

Nine USGS standards were run with the powders, and pure quartz was used as a blank. The 

standards BCR-P and GSP-1 were analyzed between every 28 samples to ensure precision within 

a single run and between runs. 

For ICP-MS analysis, 2 g aliquots of powder were mixed with 2 g of lithium tetraborate 

flux and fused under the same conditions as for XRF aliquots. These samples were then reground 

in Fe shatterboxes and dissolved using a HF-HNO3-HClO4 acid mixture. Samples were run on an 

Argilent 7700 ICP-MS following the procedures of Knaack et al (1994). 

Five samples (SB15-30, 15JB16LA, 15JB28LA, 15JB31LA, 15JB41LA; see Appendix 

B) were sent to Franklin and Marshall College for XRF analysis of major and trace element 

compositions and LOI, following the method outlined by Mertzmann (2000; 2015). A 1 g aliquot 

of powder from each sample was placed in clean ceramic crucibles and heated at 900°C in a 

muffle furnace for 60-75 minutes. After cooling to room temperature, samples were reweighed 

and the change in percent was reported as LOI. Following LOI measurements, 0.4 g of 
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anhydrous powder was mixed with 3.6 g of lithium tetraborate flux and melted in 95% Pt - 5% 

Au crucibles. Once quenched into homogeneous glass disks, the disks were used for XRF 

analysis of major elements using a Panalytical, Inc. 2404 XRF vacuum spectrometer equipped 

with a 4 kW Rh X-ray tube. Major elements were reported as weight percent oxide (SiO2, TiO2, 

Al 2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5). Nineteen trace elements (Rb, Sr, Y, Zr, V, 

Ni, Cr, Nb, Ga, Cu, Zn, Co, Ba, La, Ce, U, Th, Sc, Pb) were analyzed on pressed powder 

briquettes made from a mixture of 7.0 g of whole-rock powder ad 1.4 g of high purity 

Copolywax powder. Trace element concentrations are presented as parts per million (ppm). All 

major, trace, and rare earth element data are presented in Appendix B. 

During analysis, all available Fe was recorded as FeO*. The raw Fe data were corrected 

for oxidation state, and FeO and Fe2O3 were determined based on the method outlined by 

LeMaitre (1976). 

Although care was taken in the field to collect the freshest possible samples of volcanic 

rocks, loss on ignition (LOI) values and petrographic evidence suggest that some samples have 

been affected by secondary hydrothermal and/or meteoric fluid alteration/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, eight samples are interpreted to be 

altered and possess non-primary geochemical traits, and were excluded from further 

consideration. Data from these eliminated samples are presented in Appendix B.  

 Sr-Nd-Pb-Hf Isotope Analysis 

 Eight samples that represent important rock units within the SCVF were sent to 

Washington State University for radiogenic isotope analysis via a Thermo-Finnigan Neptune 
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multicollector (MC)-ICP-MS. Methods for Sr, Nd, and Hf analysis follow those found in 

Vervoort & Blichert-Toft, (1999), Vervoort (2004), and Mu↓nker et al., (2001), with important 

steps highlighted here for information. For Sr, Nd, and Hf whole-rock isotopic analysis, ~0.25 g 

aliquots of whole-rock powders were dissolved at high pressure in sealed, steel-jacketed Teflon 

bombs with a 10:1 mixture of concentrated HF and HNO3 acids at 150°C for 5-7 days. After 

conversion from fluorides to chlorides, samples were spiked with mixed 149Sm-150Nd and 176Lu-

180Hf tracers. Hf, Sr, Lu-Yb, and the light REE (LREE) were initially separated on cation 

exchange columns using ȹG 50W-X8 (200-400 mesh) resin. Hf aliquots were further purified 

using columns with Ln spec resin following the methods of Mu↓nker et al. (2001). Sr aliquots 

were purified using micro-columns (0.18 ml resin volume) with Sr-spec resin and HNO3. Lu was 

separated from Yb on columns with Ln spec resin and HCl (Vervoort et al., 2004). Nd and Sm 

were separated from the LREE aliquot on columns with HDEHP-coated Teflon powder and HCl 

(Vervoort & Blichert-Toft, 1999).  

Sr analyses were corrected for mass fractionation using 86Sr/88Sr=0.1194 and normalized 

to a value of 0.71024 for the 87Sr/86Sr ratio of the NBS-987 standard. Nd analyses were corrected 

for mass fractionation using 146Nd/144Nd=0.7219 and normalized to a value of 0.512138 for the 

143Nd/144Nd ratio of the Ames Nd standard and 0.511858 for the LaJolla standard. Sm analyses 

were corrected for fractionation using 147Sm/152Sm=0.56081. Whole-rock Hf analyses were 

corrected for mass fractionation using 179Hf/177Hf=0.7325 and normalized to a value of 0.28216 

for the 176Hf/177Hf ratio for the JMC-475 standard (Vervoort and Blichert-Toft, 1999). Lu 

measurements were made using the methods of Vervoort et al. (2004). All mass fractionation 

corrections were made using the exponential law. 
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 Pb isotopic concentrations were determined on powder aliquots dissolved separately, and 

follow the methods of White el al. (2000). These were washed and sonicated in 6M cold HCl at 

least once to remove any secondary Pb, rinsed with purified H2O, and dissolved in sealed 15 ml 

