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ABSTRACT
The collision of the Insular superterrane, and thus, the Wrangellia composite terrane
(WCT), with the Mesozoic margin of North America is one of the most important, yet enigmatic
events in the tectonic history of North American cordillera. The location and therefore the nature
of the collision of the Insular superterrane with North America remains controversial. In southern
Alaska, the suture zone between the WCT and North America consists of the Kahiltna
assemblage, Jurassic-Cretaceous submarine fan deposits. Structural investigation of the Kahiltna
assemblage provides additional data on the kinematics of the collision and suggests an oblique
collision with a significant component of right-lateral shearing. The first study of the dissertation
presents the results across a transect at the northern end of Broad Pass where the depositional and
deformational history of three tectonostratigraphic units enables determination of the tectonic
evolution of the suture zone. The Reindeer Hills exposes mélange units that include oceanic
lithologies and represent a remnant of an accretionary complex that formed during subduction
prior to the collision of the WCT. Structures within the Kahiltna assemblage in the Talkeetna
Mountains indicate oblique northwest-directed thrusting and right-lateral shear during the
collision of the WCT. The Jack River conglomerate, a fluvial clast-supported conglomerate
unconformably overlies the Reindeers Hills melange and represents uplift, erosion, and
deposition late in the collision. The second study is on the other side of Broad Pass, in the
southern Alaska Range, and consists of a composite transect across the Peters and Dutch Hills
and Chelatna Lake. Horizontal stretching lineations and steeply-dipping foliation indicate that
deformation occurred during transpression as a result of an oblique collision. Strain analysis of
pressure shadows indicate a counterclockwise rotation of the extension direction and thus, rightlateral shearing during the collision. These results are consistent with the hypothesis that the
WCT was carried on the Kula or Resurrection plate and therefore, only experienced moderate
northward transport. The reversal in structural vergence between the Kahiltna assemblage of the
Alaska Range basin and the Talkeetna Mountains may represent a crustal scale triangle zone.
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Chapter 1
Introduction

1.1 BAJA, BRITISH COLUMBIA
The Mesozoic paleogeography of the western Cordillera of North America remains
unresolved despite nearly four decades of investigation. The Baja British Columbia or ‗Baja BC‘
hypothesis was originally proposed by Irving et al. (1985), when he asserted that much of the
western Cordillera was transported northward > 2000 km between 90 and 50 Ma based on
observed shallow paleomagnetic inclinations from middle and Late Cretaceous plutonic rocks.
The hypothesis remains enigmatic because direct geologic observations suggest less (<1000 km)
displacement based on fault restoration and provenance analysis (e.g., Monger and Price, 1996;
Mahoney et al., 1999; Gabrielse et al., 2006; Wyld et al., 2006). In addition, there are
mechanisms, other than large-scale transport that could produce the shallow magnetic inclinations
(e.g., Butler et al., 2001; Kodama and Ward, 2001; Kim and Kodama, 2004). Resolution of the
Baja BC controversy remains hampered by the lack of critical tests that result in definitive
answers about where the allochthonous terranes of the western Cordillera originated, where and
when they docked, and what geologic structures record the terrane accretion.
The debate focuses on the position of Baja BC in the Cretaceous relative to the
Fransiscan Complex and Sierra Nevada Batholith (Cowan et al., 1997). The Sierra Nevada
Batholith represents the magmatic arc and the Fransiscan Complex represents the forearc
complex that developed during Jurassic and Cretaceous subduction of the Pacific plates beneath
North America (Cowan et al., 1997). Baja BC, as originally defined by Irving et al. (1985),
includes from east to west, the Intermontane superterrane, the Coast Mountains orogen, and the
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Insular superterrane (Figure 1-1). The Intermontane superterrane is composed of the YukonTanana composite terrane, along with the Stikinia, Quesnellia, Slide Mountain, Cache Creek, and
several other terranes of late Paleozoic to Middle Jurassic age (Silberling et al., 1994; Nelson and
Copron, 2007). The Insular superterrrane includes the Wrangellia, Alexander, and Peninsular
terranes (Nelson and Colpron, 2007).
A more recent version of Baja BC includes just the Insular superterrane and the Coast
Mountains orogen (Cowan et al., 1997). The Intermontane superterrane is referred to as ‗Alta
BC‘ by Cowan et al. (1997). Regardless of the version of the hypothesis, the overarching
question is: Where was the Insular superterrane 90 Ma relative to the North America craton
(Bogue and Gromme, 2004)? Was it south of the Fransiscan-Sierran complex, 2000 km or more,
from its present location (e.g., Beck et al., 1981; Irving et al., 1985; Bogue et al. 1995)? Was it
north of the Fransiscan-Sierran complex, within a 1000 km of its present location (e.g., Butler et
al., 2001; Galbriese et al., 2006)? Or was it at some intermediate position, 1600-1800 km away
(Umhoefer and Blakey, 2006)? The end-member models are presented in Figure 1-2. Scientists
from a variety of disciplines, including paleomagnetism, paleontology, and geology have
attempted to address these questions.
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Figure 1-1. Simplified terrane map of the North America Cordillera modified from Cowan et al.
(1997).

4

Figure 1-2. Diagram depicting the two end-member models regarding the Baja British Columbia
controversy modified from Cowan et al. (1997). (A) Northern option. (B) Southern option.
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1.1.2 Paleomagnetism
Paleomagnetic studies to determine paleolatitudes have examined a variety of lithologies
from various locations in the western Cordillera of North America (Figure 1-3). Irving et al.
(1985) compiled paleomagnetic data of 8 plutons in the Canadian Cordillera, including the Mount
Stuart batholith that indicated paleolatitudes of 37 ± 0.5°N at 105-90 Ma. More recently, Housen
et al. (2003) revisited the Mount Stuart batholith and determined that it was at 31.3 ± 3.8°N at 91
Ma, requiring 1800 km of displacement. Results of the paleomagnetic analysis of the Spences
Bridge Group, a 104 Ma volcanic overlap assemblage on the Intermontane superterrane, gave an
estimated paleolatitude of 50.8° ± 5°N which indicates a displacement of 1100 km (Irving et al.,
1995; Haskin et al., 2003). More recent compilation and collection of paleomagnetic data across
the Intermontane terrane indicate 915 km of displacement plus 35° of clockwise rotation (Symons
et al., 2005). The Silverquick conglomerate (95-92 Ma) and Powell Creek volcanics, which
overlap the Insular terrane, gave inferred displacements of 3000 km (Wynne et al., 1995).
Krijgsman and Tauxe (2006) applied elongation/inclination corrections to the Silverquick
conglomerate (95-92 Ma) indicating a paleolatitude of 38°N, which is consistent with ~3000 km
of displacement. On Vancouver Island, paleomagnetic analysis of the Nanaimo Group (85-65
Ma) gives a paleolatitude of 35.7 ± 2.6°N, indicating 2400 km of latitudinal displacement (Enkin
et al., 2001). After correcting for compaction, Kim and Kodama (2004) determined that the
paleomagnetic inclinations of the Nanaimo Group indicate a paleolatitude of 41°N or more
moderate displacements of 1600 km. The Carmacks Group (73-65 Ma) is a subaerial volcanic
unit in central southwest Yukon, whose paleomagnetic inclinations indicate 1900 ± 700 km
displacement with reference to North America (Wynne et al., 1998). It has been recognized that
the amount of displacement appears to increase from east to west across strike (Irving et al.,
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1996). In other words, the Insular superterrane is thought to have experienced significantly more
displacement than the Intermontane superterrane.
In southeastern Alaska, initial paleomagnetic analysis of the Late Cretaceous MacColl
Ridge Formation on the Wrangellia composite terrane suggested a paleolatitude of 32 ± 9°N,
requiring 4000 km of displacement and a 130° counterclockwise rotation (Panuska, 1985). Such
extreme latitudinal displacements since the Late Cretaceous would require a Cenozoic age of
collision. However, more recently Stamatakos et al. (2001) sampled additional lithologies from
the MacColl Ridge Formation, Campanian (77.9-79.4 Ma) volcanics and sandstones, and
obtained a newly derived paleolatitude of 53 ± 8°N indicating ~1500 km displacement and a
rotation of 33 ± 7°N. This places the MacColl Ridge Formation near the present day latitude of
Prince George, north of Vancouver, BC and south of Ketchikan, AK.
Paleomagnetic inclinations from Cretaceous rocks in the western Cordillera of Canada
and southern Alaska are anomalously shallow when compared to the inclinations from the North
American craton. However, not all paleomagnetists have accepted large-scale translation as the
mechanism that produced the shallow inclinations (Butler et al., 2001; Stamatakos et al., 2001;
Kim and Kodama, 2004). Shallow inclinations could also be due to tilting (Butler et al., 2001) or
compaction (Kim and Kodama, 2004). Butler et al. (2001) suggested that much of the largest
paleomagnetically-derived displacements were inaccurate due to remagnetization, incorrect tilting
corrections, or inclination shallowing due to compaction. Although some of these concerns have
been addressed such as shallowing during compaction (Kim and Kodama, 2004) and tilting
determinations (Ague and Brandon, 1996), estimates of latitudinal displacement determined from
paleomagnetism remain equivocal.
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Figure 1-3. Simplified terrane map (modified from Cowan et al., 1997) with locations of the
paleomagnetic studies discussed in the text.
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1.1.3 Paleontology
Paleogeographical analyses utilize fossil data ranging from radiolarians (e.g., Carter and
Haggart, 2006) to leaf physiognomy (e.g., Pearson and Hebda, 2006), to reconstruct
paleogeographic relationships. Jurassic foraminifera assemblages from the Queen Charlotte
Islands (Insular superterrane) show similarities with those of Alaska (moderate-high latitudes)
rather than those of the Tethys (low-latitudes), suggesting that the Insular terrane had moved
northward by the Toarcian, end of the Early Jurassic (Schröder-Adams and Hagart, 2006).
Jurassic and Cretaceous radiolarians, also from Queen Charlotte Islands, are more similar to highlatitude faunas found in British Columbia, Oregon, and Russia than to low-latitude faunas found
in the Mediterranean or Japan (Carter and Haggart, 2006). Smith (2006) used
paleobiogeography of Jurassic ammonoids and bivalves to argue that both the Insular and
Intermontane superterranes occupied their current positions by the end of the Early Jurassic.
However, the Insular superterrane has been fragmented since its accretion, and the Wrangellia
composite terrane in Alaska most likely occupied a position near the northwest United States
throughout the Early Jurassic (Smith, 2006), indicating between 1200-2500 km of displacement.
Pearson and Hebda (2006) estimated paleoclimate using leaves from the Late Cretaceous
(Campanian) Protection Formation of the Nanaimo Group on Vancouver Island (Insular
superterrane). Leaf Margin Analysis and Climate Leaf Analysis Multivariate Program (CLAMP)
were used to determine a mean annual temperature of 15°C or a mean annual range of
temperature of 21°C, indicating small to moderate displacement of the Nanaimo Group relative
the North American craton (Pearson and Hebda, 2006). Overall, the majority of paleontology
datasets support the northern model with moderate translation of Baja BC.
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1.1.4 Geology
Late Cretaceous and Cenozoic strike-slip faults are prevalent throughout western North
America. Restoration of geologic features on either side of these faults enables determination of
displacement. Based on their fault-offset reconstruction, Wyld et al. (2006) argue for 450-900
km of total displacement for the Insular and Intermontane superterranes, increasing from east to
west. Restoration of nearly two dozen dextral strike-slip structures by Gabrielse et al. (2006)
suggests a total cumulative displacement of 860 km. Major strike-slip structures in Alaska,
relevant to the displacement of the Insular superterrane and thus, the Wrangellia composite
terrane, include the Denali Fault, the Iditarod-Nixon Fork fault, and the Kaltag-Tintina fault. In
eastern Alaska, correlation between distinctive conglomeratic units on either side of the Denali
Fault indicates 370 km of displacement since the mid-Cretacous (Lowey, 1998). In central
Alaska, across-fault correlation of a reef assemblage in the Nixon Fork-Farewell terrane indicates
much less, 134 km, of displacement along the western segment of the Denali fault (Miller et al.,
2002). The Iditarod-Nixon Fork fault has a minimum dextral offset of 88-94 km (Miller et al.,
2002). Restoration of corresponding features on either side of the Kaltag-Tintina fault, which is
inboard of the Intermontane superterrane (Figure 1-1), in the southern Yukon and eastern Alaska,
indicate a maximum dextral displacement of 430 km (Galbriese et al., 2006). In general, the
displacement determined from piercing points along strike-slip faults, especially with regard to
the Insular superterrane in Alaska, is much less (100s of km) than that proposed by the Baja BC
hypothesis (1000s of km).
One of the ―crucial tests‖ to resolve the Baja BC controversy according to Cowan et al.
(1997) is to determine the provenance of Cretaceous strata that are associated with the
Intermontane and Insular superterranes. Housen and Beck (1999) argue that zircon ages from the
Nanaimo basin indicate a change in provenance resulting from northward transport consistent
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with the southern model of the Baja BC controversy. However, Mahoney et al. (1999) argue that
the Archean and Proterozoic zircons found in Cretaceous basins, including the Nanaimo basin,
must have been derived from the Canadian shield, indicating close proximity of the basins to their
present location at the time of deposition.