Savillex TM beakers with a 10:1 HF-HNO3 mixture on a hot plate at ~120° for 24 hours. After 

conversion from flourides to bromides, Pb was separated using BioRad AG 1-X8 anion resin. Pb 

isotopic compositions were measured on the same MC-ICP-MS instrument as Sr, Nd, and Hf, 

using the thallium doping procedure described by White et al. (2000). Unknowns were doped 

with 30 ppb Tl and run alternately with the NBS-981 standard with a concentration of 150 ppb 

and 30 ppb Tl. After correcting for the mass bias using thallium, samples were normalized to the 

triple-spike values for NBS-981 from Galer & Abouchami (1998): 206Pb/204Pb = 16.9405; 

207Pb/204Pb = 15.4963; 208Pb/204Pb = 36.7219. Pb isotopic ratios are presented in Table 3-1 and 

are presented here as measured present-day values. 

 40Ar/ 39Ar Geochronology Analysis 

 56 SCVF samples were analyzed for 40Ar/39Ar ages at the University of Alaska Fairbanks 

Geochronology lab. Rock samples were crushed using a stainless-steel mortar and pestle, then 

sieved using 500-1000 micron sieves. Samples were then washed and sonically bathed in de-

ionized water to remove and decant clay particles. Samples were then dried in an oven overnight 

at ~60° C and then homogeneous grains were hand-picked under an optical microscope to select 

phenocryst-free groundmass chips, 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 uranium enriched research reactor of McMaster University in 
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Hamilton, Ontario, Canada, and irradiated for 20 megawatt-hours. After irradiation, samples 

were loaded into 2mm diameter holes in a copper tray and loaded in an ultra-high vacuum 

extraction line. The monitors were fused, and samples heated, using a 6-watt 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 isotopes 

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 x 10-18
 

mol 40Ar, 3 × 10-18 mol 39Ar, 9 × 10-18 mol 38Ar, and 2 × 10-18 mol 36Ar, which are 10 ï 50 times 

smaller than the sample/standard volume fractions. Correction factors for nucleogenic 

interferences during irradiation were determined from irradiated CaF2 and K2SO4 as follows: 

(39Ar/37Ar)Ca = 7.06 × 10-4, (36Ar/37Ar)Ca = 2.79 × 10-4 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 as 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 watts 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%. 

Samples selected for higher-precision ages were step-heated from relatively low temperatures 

until reaching fusion temperatures using the 6-watt argon-ion laser (Sliwinski et al., 2012). For 
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each step, isotopic ratios of Ar were determined, with a range of MSWD values of 0.01 ï 6.25 

(Table 3-4).  

A summary of 14 40Ar/39Ar step-heat ages is given in Table 3-4 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 ï 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). For select samples, inverse isochron ages were calculated from an inverse isochron 

diagram of 36Ar/40Ar vs. 39Ar/40Ar ratios measured during each heating step (Roddick, 1978; 

Roddick et al., 1980; Benowitz et al, 2011). 

 Petrography 

 Thin section billets were created at KSU using a diamond-tipped blade saw, and then 

shipped to National Petrographic Service, Inc. for thin section preparation. Thin sections were 

used to evaluate ñfreshnessò of samples, which assisted in evaluating LOI data and choosing 

samples for radiogenic isotope analysis. Thin sections were examined using a Nikon Eclipse 

E600 POL microscope and photomicrographs were taken with a camera attached to the 

microscope. Point counts were done on the eight samples used for isotope analysis, using a 1mm 

step and averaging 695.25 points per slide. Detailed petrographic descriptions can be found in 

Appendix A. 
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Chapter 3 - Results 

 Field Relations, Physical Characteristics, and Geochronology 

 Sample locations are summarized in Appendix A and on Figure 1.2. A summary of 

phenocryst occurrence is shown in Table 3.1, and a summary of point count data for the samples 

chosen for isotope analysis is presented in Table 3.2. Detailed petrographic descriptions of all 

SCVF samples can be found in Appendix A. A summary of step-heat geochronology is found in 

Table 3.4, the complete spectra are in Appendix C, and laser-fusion 40Ar/39Ar data are 

summarized in Appendix A. Two schematic cross-sections of the SCVF are shown in Figure 3.5, 

with the names and ages of the units discussed in the text. Photographs of outcrops and field 

relations are shown in Figures 3.1 to 3.4. 

Lavas from Rocker Creek are poorly exposed due to heavy vegetation, and most crop out 

as blocky lavas in small gullies of the Rocker Creek drainage (Fig. 3.1a, b). Rocker Creek lavas 

generally dip to the southwest and are intruded by the domes and sub-volcanic rocks associated 

with the dome field of Richter et al. (2000). Petrographically, the Rocker Creek lavas are 

clinopyroxene-plagioclase-phyric (Fig. 3.6a, b). Most have a glassy or microcrystalline 

groundmass consisting of plagioclase laths, opaque oxide minerals, and/or clinopyroxene. Only 

the basaltic sample contains olivine (the basaltic-andesite 15JB26LA has pseudomorphs after 

olivine). Two dacite lavas have hornblende phenocrysts, and one has biotite phenocrysts. 