1.1.5 Summary
Some paleomagnetic analyses of Cretaceous rocks of the western Cordillera indicate low
(~35°) paleolatitudes and therefore significant (>2000 km) displacement of Baja BC. However,
most studies using paleontology, geology, and/or geochronology instead argue for limited to
moderate latitudinal displacement of Baja BC. Since the paleomagnetic data remains equivocal
due to the wide range of results along with the complication of shallowing due to tilt, compaction,
remagnetization, whereas results from the other disciplines are consistent, the more moderate
translation of ~1000 km or less is the hypothesis I prefer. The collision and docking of the
Insular superterrane, and therefore, the Wrangellia composite terrane, must have occurred in the
Late Cretaceous 400-1000 km south of its present location with subsequent northward transport
on Tertiary strike-slip faults. A Late Cretaceous collision is consistent with ages of
metamorphism, 74 Ma (Davidson and McPhillips, 2007), and plutonism, Paleocene-Eocene, (e.g.,
Reed and Nelson, 1980) in the suture zone between the Wrangellia composite terrane and North
America.
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1.2 PLATE CONFIGURATION
In order to address the timing, location, and kinematics of the collision of the Insular
superterrane, one must determine to which oceanic plate it was attached. Plate tectonic
reconstructions of the northern Pacific are challenging since much of the evidence has been
destroyed through subduction. Based on marine magnetic anomalies in the northern Pacific, it is
accepted that there are at least three oceanic plates in the early Cenozoic: the Kula, the Farallon,
and Pacific plates (Haeussler et al., 2003). However the geometry of the spreading ridges and the
location of their intersection with the North American margin are uncertain. There is evidence of
early Tertiary ridge subduction in both southern Alaska and Cascadia (Oregon, Washington and
southern Vancouver Island). The two models of oceanic plate geometries are presented in Figure
1-4. The problem is that the Kula-Farallon Ridge cannot intersect the North American margin
and produce a trench-ridge-trench (TRT) triple junction in two locations simultaneously.
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Figure 1-4. Potential plate configurations of the North Pacific 56 Ma from Miller et al., (2002) and Haeussler et al. (2003). Plate motion
vectors from Doubrovine and Tarduno (2008) using the fixed hotspot model from Engebretson (1985) and the East-West Antarctica plate
circuit models, Model 1 from Engebretson et al. (1984) and Model 2 from Müller et al. (2008).
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1.2.1 Cascadia TRT evidence
In Cascadia, the Siletz terrane, or Siletzia, contains Paleocene-Eocene voluminous basalts
that represent the basement of the Cascadia forearc (Haeussler et al., 2003). The PaleoceneEocene mafic volcanics of Siletzia have been interpreted to be the product of rifting during
interaction with the Kula-Farallon ridge (Clark, 1989; Babcock et al., 1992). Pillow basalts on
the Olympic Peninsula have mid-ocean-ridge basalt (MORB) and ocean island tholeiite (OIB)
chemistry (Babcock et al., 1992) and range in age from 64-48 Ma (Duncan, 1982; Babcock et al.,
1992; Pyle et al., 1997). The MORB and OIB sequences are interpreted to represent eruptions
associated with propagation of the Kula-Farallon-North America triple junction (Babcock et al.,
1992). Trace element geochemical data of the Eocene Challis-Kamloops volcanic belt suggest
the presence of a slab window and thus, presence of a TRT triple junction in the northwest Pacific
at that time (Breitsprecher et al., 2003).

1.2.2 Southern Alaska TRT evidence
An early Tertiary ridge subduction in southwest Alaska was first proposed by Byrne
(1979) based on magnetic anomalies. In addition, near-trench intrusions have been recognized
along 2100 km of the southern margin of Alaska (e.g., Moore et al., 1983; Bradley et al., 1993)
which in some areas have a mid-ocean-ridge basalt (MORB) signature (Hill et al., 1981; Moore et
al., 1983; Barker et al., 1992; Lwtwyn et al., 2001). These intrusions progress in age from 61 Ma
in the west to 50 Ma in the east (Moore et al., 1983; Bradley et al., 1993; Bradley et al., 2003) and
coincide with the occurrence of high-temperature and low-pressure metamorphic rocks (Sisson
and Pavlis, 1993; Zumsteg et al., 1999). Also, a 57 ± 1 Ma ophiolitic sequence was incorporated

14
into the Alaska accretionary complex prior to a 53.4 ± 0.4 Ma intrusion (Kusky and Young, 1999;
Bradley et al., 2000). The combination of magnetic anomalies, near-trench intrusions and
associated high-temperature, low-pressure metamorphism, the geochemistry and geochronology,
and young ophiolite emplacement all indicate the interaction of a spreading ridge in southeast
Alaska in the Paleocene-Eocene.

1.2.3 Resurrection Plate
If we accept the evidence of two coeval TRT triple junctions in both Cascadia and
southeast Alaska and recognize that the Kula-Farallon ridge cannot be in two places
simultaneously, there must have been an additional oceanic plate north of Farallon plate and east
of the Kula plate (Haeussler et al., 2003). This now-subducted plate is referred to as the
Resurrection plate (Miller et al., 2002; Haeussler et al., 2003).
In order to address the location of Baja BC, specifically the Insular superterrane, in the
Late Cretaceous, I modified the 56 Ma reconstruction from Haeussler et al. (2003) to represent
plate configurations 80 Ma (Figure 1-5). In order to do so, I used the most recently published
geometries as determined by Doubrovine and Tarduno (2008) from the corrected East-West
Antarctic plate circuit model by Müller et al. (2008). This places the Kula-Farallon-Pacific ridgeridge-ridge triple junction at 15°N at 80 Ma. The velocity vectors in Figures 1-4 and 1-5
represent plate motions as estimated by a fixed hotspot model of Engebretson et al. (1984), and
the East-West Antarctica plate circuit models of Engebretson et al. (1985) and Müller et al.
(2008).
If the Insular superterrane was carried on the Kula plate (Figure 1-5A), the collision
would have been highly oblique, almost parallel to the North American margin. If the Insular
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superterrane was carried on the Farallon plate (Figure 1-5B), the collision would have been nearly
orthogonal to the margin of North America. Since evidence of the Resurrection plate has been
subducted, if the Insular superterrane was associated with the Resurrection plate (Figure 1-5C),
the orientation of the relative plate motion vector relative to North America can only be
constrained as being between the motion of the Kula plate and the motion of the Farallon plate,
oblique to the margin. Evaluation of the kinematics of the collision as recorded by sedimentary
rocks between the Insular superterrane and the North American margin should either support or
refute the models based on plate configurations described above.
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Figure 1-5. Potential Late Cretaceous plate configurations of the North Pacific 80 Ma (modified from Miller et al., 2002 and Haeussler et al.,
2003) Plate motion vectors from Doubrovine and Tarduno (2008) using the fixed hotspot model from Engebretson (1985) and the East-West
Antarctica plate circuit models, Model 1 from Engebretson et al. (1984) and Model 2 from Müller et al. (2008).
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1.3 WRANGELLIA COMPOSITE TERRANE, ALASKA

In southern Alaska, the Wrangellia composite terrane (WCT) represents the northernmost
extent of the Insular superterrane. As discussed above, the location of the accretion of the Insular
superterrane, the WCT in Alaska, remains highly controversial. Therefore, the timing and
kinematics of the collision are also poorly constrained. Not only is the location of the collision
uncertain, but also the nature of the collision is unknown: was it a strike-slip emplacement or a
collisional accretion? The kinematics of the collision can be assessed by investigating the
deformation fabrics within the suture zone. The Kahiltna assemblage represents the suture zone
(e.g., Ridgway et al, 2002) and consists of Jurassic to Cretaceous submarine fan deposits that lie
inboard (cratonward) of the WCT. This unit contains structures that record deformation
associated with the collision of the WCT. This thesis presents the results of a structural
investigation of the Kahiltna assemblage in south-central Alaska. These results provide
additional data on the kinematics of the collision and suggest a significant right-lateral obliquity
associated with the collisional structures that is consistent with a Late Cretaceous collision of
North America with the WCT on the Kula or Resurrection plates.
Chapter 2 presents results from a transect across northern Broad Pass near Cantwell, AK,
where tectonostratigraphic units record a three-phase history of deposition and deformation prior
to, during, and after the collision of the WCT. The units include the Reindeer Hills mélange, the
Kahiltna assemblage, and the Jack River conglomerate. The Reindeer Hills mélange represents a
subduction complex that formed prior to the collision of the WCT (D1). The Kahiltna assemblage
of the northern Talkeetna Mountains was derived from the WCT (Ridgway et al., 2002; Hampton
et al., 2010), deposited in a back arc basin inboard of the WCT, and deformed during the collision
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(D2). Microstructural analysis of syncollisonal pressure shadows provide a kinematic record of
the deformation associated with the collision. Recognition of an unconformity that separates the
older marine units from the overlying Jack River conglomerate, a terrestrial fluvial unit,
represents uplift and deformation that occurred after or late in the collision.
Chapter 3 presents results from a transect across the Kahiltna assemblage in the Alaska
Range basin, which was derived from what was then the Mesozoic margin of North America
(Ridgway et al., 2002; Hampton et al., 2010). There are two deformation episodes (D2 and D3)
that occurred prior to and after 52-58 Ma, respectively. Strain analysis of both D2 and D3
structures enable us to assess the kinematics of deformation during the collision of the WCT and
later during the Cenozoic. Subhorizontal lineations (L2) are consistent with wrench-dominated
transpression and noncoaxial pressure shadows associated with S2 indicate a strong component of
right-lateral shearing.
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Chapter 2
Geology and structure across the suture between the Wrangellia composite
terrane and the Mesozoic boundary of North America, Broad Pass, Alaska

ABSTRACT
There are three tectonostratigraphic units exposed across the Broad Pass suture zone that
record depositional and deformation events prior to, during, and after the collision of the
Wrangellia composite terrane with the Mesozoic margin of North America. Along the
northwestern margin of Broad Pass, the Reindeer Hills expose a complex of mélange that
includes a lower argillite-dominated mélange and an overlying klippe of older chert-dominated
mélange that also includes greenstones and felsic tuffs. These observations, combined with
geochemical analyses of the tuffs indicate that the Reindeer Hills mélange is a remnant of an
accretionary complex consisting of oceanic crust and hemipelagic sediments that formed prior to
the collision, with tuff layers derived from an associated volcanic arc. Southeast of Broad Pass,
the northern Talkeetna Mountains are composed of the Kahiltna assemblage, which during the
collision was deformed and experienced greenschist grade metamorphism. Strain analysis of
associated pressure shadow fibers indicates oblique, northwest-directed thrusting, with a
component of right-lateral shear. Between the Reindeer Hills and the northern Talkeetna
Mountains, a fluvial conglomerate is exposed with clast-supported, rounded cobbles consisting of
Reindeer Hills mélange lithologies. The Jack River conglomerate is observed in contact with the
Reindeer Hills mélange along an angular unconformity. The unconformity, which separates deep
marine lithologies from overlying terrestial deposits, reflects the uplift, erosion, and subsequent
deposition within a wedge-top basin late in the collision. All of the tectonostratigraphic units: the
Reindeer Hills mélange, the Jack River conglomerate, and the Kahiltna assemblage have been
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gently folded, possibly as result of later Tertiary events such as ridge subduction or collision of
the Yakutat terrane.

2.1 INTRODUCTION
The tectonic history of the western Cordillera is a complex record of the assembly,
northward translation, and docking of terranes (e.g., Jones et al., 1977; Coney et al.,1980;
Nokleberg et al., 2001). For example, most of southern Alaska is composed of disparate terranes
that were amalgamated farther south of their present location and collided with North America in
the late Mesozoic (e.g., Plafker and Berg, 1994; Nokleberg et al., 2001). The collision of this
composite terrane, the Wrangellia composite terrane (WCT), with the Mesozoic margin of North
America is one of the most important but enigmatic events in the tectonic history of south-central
Alaska. Despite numerous studies on the sedimentology (Ridgway et al., 2002; Trop and
Ridgway, 2007, Hampton et al., 2007), metamorphism (Davidson and McPhillips, 2007), and
volcanism (Cole et al., 2007), the relationship of regional structures to the collisional history is
poorly known.
The suture zone between the Mesozoic margin of North America and the WCT has been
referred to as the ―megasuture zone‖ (Jones et al., 1982) and the ―Alaska Range suture zone‖
(Ridgway et al., 2002). The suture has been suggested to coincide with Broad Pass in southcentral Alaska (Figures 2-1 and 2-2) (Ridgway et al., 2002; Trop and Ridgway, 2007) based on
the presence of the Kahiltna assemblage, a package of marine sediments deposited between the
WCT and North America. On either side of Broad Pass, Ridgway et al. (2002) subdivide the
broadly-defined Kahiltna assemblage into two independent basins based on differences in age,
lithology, provenance, and paleoflow directions: the Alaska Range basin to the northwest and the
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Talkeetna Mountains basin to the southeast (Figures 2-1 and 2-2). The Kahiltna assemblage of
the Alaska Range basin is Valanginian to Cenomanian, shows deposition by southwestward
flowing submarine fan systems, and was derived from the Intermontane superterrane already
accreted to North America at the time of the WCT collision (Eastham and Ridgway, 2001;
Ridgway et al., 2002; Hampton et al., 2010). Although the sediment source is the edge of North
America and not the Insular terrane, the precise location of the source of these sediments along
the length of the margin is not constrained. In the Talkeetna Mountains, the Kahiltna assemblage
is Kimmeridgian to Aptian (Jones et al., 1986; Csejtey et al., 1992; Hampton et al., 2007), shows
deposition by northwestward flowing submarine fan systems (Eastham and Ridgway, 2001), and
contains sediments derived from the WCT (Ridgway et al., 2002). The suture zone has been
broadly recognized by prior studies, yet the precise location of the paleotectonic plate boundary
has not yet been clearly defined by identification of accreted oceanic crust or sediments deposited
on oceanic crust.
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Figure 2-1. (A) Index map of Alaska. (B) Simplified terrane map of central Alaska modified
from Wilson et al. (1998) and Silberling et al. (1994) showing the relationships between the
Yukon Tanana terrane, the Wrangellia composite terrane, the Kahiltna assemblage, and the Broad
Pass suture zone. The shaded relief image map is from Riehle et al. (1997). Box indicates the
location of the geologic map in Figure 2-2.
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Figure 2-2. Geologic map modified from Ridgway et al. (2002) showing terranes, basinal
assemblages, igneous rocks, and major faults. Box indicates the location of the geologic map in
Figure 2-3.
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The Broad Pass area thus separates basins with affinity to North America from basins
with affinity to the WCT and marks the critical region for evaluating the evolution of the collision
event. Based on recent field studies, I have determined that the tectonostratigraphic units and the
structural geology of Broad Pass provide a record of the tectonic history of the area that records
the collision of the WCT. The Broad Pass region includes the Reindeer Hills mélange, a package
that I interpret as an accretionary complex that developed prior to the collision; the Kahiltna
assemblage in the northern Talkeetna Mountains with syncollisional metamorphic fabrics; and a
newly recognized conglomerate, informally referred to as the Jack River conglomerate, that
unconformably overlies the basement and was deposited and deformed after the collision. Since
pre-, syn-, and post-collisional deposition and deformation is recorded in Broad Pass, a transect
across the Reindeer Hills and northern Talkeetna Mountains (Figures 2-2 and 2-3) was completed
to characterize the structural evolution of the WCT-North America suture zone.
In this chapter, I describe the three tectonostratigraphic units that straddle the Broad Pass
region, determine the origin of volcanics within the Reindeer Hills mélange using geochemical
analyses, and assess the provenance of post-collision gravels using compositional clast counts of
the Jack River conglomerate. I also describe structural analyses that were used to assess the
setting and kinematics of the meso-, macro-, and microscale structures that characterize this
critical region.
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Figure 2-3. (A) Geologic map of the Reindeer Hills and the northern Talkeetna Mountains. The
study area lies within the Healy A-4 and B-4, 1:63,360 U.S. Geological Survey quadrangles. (B)
Equal-area lower-hemisphere stereonets indicate poles to the dominant structural fabric of the
Reindeer Hills mélange and the Kahiltna assemblage of the northern Talkeetna Mountains.
(Locations and structural data are presented in Appendix A.)
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2.2 TECTONIC AND GEOLOGIC SETTING