Glomerocrysts are rare, and plagioclase crystals show a range of disequilibrium textures. Apatite 

needles are found as inclusions in plagioclase crystals in nearly every SCVF sample. Rocker 

Creek lavas yield 40Ar/39Ar ages from 27.2 ï 23.4 Ma (Fig. 3.10, Appendix B). 
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The Rocker Creek dome rocks occur as platy and blocky outcrops of hornblende-

plagioclase-phyric lavas (Figs. 3.1c, d; Fig. 3.6c, d). They have a glassy and microcrystalline 

groundmass, consisting of aligned/flow-banded plagioclase laths and opaque minerals. Rocker 

Creek domes yield 40Ar/39Ar ages from 25.96 ï 23.17 Ma (Fig. 3.10, Appendix B). 

The silicic lavas crop out throughout the SCVF as large extrusive domes (~300 m tall), 

lavas in valleys, and as small plugs (Fig. 3.1e, f; Fig. 3.2a, c). They are porphyritic with 

plagioclase and sanidine phenocrysts in a microcrystalline to cryptocrystalline groundmass. 

Three of the samples (SB15-34, SB15-45, 15JB38LA) have biotite phenocrysts and one (SB15-

45) has hornblende and biotite phenocrysts (Fig. 3.6e, f). Rare zircons are also present (Fig. 3.7a, 

b). The adakite-like silicic rocks are sanidine-phyric lavas in a microcrystalline and glassy 

groundmass. The silicic domes yield 40Ar/39Ar ages from 24.81 ï 23.26 Ma, and SB15-45 is 

20.34 ± 0.12 Ma (Fig. 3.10, Appendix B). 

Intermediate dome rocks crop out as extrusive lava flows, small plugs, medium-grained 

diorites, and a sinter/breccia deposit that may represent a paleo-hot spring (Fig. 3.2b, d). The 

intermediate domes show some petrographic diversity. Two samples (dacite SB15-47 and 

andesite SB15-48) have cumulate textures of anhedral plagioclase crystals with intergranular 

biotite, clinopyroxene, amphibole, and quartz (in the dacite) (Fig. 3.7c, d). The basaltic-andesite 

(SB15-46) and andesite (SB15-43) samples have extrusive textures, with plagioclase phenocrysts 

and altered mafic phases in a glassy groundmass. The two dacites (15JB27LA and 15JB28LA) 

from the Rocker Creek area have hornblende phenocrysts, and are otherwise plagioclase-phyric 

lavas (Fig. 3.7e, f). Intermediate domes yield 40Ar/39Ar ages from 23.18 ï 21.67 Ma (Fig. 3.10, 

Appendix B). 
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 Lavas from Cabin Creek are flat-lying to gently dipping and range in thickness from 10 ï 

50 m thick (Fig. 3.2f; Fig. 3.3a; Figs. 3.11, 3.12). Some lava flows occur as platy, ramped and 

jointed outcrops, others weather into tall, jagged spires, and one lava has ~2-m-wide lava tubes 

(Fig. 3.3b, c, d). 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. The south side of Cabin Creek has dacite flows 

with well-developed ~30-m-tall columnar joints, as well as a package of four mafic lavas with 

interbedded volcanic breccias (Fig. 3.3e). The south side has sedimentary units interbedded with 

lavas; a poorly-sorted boulder conglomerate with rounded volcanic clasts is interpreted as a 

debris/hyperconcentrated-flow deposit, and a poorly-sorted breccia with volcanic boulders up to 

one meter in size is interpreted as a lahar deposit (Fig. 3.3f; Fig. 3.12). These sedimentary units 

represent inter-eruptional deposits on the flanks of the volcano. 

Lavas from the north side of Cabin Creek are two-pyroxene, plagioclase-phyric 

glomeroporphyritic lavas (Fig. 3.8c, d). 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. SB15-27 has a groundmass that consists almost 

entirely of glass, and is a vitrophyre. The lowermost rocks from the south side (ñmafic packageò 

of basaltic-andesites to andesites) are two-pyroxene, plagioclase-olivine-phyric 

glomeroporphyritic lavas (Fig. 3.8a, b). Clinopyroxene crystals may be titanaugite, and 

plagioclase phenocrysts show sieve texture and pyroxene inclusions. Cabin Creek lavas yield 

40Ar/39Ar ages from 23.29 ï 18.48 Ma (Fig. 3.10, Appendix B). 
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 The Flat Top basalt outcrops among hillslope colluvium deposits, and is interbedded with 

volcanic mudflow deposits (Fig. 3.4a). Silicic lavas are blocky outcrops of ~10 m thick lavas 

with sparse interbedded airfall tuff deposits (Fig. 3.4b). The massively bedded ash-flow tuff is 

~30-m-thick and has flattened pumice fragments and volcanic lithic fragments greater than 15 

cm long (Fig. 3.4c). Rocks from Flat Top show some petrographic diversity. The basalt from the 

bottom of the section (SB15-39) is a clinopyroxene-plagioclase-olivine-phyric lava in coarse-

grained groundmass (Fig. 3.8e, f). The rhyolite ash-flow tuff/ignimbrite (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. 3.9a, b). The two trachydacite samples (SB15-41 and -42) are crystal-poor lavas. 