There are four major tectonic elements important to the accretionary development of
southern Alaska: (1) the collage of terranes assembled to form the Mesozoic margin of North
America; (2) the Kahiltna assemblage, marine clastics that represent collisional foreland to
remnant ocean basins (Trop and Ridgway, 2007) and the Chulitna terrane, a rifted volcanic arc
(Gilman et al., 2009); (3) the Wrangellia composite terrane (WCT); and (4) the south-facing
accretionary complex represented by the Chugach and Prince William terranes.
The terranes that form the Mesozoic margin of North America include the Yukon-Tanana
terrane (poly-deformed Proterozoic-Paleozoic metamorphic rocks) and the Stikine terrane
(Mississippian-Triassic arc-related rocks) (e.g., Coney et al., 1980; Monger and Nokleberg, 1996;
Gehrels, 2001). The Kahiltna assemblage consists of 3-5 km of deformed Late Jurassic-Early
Cretaceous basinal turbidites that outcrop in a ~100-km-wide and ~500-km-long belt in southcentral Alaska (Eastham and Ridgway, 2001; Ridgway et al, 2002). The assemblage is
dominated by argillite and greywacke, but also includes conglomerate, chert, and impure
limestone (Csejtey et al., 1992). The WCT consists of three allochthonous terranes: the
Wrangellia, Alexander, and Peninsular terranes (Plafker and Berg, 1994; Nokleberg et al, 2001).
Late Paleozoic plutonic and volcanic stitching of the terranes, faunal similarities of Permian
carbonates, and Middle to Late Triassic volcanic sequences support the juxtaposition of the
Wrangellia, the Alexander, and the Peninsular terranes since the late Paleozoic (Gehrels and
Saleeby, 1987; Gardner et al., 1988; Plafker et al., 1989). The WCT accreted to the former
continental margin in Late Jurassic-Early Cretaceous time (Ridgway et al., 2002; Trop et al.,
2002). The Border Ranges fault, a paleo-subduction-zone thrust (Pavlis and Roeske, 2007),
juxtaposes the south-facing accretionary complex with the WCT. The Chugach terrane includes
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Late Triassic to Jurassic blueschist belts (Roeske et al., 1992), Triassic to Late Cretaceous
mélange (Plafker et al., 1994), and the Valdez Group/Kodiak Formation, a marine
metasedimentary unit (Plafker et al., 1994; Sample and Moore, 1987). a marine metasedimentary
unit (Plafker et al., 1994). The Prince William terrane includes Paleocene-Eocene marine
sedimentary and volcanic rocks including the Ghost Rocks Formation, the Orca Group, the
Sitkalidak Formation, and the Resurrection Peninsula ophiolite (Plafker et al., 1994).
The tectonostratigraphic unit that largely defines the suture zone between the Mesozoic
margin of North America and the WCT is the Kahiltna assemblage (Figures 2-1 and 2-2).
Previous workers have described the Kahiltna assemblage in various locations across Alaska
(e.g., Reed and Nelson, 1980; Wallace et al., 1989; Bundtzen et al., 1997; Clautice et al., 2001;
Ridgway et al., 2002). In the Broad Pass area, Ridgway et al. (2002) subdivide the Kahiltna
assemblage into two independent basins: the Alaska Range basin and the Talkeetna Mountains
basin (Figures 2-1 and 2-2). In this study, I focus on the structural evolution of the Kahiltna
assemblage in the northern Talkeetna Mountains basin, the Reindeer Hills mélange that lies
between the two Kahiltna basins, and the unconformably overlying Jack River conglomerate
(Figures 2-2 and 2-3).

2.3 GEOLOGY OF BROAD PASS
In a transect across the northern portion of Broad Pass, there are three
tectonostratigraphic units: (1) the Reindeer Hills mélange, (2) the Talkeetna Mountains Kahiltna
assemblage, and (3) the Jack River conglomerate (Figure 2-3). The Jack River conglomerate
unconformably overlies the Reindeer Hills mélange, and the unconformity cuts all deformation
fabrics within the mélange. Observation and analysis of structures below and above the
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unconformity and a regional fault that cuts the unconformity allow us to determine which
structures developed prior to and after deposition of the Jack River conglomerate. Assuming that
the unconformity, cut into a basement of marine strata and overlain by terrestrial strata, represents
the uplift and exhumation associated with collision of the WCT, these crosscutting relationships
can be used to differentiate deposition and deformation that took place before, during, and after
the collision. The precollisional phase includes development of the Reindeer Hills mélange that
contains lithologies and fabrics that indicate mixing of marine sediments within an accretionary
complex. The syncollisional phase is characterized by deformation of the Kahiltna assemblage in
the northern Talkeetna Mountains as evidenced by greenschist metamorphism, penetrative
cleavage, and syntectonic chlorite-quartz fibrous overgrowths in pressure shadows. Deformation
after deposition of the Jack River conglomerate (i.e., post-collision?) is characterized by
northwestward-vergent thrusting and E-W gentle regional folding of all the tectonostratigraphic
units.

2.3.1 Precollision

Reindeer Hills Mélange
The Reindeer Hills mélange is primarily composed of two units: (1) an argillitedominated mélange and (2) a chert-dominated mélange. The mélange extends in a belt 16 km
long and 8 km wide on the northwestern side of the north end of Broad Pass (Figures 2-2 and 23). The two-part stratigraphy can be seen on the Reindeer Hills, with the argillite-dominated
mélange exposed at the lower elevations and the chert-dominated mélange as a klippe atop the
Reindeer Hills (Figure 2-3).
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The argillite-dominated mélange consists of greywacke and volcaniclastic sandstone
clasts (1-100 cm) within a pervasively deformed mud matrix (Figure 2-4A). Within the argillite
mélange, a Cenomanian ammonite was identified (Jones et al., 1983) and cross-cutting felsic
dikes have an Ar40-Ar39 age of 70.8 +/- 0.5 Ma (Rothfuss et al., 2006). Therefore, the disruption
responsible for the development of the block-and-matrix fabric must have occurred in the Late
Cretaceous and the collision must be post-100 Ma.
The chert-dominated mélange unit that structurally overlies the argillite dominated
melange includes a variety of lithologies including chert, argillite, limestone, greenstone, and
volcanic tuffs (Figure 2-4). Radiolaria preserved within the mélange indicate hemipelagic
deposition in an abyssal environment starved of coarse terrigenous clastics, and conodonts from
the limestone and radiolaria from the chert indicate a Late Paleozoic age (Csejtey et al., 1992).
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Figure 2-4. Reindeer Hills mélange. (A) Argillite-dominated mélange exposed west of the Jack
River west of the Reindeer Hills. The fabric of the mélange strikes roughly east-west and dips
moderately to the north. (B and C) Photomicrographs of chert-dominated mélange.

Three samples of volcanic tuffs from the chert-dominated member of the Reindeer Hills
mélange were analyzed geochemically at Duke University. Major element concentrations were
measured by direct current plasma (DCP) emission spectrometry (Fisions SpecterSpan 7)
following methods modified from Klein et al. (1991). Concentrations of trace elements were
measured by inductively coupled plasma-mass spectroscopy (ICP-MS; VG PlasmaQuad 3) using
a procedure modified after Cheatham et al. (1993). Major, minor, and trace-element data are
presented in Tables 2-1 and 2-2.

36
Table 2-1. Major-element concentrations in igneous rocks from the Reindeer Hills mélange
Element
(wt %)

4671

4672

683

SiO2

63.5

62.3

62.3

TiO2

0.5

0.7

0.6

Al2O3

12.1

16.2

15.4

Fe2O3

5.0

5.0

5.1

MnO

0.1

0.1

0.1

MgO

3.1

2.8

3.2

CaO

12.0

4.7

4.4

Na2O

1.8

3.4

3.1

K2O

3.0

4.1

4.9

P 2O 5

0.2

0.3

0.3
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Table 2-2. Minor- and trace-element concentrations in igneous rocks from the Reindeer Hills
mélange.
Element
(ppm)

683

4671

4672

Element
(ppm)

Ba

2594

1635

1709

Li

Co

23

17

17

Sc

Cr

57

47

90

Cu

11

35

Ni

34

Sc

683

4671

4672

8

14

2

15

13

14

1

V

109

144

116

1

14

Cr

91

53

50

9

1

12

Co

19

21

14

1

13

13

12

Ni

17

30

4

1

Sr

519

872

780

Cu

17

6

49

1

V

138

111

100

Zn

45

103

54

4

Y

21

16

13

Rb

110

40

96

1

Zn

92

46

31

Sr

752

485

859

7

Zr

120

137

133

Y

13

23

20

1

Nb

10

8

14

1

Mo

0.9

1.6

1.3

0

Sb

3.5

0.3

0.3

3

Cs

13.2

0.3

1.0

13

Ba

1823

2534

1635

18

La

19

19

23

1

Ce

39

39

44

3

Pr

5.1

5.2

5.8

5

Nd

19.0

19.5

21.7

19

Sm

3.9

4.1

4.4

3

Eu

1.2

1.1

1.3

1

Tb

0.4

0.6

0.6

0

Gd

3.0

3.8

3.9

3

Dy

2.3

3.8

3.5

2

Ho

0.4

0.8

0.7

0

Er

1.2

2.1

1.8

1

Yb

1.2

2.1

1.9

1

Lu

0.2

0.3

0.3

0

Hf

1.0

2.1

2.9

1

Ta

0.6

0.5

1.0

0

Pb

6.9

1.5

5.5

6

Th

6.1

5.2

6.3

6

U

2.0

2.7

3.6

2
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The geochemical signatures of the volcanics within the Reindeer Hills mélange are
consistent with a volcanic arc signature (Pearce, 1984). The three analyzed samples include one
dacite (4671) and two trachytes (4672 and 683) according to the total alkali vs. SiO2 classification
diagram of LeBas et al. (1992) (Figure 2-5A). The dacite has significantly higher levels of CaO
relative to Na2O compared to the other two samples (Table 1). Chondrite-normalized
(McDonough and Sun, 1995) rare earth element (REE) diagrams indicate that the volcanic rocks
of the Reindeer Hills mélange are depleted in incompatible elements and do not exhibit an Eu
anomaly (Figure 2-5B). The Sr/Y ratio for the samples range from 21.1 to 61.1 and the La/Yb
ratio for the samples range from 9.04-16.4. Primitive-mantle normalized (Sun and McDonough,
1989) trace element plots for the volcanic rocks of the Reindeer Hills mélange exhibit slight
enrichment of large-ion-lithophile-elements (LILE) such as Rb, Ba, and Pb (Figure 2-5C). The
samples are depleted in high field strength elements (HFSE) such as Ta, Nb, and Ti (Figure 25C). The variability in the degree of enrichment of some LILE (Cs and Ba) is most likely the
result of alteration during weathering.
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Figure 2-5. (A) Total Alkali-Silica classification diagram from LeBas et al. (1992). (B)
Chondrite-normalized rare earth element (REE) diagrams.
Normalization values from
McDonough and Sun (1995).
(C) Primitive-mantle normalized trace element plots.
Normalization values from Sun and McDonough (1989).
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Precollisional Deformation-D1
Precollisional structures in the Reindeer Hills are evident in the argillite-dominated
mélange that outcrops at the base of the Reindeer Hills and on the west bank of the Jack River
(Figure 2.3). The structural fabric of the argillite-dominated mélange is characterized by a scaly
foliation that strikes roughly west (274) and dips steeply (~50º) to the north (Figures 2-3 and 24A). Fault-bounded clasts are ellipsoidal, with the long axis parallel to strike, the short axis
perpendicular to the scaly fabric, and the intermediate axis oriented downdip. Sandstone dikes
are present that cut the mélange fabric. Some of the sand inclusions are asymmetric ―fish‖ that
are bounded and dissected by faults or shear bands (Figure 2-6).