SB15-41 is vesicular and has a glassy groundmass. The Flat Top basalt yields a 40Ar/39Ar age of 

24.58 Ma, and two of the upper rocks yield ages of 19.71 and 19.3 Ma (Fig. 3.10, Appendix B). 

Young Creek lavas outcrop as massive flows that dip to the northwest, and are intruded 

by a north-striking dike (Fig. 1.2; Fig. 3.4e). Young Creek rocks are clinopyroxene-plagioclase-

phyric lavas. The two basaltic-andesites contain olivine, and one of the andesites has hornblende 

phenocrysts. The groundmass of these lavas contains glass (Fig. 3.e, f). The Rock Lake diorite 

(sample SB15-56) has a cumulate texture of large plagioclase crystals with intergranular 

clinopyroxene and biotite, and is lumped with Young Creek lavas on plots of geochemistry, 

which will be discussed below. Young Creek rocks yield 40Ar/39Ar ages from 21.3 ï 19.07 Ma, 

and the Rock Lake diorite is 22.9 Ma with a large error (±2.2 Ma) (Fig. 3.10, Appendix B). The 

two Border Lava samples are plagioclase-phyric with a glassy and microcrystalline groundmass, 

but 15JB37LA has highly embayed plagioclase crystals that show sieve texture, and 15JB46LA 
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has opaque pseudomorphs after hornblende (Fig. 3.9c, d). The Border Lavas yield 40Ar/39Ar ages 

of 21.27 and 19.62 Ma (Fig. 3.10, Appendix B). 

 Geochemistry Results 

Rock units from the SCVF are named based on geographic location, except for the silicic 

lavas (SiO2 >72 wt. %) that are named by composition. See Fig. 1.2 of the SCVF study area for 

sample locations. Lavas and domes from Rocker Creek are named after the drainage from which 

they were sampled. The intermediate domes are located physically between the Rocker Creek 

lavas and the Sonya Creek shield volcano, and they have chemical affinities that are intermediate 

between those two eruptive centers. The ñSilicic Lavasò have SiO2 >72 wt. %, and two samples 

(15JB15LA, 15JB16LA) meet geochemical criteria to be considered ñadakitic.ò The Flat Top 

rocks were collected in stratigraphic context from the southeast margin of the inferred Sonya 

Creek shield volcano. Cabin Creek (North and South) rocks are from two stratigraphic sections 

on either side of the Cabin Creek drainage. Young Creek rocks are from a location along the 

northwest and north side of Rock Lake. The Border lavas (collected in the Rocker Creek area) 

overlap in time with Young Creek rocks, and are plotted with those on many plots. 

 Geochemical Classification 

Major element data for SCVF rocks show that rock types range from basalt to rhyolite. A 

total alkali vs. 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. 3.13a). All samples plot 

below the sub-alkaline discrimination line of Irvine and Barager (1971). Most SCVF rocks plot 

as medium-K on the classification diagram of Gill (1981), but approximately 10 samples from 

Cabin Creek, Flat Top, and the silicic lavas show a high-K trend (Fig. 3.14b). An AFM diagram 
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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. 3.13b). A FeO*/MgO vs. wt. % SiO2 diagram after Miyashiro (1974) 

shows most of the Flat Top and Cabin Creek rocks (as well as one Border Lava and one adakitic 

silicic lava) plotting within the tholeiitic field, while the remainder of the SCVF rocks plot as 

calc-alkaline (Fig. 3.14a). 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 ñtransitional tholeiiticò in 

discussions of geochemistry. This term was used by Preece and Hart (2004) to describe their 

ñtrend 1ò magma series, and because Flat Top and Cabin Creek rocks are geochemically like the 

trend 1 rocks, we adopt a similar approach. No SCVF rocks show similar chemistry to the fields 

for primitive alkaline and transitional volcanic rocks from the Yukon WA volcanic field (Figs. 

3.13, 3.14; 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 

granites (Fig. 3.15). SCVF rocks plot as peraluminous to metaluminous based on Shandôs 

alumina saturation index [ASI= Al / (Ca ï 1.67*P + Na + K)]. Two Rocker Creek lavas, three 

Flat Top rocks, three intermediate domes, and one Border Lava plot as metaluminous (ASI < 1).  

The five silicic lavas (including the two that are adakitic), two Rocker Creek domes, and 

one Border lava plot as peraluminous (ASI > 1; Fig. 3.15c). This last group includes the five 

high-silica rhyolites that are the most silicic in the SCVF. The Y vs. Nb discrimination diagram 

after Pearce et al. (1984) shows the three Flat Top rocks plot in the within plate granite (WPG) 

field, while the remainder of the SCVF silicic rocks plot in the volcanic arc granite (VAG) field 
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(Fig. 3.15b). Similarly, the Flat Top rocks plot in the ñA-type graniteò field and the remainder 

plot in the ñI & S-types graniteò field on the Zr vs. 104 Ga/Al discrimination diagram of Whalen 

et al. (1987) (Fig. 3.15c). This is not to say that the three silicic Flat Top rocks (which are two 

lavas and an ash-flow tuff) have A-type or within-plate characteristics sensu stricto, but the 

geochemistry of these rocks likely reflects a process that would give rise to a hot and dry felsic 

magma, which is consistent with their mineralogy. 

 Major Element Geochemistry 

 Major element concentrations for SCVF rocks are plotted on Harker diagrams to show 

geochemical trends with differentiation (Fig. 3.16). All SCVF rocks show decreasing wt.% TiO2, 

Al 2O3, 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. 3.16). 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. 3.16). Flat Top and Cabin 

Creek rocks tend to have higher values of both, while Rocker Creek and Young Creek tend to 

have lower values, at a given SiO2 content. The intermediate domes have major element 

compositions that are intermediate between the Flat Top/Cabin Creek rocks and Rocker Creek 

rocks (i.e., TiO2, MgO, K2O), hence their name. The silicic lavas (72.9-76.5 wt. % SiO2; Figs. 

3.16) show trends that are different from the intermediate domes. The silicic lavas show a sharp 

decrease in Al2O3 content at high SiO2 values, and much lower Na2O values (3.7-4.6 wt. %) than 

Flat Top silicic rocks (4.9-5.3 wt. %). Three of the silicic domes belong to the high-K trend, and 

the two silicic adakitic domes belong to the medium-K trend (Fig. 3.16). Flat Top and Cabin 
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Creek rocks plot within the field for ñtrend 1ò data of Preece and Hart (2004), and the ñcalc-

alkalineò field of Yukon WA rocks (Skulski et al., 1991; 1992), and will be discussed later. 

 Trace Element Geochemistry 

 Trace element values for SCVF rocks are plotted on Harker diagrams to show 

geochemical trends (Fig. 3.17). All SCVF rocks show decreasing values of the compatible trace 

elements (Sr, Ni, Sc, Cr, Cu, Zn, and V) with increasing wt.% SiO2 content, but Flat Top/Cabin 

Creek rocks tend to have lower amounts of Sr, Ni, and Cr, and higher Zn for a given SiO2 

content (Fig. 3.17, Appendix B). Most Rocker Creek lavas and domes plot within the field for 

ñtrend 2bò data 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 (LILE; Rb, Ba, U, Th, 

Pb, and Cs) with increasing SiO2, but Flat Top/Cabin Creek rocks tend to have higher amounts of 

Rb, U, Th, Pb, and Cs at a given SiO2 content (Fig. 3.17, Appendix B). The silicic domes show a 

wide range of these incompatible trace elements over a relatively restricted SiO2 range. The high 

field strength elements (HFSE; Y, Zr, Nb, Hf, and Ta) show mixed trends for SCVF rocks. Flat 

Top/Cabin Creek rocks show a strong increase in HFSE values with SiO2, especially for Y, Zr, 

and Hf (Fig. 3.17, Appendix B), and plot within the field for ñtrend 1ò data of Preece and Hart 

(2004) and ñcalc-alkalineò field from Yukon WA rocks (Skulsi et al., 1991 1992). The 

intermediate domes have slightly higher Y contents at a given SiO2 value than te Rocker Creek 

rocks, and plot within the field for ñtrend 2aò of Preece and Hart (2004). 

 Rare Earth Element Geochemistry  

 Selected rare earth element (REE) values for SCVF rocks are plotted against SiO2 in 

Figures 3.17g and h. REE concentrations versus SiO2 show a geochemical relationship that is 
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much the same as that for HFSE, with Flat Top/Cabin Creek rocks showing an increase in REE 

concentrations with increasing SiO2, and plotting within the ñcalc-alkalineò field for Yukon WA 

rocks (Skulski et al., 1991 1992). Rocker Creek, Young Creek, and the intermediate domes show 

no correlation or a broadly negative correlation of REE with increasing SiO2 (Fig. 3.17g, h). In 

fact, the negative correlation for Rocker Creek, Young Creek, and the intermediate domes 

becomes more evident with increasing atomic number; the light rare earth elements (LREE), 

especially La and Ce, show no obvious relationship, but the middle and heavy rare earth 

elements (MREE and HREE) show a more defined negative variation with SiO2 (Fig. 3.17g, h; 

Appendix B).  

When SCVF REE values are normalized to chondrite values of Sun and McDonough 

(1989) and plotted on multi-element diagrams, similarities and differences between rock groups 

are seen (Fig. 3.18). Rocker Creek lavas have similar REE profiles to the domes from Rocker 

Creek, with absent or small positive Eu-anomalies (3.18a). The one basalt (15JB25LA) is 

highlighted to show its lower trace element abundances. The intermediate domes show similar 

chondrite-normalized REE patterns, with subdued negative or positive Eu-anomalies (Fig. 

3.18d). The silicic lavas have lower normalized values and more significant negative Eu-

anomalies (Fig. 3.18b). An exception is the adakitic silicic lava (15JB15LA), which has a steeper 

REE profile (i.e., higher LREE/HREE ratio) and a slight positive Eu-anomaly. The rocks from 

Flat Top show variety in their REE profiles. The three silicic rocks have more elevated 

chondrite-normalized REE values, and show negative Eu/Eu* anomalies (Fig. 3.18c). The basalt 

from lower in the stratigraphic section (SB15-39) shows a very different REE profile, with lower 

REE values and a slight positive Eu/Eu* anomaly (Fig. 3.18c). Rocks from Cabin Creek are very 

similar to the Flat Top REE profiles, but with slightly lower values and with more subdued 
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negative Eu/Eu* anomalies (Fig. 3.18e). Young Creek rocks and the two Border Lavas show 

REE profiles that are similar to the lavas and domes of Rocker Creek, but the Border lavas have 

slightly steeper REE profiles. Sample SB15-56 (Young Creek) has a less steep profile and shows 

a slight positive Eu/Eu* anomaly (Fig. 3.18f). 