Figure 2-6. (A) Sandstone fish within the mélange indicated a top-to-the-south shear sense. (B
and C) Photomicrographs of sandstone fish within the Reindeer Hills mélange.
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Microfabrics in the mélange include polished, scaly microfaults and ―dirty veins‖ (e.g.,
Fisher and Byrne, 1987). The dirty veins have diffuse margins that never break grains in the wall
rock but rather anastomose around grain boundaries (Figure 2-7A). Veins are composed primarily
of calcite or quartz, but siderite is also present. The interior of veins is cloudy and commonly
includes grains or chunks of the surrounding wall rock (Figure 2-7B). In the sandstones, veins
are oriented perpendicular to the intermediate axis of the clasts, indicating that the least
compressive stress is oriented downdip or parallel to the mélange fabric. In the shale matrix, the
veins are associated with or are parallel to the scaly microfaults. The scaly microfaults are
present as both weblike arrays and discrete zones that offset layering and can occur as conjugate
sets. Scaly microfaults are anastamosing but generally parallel to the orientation of the block-inmatrix fabric of the mélange. There are microfaults (Figure 2-7C) that indicate layer-parallel
extension and shortening. Anastomosing scaly fabrics isolate phacoidal domains of mud with
grain shape fabrics that have different orientations, attesting to rotation of lenses during slip on
scaly folia. Early grain shape fabrics are in some cases folded, indicating that particulate flow
accommodated compaction and early deformation (Figure 2-7D). A weak disjunctive pressure
solution cleavage is present within the argillite-dominated mélange, but the absence of pressure
shadows around pyrite grains suggests little to no penetrative pressure solution strain after
development of the scaly fabric. This cleavage does not appear above the unconformity, so the
late pressure solution fabric likely occurred prior to or during the collision of the WCT with
North America. This weak cleavage contrasts with the strong penetrative deformation fabrics
developed in the northern Talkeetna Mountains.
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Figure 2-7. Photomicrographs of the argillite-dominated mélange. (A) "Dirty veins" with
margins that anastomose around grain boundaries. (B) Chunks of wall rock within the "dirty"
vein. (C) Scaly thrust microfaults. (D) Folded grain-shape fabric indicates particulate flow.

2.3.2 Syncollison

Talkeetna Mountains Kahiltna Assemblage
On the southern side of Broad Pass, the marine clastics of the Kahiltna assemblage
consist of 3-5 km of deformed Late Jurassic-Early Cretaceous basinal turbidites that outcrop in an
~800 km belt between the WCT and the outboard margin of previously accreted terranes (e.g.,
Csejtey et al., 1992; Ridgway et al., 2002). The assemblage is dominated by argillite and
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greywacke, but also includes conglomerate, chert, and impure limestone (Csejtey et al., 1992).
The Kahiltna assemblage of the Talkeetna Mountains was deposited on the WCT in northwestdirected submarine fan systems (Eastham and Ridgway, 2001).
South of the study area, in the northwest Talkeetna Mountains, the stratigraphy has been
subdivided by Hampton et al. (2007) into the Honolulu Pass Formation, the Kahiltna assemblage,
and the Caribou Pass Formation. The Honolulu Pass Formation is composed of mafic lavas,
volcaniclastics, and fossiliferous limestone that range in age from Late Triassic to the Early
Jurassic (Hampton et al., 2007). The Late Triassic mafic lavas may correlate with Triassic basalts
characteristic of other parts of the WCT and the rift basin of the Chulitna terrane (Gilman et al.,
2009), so the Honolulu Pass Formation may record the Triassic rifting event on the edge of WCT.
The limestone may represent a carbonate platform that developed in the rift to drift transition.
The Kahiltna assemblage unconformably overlies the Honolulu Pass Formation and represents
submarine gravity flows associated with submarine fans. Paleoflow directions are primarily
towards the northwest, and sediments within the Kahiltna indicate a provenance from the WCT
(Ridgway et al., 2002). Collision of the WCT and closure of the ocean basin led to uplift and
erosion and subsequent terrestrial deposition of Caribou Pass Formation. The Caribou Pass
Formation consists of nonmarine sandstone, siltstone, and mudstone (Hampton et al., 2007).
The Caribou Pass Formation is a post-collisional fluvial unit characterized by lateral accretion
surfaces, planar and trough cross stratification and preservation of fossil leaves (Hampton et al.,
2007). In this paper, I focus on the fabrics developed in the Kahiltna assemblage in order to
analyze the kinematics of deformation during the collision.
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Syncollisional Deformation (D2)
South of Broad Pass, a large-scale northwestward vergent thrust (e.g., Csejtey et al.,
1992) or multiple northwestward vergent thrusts (Hampton et al., 2007) juxtapose the Late
Jurassic-Early Cretaceous Kahiltna assemblage of the Talkeetna Mountains basin with the Jack
River conglomerate. The bedding of the Kahiltna assemblage strikes E-NE, parallel to the
Talkeetna Mountains topographic front, and dips moderately to the southeast (Figure 2-3).
The Kahiltna assemblage in the northern Talkeetna Mountains is Late Jurassic to Early
Cretaceous (Jones et al., 1986; Csejtey et al., 1992) with the youngest detrital zircon age of 115
Ma (Hampton et al., 2007). U-Pb zircon ICP-MS dates of plutons that intrude the Kahiltna
assemblage south of the study area range from 62-68 Ma (Davidson and McPhillips, 2007). The
Kahiltna assemblage in the study area is unconformably overlain by basaltic and rhyolitic lavas
with 40Ar/39Ar ages ranging from 63-49 Ma (Cole et al., 2007). Therefore, the penetrative
pressure solution cleavage in the Kahiltna assemblage must have developed between 115 and 68
million years ago, during the collision of the WCT.
The well-developed slaty cleavage is axial planar to tight folds and (Figure 2-8) dips
steeply to the southeast. This cleavage constitutes the dominant structural fabric and is defined
by well-aligned metamorphic phyllosilicates. Veins are observed that are composed of quartz,
chlorite, and white mica. When viewed to the east, veins are folded or oriented 10-20
counterclockwise from bedding-perpendicular in sand layers, whereas they are layer-parallel and
boudinaged in slate layers. Inclusion trails of fine-grained micas in veins indicate that the veins
are contemporaneous with deformation and metamorphism. Quartz-mica pressure shadows
around pyrites record non-coaxial strain histories in sections cut perpendicular to cleavage and
parallel to a stretching lineation (Figure 2-9). In some of these antitaxial overgrowths, there is a
progressive change from quartz to chlorite to muscovite through time, consistent with increasing
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temperature during deformation. Analysis of these overgrowths in samples from this region
allows an assessment of incremental strain histories that provide constraints on the kinematics
associated with cleavage formation.