 Primitive Mantle Normalized Multi -Element Diagrams 

 Multi -element diagrams of SCVF rocks, normalized to the primitive mantle values of Sun 

and McDonough (1989), show important geochemical differences and similarities among the 

rocks groups (Fig. 3.19). Notably, all SCVF rocks show the enrichment in LILE and depletion in 

HFSE that is characteristic of subduction-related magmatism. The Rocker Creek lavas and 

domes show similar profiles to the intermediate domes but with slightly lower normalized trace 

element values, particularly for REE (Fig. 3.19a, d). The silicic domes have higher values of the 

most incompatible trace elements, but have similar values of REE (Fig. 3.19b). The three silicic 

rocks from Flat Top have very similar normalized trace element values, and the subduction 

signature of HFSE depletion and LILE enrichment is clear (Fig. 3.19c). The basalt from lower in 

the stratigraphic section (SB15-39) shows a very different trace element profile, with much lower 

normalized trace element values and a subdued subduction signature, as well as a lack of large 

Sr, P, or Ti anomalies (Fig. 3.19c). 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 

(SB15-32; Figs. 3.12 and 3.19e). The rocks from Young Creek show a similar profile to those of 

Rocker Creek and Cabin Creek, but with intermediate REE values between those two other 

groups (Fig. 3.19f). The Rock Lake diorite (SB15-56) has a distinctly different profile, with 

larger depletions in HFSE and REE, but higher Sr values. The two Border Lavas are plotted with 

the Young Creek rocks, based in part on geochronologic data (Fig. 3.10; Fig. 3.19f). 
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 Trace Element Ratios and Other Parameters: Sr/Y, (Sr/P)n, Ba/Nb, Eu/Eu* 

 Various trace element ratios are plotted against SiO2 in Figure 3.20 to show geochemical 

characteristics that were helpful in classifying some of the rock types. Sr/Y ratio versus SiO2 

shows most of the Rocker Creek lavas and domes have higher Sr/Y values at a given SiO2 

content than the other rock groups, particularly Flat Top and Cabin Creek rocks (Fig. 3.20). At 

lower SiO2 values the Young Creek rocks are also elevated in Sr/Y relative to the Cabin Creek 

rocks. This high Sr/Y trend serves to further distinguish the Rocker Creek dome rocks from the 

intermediate domes.  

The ratios of (Sr/P)n (normalized to primitive mantle values) and Ba/Nb can be used to 

infer relative inputs from subduction-mobilized fluids (Borg et al., 1997), because Sr and Ba are 

fluid-mobile, and P and Nb are fluid-immobile (Stern, 2002). Four SCVF samples (three Rocker 

Creek lavas and the Flat Top basalt) meet the MgO cutoff of 6 wt.% of Borg et al. (1997) for 

using the (Sr/P)n values (Fig. 3.20b). Despite this strict definition, Figure 3.20b shows that 

among SCVF with SiO2 < 63 wt. % Rocker Creek, Young Creek, and intermediate dome rocks 

have higher (Sr/P)n values than the Cabin Creek rocks (3.20b), and are similar to the 

ñmoderately-spikedò basalts of Borg et al. (1997) (1.3 < (Sr/P)n < 5.5), interpreted to have melted 

via a moderate degree of subduction-fluid fluid addition along the arc axis. The most primitive 

Cabin Creek lavas have (Sr/P)n values similar to ñweakly-spikedò basalts, which were interpreted 

by Borg et al. (1997) to represent melting via a lower degree of subduction-fluid addition than 

the moderately-spiked basalts in a back-arc setting. Ba/Nb ratios of SCVF rocks show a similar 

distinction between the Rocker Creek/Young Creek rocks from the Flat Top, Cabin Creek, 

intermediate domes, and silicic lavas (Fig. 3.20c).  
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Eu/Eu* quantifies the Eu anomalies shown on chondrite-normalized REE plots (Fig. 

3.20d). When plotted against SiO2, the silicic lavas, the Flat Top silicic rocks, and the Cabin 

Creek lavas show Eu/Eu* <1 (0.9-0.37), values that are generally lower than Rocker Creek and 

Young Creek rocks at a given SiO2 content. The three most mafic samples from SCVF show the 

highest Eu/Eu* values (1.08-1.25; Fig. 3.20d). The Cabin Creek and Flat Top rocks generally 

plot within the fields for ñtrend 1ò data of Preece and Hart (2004), and the ñcalc-alkalineò field 

for Yukon WA rocks (Skulski et al., 1991; 1992). 

 Cabin Creek Chemostratigraphy  

 Samples from Cabin Creek were collected in stratigraphic context, so plots of various 

chemical constituents versus stratigraphic position assess temporal-geochemical trends (Fig. 

3.21). Stratigraphic columns from the north and south sides of Cabin Creek are shown in Figure 

3.11 and 3.12, with the north column beginning at ~1500 m asl (above sea level), and the south 

side beginning at ~1750 m asl, with both sections topping out at ~1950 m asl. A plot of SiO2 on 

the X-axis (Fig. 3.21a) shows two chemo-stratigraphic trends; samples from the south side show 

an increase in SiO2 with increasing elevation, whereas samples from the north side show the 

opposite trend over the same elevation range (~1750-1950 m asl), but an apparent reversal in 

trend below that. Similar variations with elevation are observed for Zr and Ba, with a deviation 

of the uppermost rocks from the north side. The opposite trends are seen for Mg#, Ni, and Sc, 

where the south side samples decrease in those values with elevation, and the north side samples 

increase or remain relatively constant (Fig. 3.21). The stratigraphic section on the south side 

appears to represent a coherent package of mafic rocks consisting of basaltic andesite, andesite, 

and trachyandesite lavas that may define a differentiation trend. The two trachydacite samples 
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from the top of the section are from a thick, columnar-jointed lava (SB15-26, -27; Figs. 3.11, 

3.12, and 3.21); their relation to the mafic package is unclear. 

Samples from the north side show more variance in chemistry with elevation, but a 

package of four lavas from ~1640-1780 m asl show a consistent trend with increasing elevation 

(Fig. 3.21a). Otherwise, samples from the north side show very little geochemical variation with 

elevation. The difference between the north and south side samples is most evident from ~1640-

1850 m asl.  

 Sr-Nd-Pb-Hf Radiogenic Isotope Results 

Figures 3.22 to 3.26 illustrate the 87Sr/86Sri, ŮNdi, 
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb 

variations for eight SCVF samples, and the ŮHfi values for five SCVF samples. SCVF isotope 

ratios are summarized in Table 3-1. Sr, Nd, and Hf ratios are age-corrected to the 40Ar/39Ar ages 

that are shown in Table 3-1, and are considered the initial ratios. Regional and local bedrock 

units are plotted for reference, and are age-corrected to 23 Ma.  

87Sr/86Sri values for SCVF rocks range from 0.703464 ï 0.704347 and ŮNdi values range 

from +4.64 to +7.67 (Table 3-1). The samples define an array that extends to more radiogenic 

87Sr/86Sri values as ŮNdi decreases, with sample SB15-34 at a slightly higher ŮNdi value than 

samples with comparable 87Sr/86Sri values (Fig. 3.22 inset). SCVF samples generally plot within 

the field for <5 Ma WA volcanism (Preece and Hart, 2004) and the Cretaceous White Mountain 

Granitoid (Snyder and Hart, 2007), but with slightly lower ŮNdi values than those data. SCVF 

samples plot entirely within the broad fields for the Triassic Nikolai Formation and the Jurassic 

Talkeetna arc, and at slightly more radiogenic 87Sr/86Sri and lower ŮNdi values than the Aleutian 

arc (Fig. 3.22).  
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SCVF 206Pb/204Pb values range from 18.814 ï 19.031, 207Pb/204Pb from 15.549 ï 15.579, 

and 208Pb/204Pb from 38.251 ï 38.456 (Table 3-1, Figs. 3.23 and 3.24). SCVF rocks define an 

array that plots almost entirely within the field for <5 Ma WA volcanism and within the array of 

Wrangellia basement rocks found in the north-central WA (Preece, 1997; Preece and Hart, 2004; 

Snyder and Hart; 2007). SCVF samples have more radiogenic 206Pb/204Pb than the Aleutian arc, 

but overlap in 207Pb/204Pb and 208Pb/204Pb values (Fig. 3.23 and 3.24). SCVF samples plot within 

the least-radiogenic portion of the fields for the Nikolai Formation, and at lower values than 

crystalline rocks from the Yukon-Tanana terrane (fig. 3.23 and 3.24). The plot of 87Sr/86Sri vs. 

206Pb/204Pb shows the SCVF samples in a similar space as the Pb isotope plots; they generally 

plot between the MORB and Nikolai fields, have a slight overlap with Aleutian arc field, and 

plot mostly within the field for <5 Ma WA volcanism (Fig. 3.26).  

ŮHfi values of five SCVF samples range from +7.9 to +13.1 and show a positive trend 

with ŮNdi (Fig. 3.25). SCVF rocks plot below the Terrestrial Array of Vervoort et al. (1999). 

Samples generally lie between the fields for modern Pacific sediment and Pacific MORB, and 

three SCVF samples plot within the field for Aleutian arc rocks. SCVF samples plot within the 

field for the Nikolai Formation.  