Figure 2-8. Axial-planar cleavage in the Kahiltna assemblage of the northern Talkeetna
Mountains.
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Figure 2-9. (A & B) Photomicrographs of quartz-mica pressure shadows around pyrite (plucked in A) in sample 56 from the Kahiltna
assemblage in the northern Talkeetna Mountains. (C & D) The curvature of fibers within pressure shadows from sample 323 indicates
clockwise rotation of the extension direction.
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Methods of strain analysis.
Incremental strain analyses were conducted using syntectonic fibrous overgrowths in
pressure shadows observed in slates of the Kahiltna assemblage. This method can reveal more
than most other strain measurement techniques because, in addition to information about the
shape and orientation of the finite strain ellipsoid, syntectonic fibers also record information
about the strain path and therefore the kinematic history. Because fibers can grow continuously
without cracking (Durney and Ramsay, 1973; Fisher and Brantley, 1992, Means and Li, 1995, Li
and Means, 1995; Urai et al., 1991), individual fibers record the displacement path between two
initially adjacent points and therefore can be used to reconstruct an incremental strain history
(Durney and Ramsay, 1973; Wickham, 1973; Ramsay and Huber, 1983; Beutner and Diegel,
1985; Ellis, 1986). For example, syntectonic fibrous overgrowths have previously been used to
characterize the kinematics of folding (Wickham and Anthony, 1977; Beutner and Diegel, 1985;
Tapp and Wickham, 1987; Fisher and Anastasio, 1994), thrust sheet emplacement (Beutner et al.,
1988), and regional-scale deformation (Durney and Ramsay, 1973; Fisher and Byrne, 1992; Clark
et al., 1992; Fisher, 1999; Fisher et al., 2002). The ubiquitous occurrence of fibrous pressure
shadows in shales of the Kahiltna assemblage make this unit well suited for a regional analysis of
strain histories.
To fully characterize the incremental strain histories in three dimensions, two thin
sections were cut from each sample—one parallel to cleavage (XY section), and one
perpendicular to cleavage and parallel to the stretching lineation (XZ section). Pressure shadows
with straight fibers indicate that there is no relative rotation between the rock and the
instantaneous stretching direction. In samples that have straight fibers in both XY and XZ
sections, the magnitude of the finite elongation, e=∆l/lo, was measured directly where ∆l is the
total length of fibers and lo is the diameter of the host. Pressure shadows with curved fibers
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indicate a rotation with respect to an external reference frame that may reflect either (1) a relative
rotation between the rock and the instantaneous extension direction (spin) or (2) a noncoaxial
strain history (i.e., internal vorticity) (Fisher and Anastasio, 1994). The strain history recorded by
curved fibers was determined by assuming that the fiber geometry can be approximated by a
number of straight line segments of different orientations, where the number of segments is
inversely proportional to the radius of curvature of the fibers. Essentially, the strain history is
assumed to be a series of pure shear increments separated by rigid rotations (Elliott, 1972). Using
the Durney and Ramsay (1973) method to calculate the incremental strain histories, the
orientation of the incremental extension direction is parallel to the fiber segment, and the
magnitude is equal to the length of the fiber segment divided by the original length (radius of the
framboid plus the length of all older fiber segments measured parallel to the latest increment).
The finite strain is calculated by sequential superposition of the incremental stretch tensors
(Durney and Ramsay, 1973).
A Matlab application (Appendix B) was developed to calculate incremental strain
histories from syntectonic fibers. Photomicrographs were digitized to determine the fiber
geometry, the pyrite center (i.e., the origin), and cleavage as a reference frame. The results are
plotted on cumulative incremental strain history and progressive finite strain history diagrams.
Cumulative incremental strain history diagrams show variations in the instantaneous stretching
direction relative to an external reference frame (i.e., in this case, the present orientation of
cleavage). Thus, vertical lines on a cumulative incremental strain history diagram represent a
straight fiber and a horizontal line represents a fiber bend, or a rigid rotation with no
accumulation of strain. Curved fibers plot as a line with either a positive or negative slope
depending on the sense of curvature. Progressive finite strain history diagrams show temporal
variations in the shape and orientation of the finite strain ellipse as strain accumulates. An
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average strain history curve can be calculated by normalizing the individual curves to the average
of the endpoints, then averaging point by point (Clark et al., 1992). Thus, the scatter of the
individual curves gives a qualitative estimate of the strain heterogeneity at the scale of the thin
section. The sense of curvature of the fibers is reflected by the negative slope of the curves on the
cumulative incremental strain history diagrams and may reflect either a clockwise rotation of the
rock relative to the fixed extension direction or a counterclockwise shear strain. The strain
histories from fibers are combined with other structural observations (i.e., position on folds,
bedding-cleavage relationships, and other kinematic indicators) to arrive at the most likely
tectonic interpretation.

Results of strain analysis.
In slate samples from the Talkeetna Mountains, pyrite pressure shadows are observed
that record strain related to diffusive mass transfer and cleavage development. Most of these
features are not suitable for quantitative strain analyses, either because the hosts are too small and
angular, or because the pressure shadows are recrystallized. However, there are qualitative
similarities in the asymmetry of pressure shadows from different localities that indicate consistent
trends in the regional kinematics. Incremental strain histories were quantified for four samples
suitable for strain analysis along a transect across the northernmost Talkeetna Mountains. In
these samples, there are numerous subspherical rigid pyrite grains with pressure shadows that are
preserved well enough to track a fiber from the interface with the pyrite to the edge of the
pressure shadow. Sections were cut in two orientations: parallel to cleavage (XY), and
perpendicular to cleavage and parallel to the structural lineation on cleavage planes (XZ) looking
north. In cleavage-parallel (XY) sections, fibers in pyrite pressure shadows are parallel to the
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lineations in hand samples; thus the lineation represents the direction of maximum stretch.
Moreover, the absence of any evidence for shortening or extension in the Y direction, combined
with the absence of fiber curvature in cleavage planes indicates that, in three dimensions, the
deformation is plane strain and the entire strain history can be evaluated in cleavage
perpendicular sections.
The strain histories for these samples are presented in Figure 2-10. For each sample,
cumulative incremental strain histories are shown that depict changes in the incremental
extension direction (E) relative to cleavage. Light gray curves are strain histories obtained from
digitized fibers. The bold curve is an average strain history that is calculated by normalizing all
the curves by the average of the endpoints of the individual curves. Scatter with respect to this
average strain history is a qualitative measure of the heterogeneity of strain. The remarkable
similarity between the individual curves and the average curve indicates that the kinematics are
consistent from pressure shadow to pressure shadow in cases where the pyrites are subspherical.
Progressive finite strain histories are also shown that describe variations in the shape and
orientation of the finite strain ellipse as strain accumulates. Finite strain varies from sample to
sample but is relatively consistent within a single sample.
The cumulative incremental strain histories of the Kahiltna assemblage in the northern
Talkeetna Mountains all indicate an overall clockwise rotation of the extension direction when
viewed parallel to the stretching lineation and perpendicular to cleavage. Finite elongation
values range from 1.3 to 2.2. At the onset of deformation, the cumulative incremental extension
direction is subparallel or parallel to cleavage. However, there is large variation in the relative
orientations of the extension direction at the completion of deformation, from 0-21° relative to
cleavage. In addition, in three of the four samples, there is an initial 3-10° counterclockwise
rotation of the extension direction, followed by clockwise rotation of the extension direction.
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Figure 2-10. (A) Cumulative incremental strain history plots and progressive finite strain diagrams for samples with noncoaxial strain
histories. The orientation is measured relative to cleavage, where positive angles are counterclockwise. The gray curves represent the strain
histories recorded by individual fibers from a single sample, whereas, the black curve represents an average strain history for that sample. (B)
Block diagrams illustrating the relative orientation of fabrics including cleavage, stretching lineations, and pressure shadow geometry.
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2.3.3 Late-stage collision or postcollision

Jack River conglomerate
In Broad Pass I observed the