The insets for Figs. 3.22 to 3.26 show a clear difference in isotope systematics among the 

SCVF rock groups; samples from the Sonya Creek shield volcano (Cabin Creek and Flat Top) 

are at lower 87Sr/86Sri, 
206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb values, and higher ŮNdi values, 

than the Rocker Creek and silicic lava rocks. The five SCVF samples analyzed for ŮHfi do not 

show as clear a difference between the rock groups, but the three SC shield rocks have higher 

ŮHfi values than the Rocker Creek basalt, and two Flat Top rocks have higher ŮHfi values than 

the Rocker Creek basaltic-andesite (Fig. 3.25 inset).  
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Figure 3.1: Photographs from the Rocker Creek area. A) and B) many Rocker Creek lavas 

blocky and exposed in gullies, and most dip to the southwest. C) a typical exposure of a Rocker 

Creek dome. D) Structural relationship between the Rocker Creek lavas and the younger 

intermediate domes. E) One of the adakite-like silicic lavas exposed in lower Rocker Creek, 

showing the highly vegetated nature of the outcrops. F) The large silicic dome is ~300 m thick 

and erupted through the older Rocker Creek lavas. Sample 15JB38LA was collected from this 

outcrop. View to the east. 
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Figure 3.2: A) The silicic lava (sample SB15-34) is shown underlying rocks of the Sonya Creek 

shield volcano, and on both sides of the small valley. View to the west. B) A view of the area 

where the intermediate domes were collected, which includes at least two diorites. The inferred 

Beaver Creek fault is shown with the west-down sense of motion. The location of the silicic plug 

in (C) is shown by the arrow. View to the east. C) The small silicic plug (SB15-45) shown 

intruding through the intermediate domes. D) Typical exposures of the intermediate domes. E) 

The sub-volcanic diorites of the interemediate domes are shown at a similar elevation as the 

Cabin Creek lavas acros the inferred Beaver Creek fault. View to the east. F) View to the west up 

the Cabin Creek valley, showing the flat-lying lavas of the Sonya Creek shield volcano.  
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Figure 3.3: Photographs of Cabin Creek lavas. A) The line of section for the north side of Cabin 

Creek is indicated by the green line (see Fig. 3.11). The dashed yellow line marks the 

approximate level below which the lavas dip more steeply to the west, and above which 

havemore shallow dips. B) Typical exposure of blocky lava flow interiors and oxidized basal 

breccia from north side lavas. C) Small lava tube found within the upper sample of north side 

section (SB15-17). D) Typical exposure of platy and ramped lava flow interiors. E) Photograph 

showing the south side of Cabin Creek section (see Fig. 3.12), with the lower mafic package, 

interbedded sedimentary units, and thick upper trachydacite flow marked. F) Thick interbedded 

debris-fow deposits on the south side of Cabin Creek. 
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Figure 3.4: A) View to the west of the inferred distal Sonya Creek shield volcano lavas of Flat 

Top. The location of the Flat Top basalt (SB15-39) is shown by the green X, the Flat Top tuff 

(SB15-40) is marked by the yellow arrow, and the location of (B) is shown by the yellow box. B) 

Typical exposure of blocky Flat Top trachydacite lavas. C) A portion of the welded Flat Top tuff. 

D) View to the north from Flat Top, showing the large domes and plugs associated with marginal 

fractures of the Sonya Creek shield volcano. E) Complex structural relationships of the northwest-

dipping Young Creek lavas, Rock Lake diorite (SB15-56), and flat-lying distal rocks of the Sonya 

Creek shield volcano. View to the northeast. F) View of a thick section of the Border Lavas in the 

upper Rocker Creek area, showing them overlying the Rocker Creek lavas. These lavas are just 

across the border in Yukon Territory. View to the southeast. 
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Figure 3.5: Schematic geologic cross-sections of the SCVF. Lines X-Xô and Y-Yô are shown in Figure 1.2.  
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Figure 3.6: Photomicrographs of SCVF thin sections, all at 4x magnification. A) PPL and B) 

XPL images of Rocker Creek basaltic-andesite 15JB47LA. C) PPL and D) XPL images of 

Rocker Creek dacite dome 15JB40LA, showing hornblende phenocryst, sieved plagioclase, and 

trachytic groundmass. E) PPL and F) XPL images of silicic plug SB15-45, showing two hydrous 

phenocryst phases (hornblende and biotite).  
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Figure 3.7: Photomicrographs of SCVF thin sections, A) and B) at 10x magnification, all others 

at 4x. A) PPL and B) XPL images of silicic lava SB15-34, showing zircon fragment and large 

feldspar phenocryst. C) PPL and D) XPL images of andesite diorite SB15-48 from the 

intermediate domes, showing intergranular biotite and clinopyroxene and large anhedral 

cumulate plagioclase crystals. E) PPL and F) XPL images of dacite intermediate dome sample 

15JB28LA, showing hornblende and plagioclase phenocrysts.  

  



54 

 

  

 

 

Figure 3.8: Photomicrographs of SCVF thin sections, all at 4x magnification. A) PPL and B) 

XPL images of Cabin Creek andesite SB15-31, showing large glomerocryst of olivine, 

orthopyroxene, clinopyroxene, and plagioclase in a glassy groundmass. C) PPL and D) XPL 

images of Cabin Creek dacite SB15-23, showing porphyritic texture with phenocrysts of 

plagioclase, orthopyroxene, and clinopyroxene in a glassy groundmass. E) PPL and F) XPL 

images of Flat Top basalt SB15-39, showing olivine crystals in a coarse-grained groundmass of 

plagioclase laths, opaque mineras, and clinopyroxene with a sub-ophitic texture.   






























































































































































































































































































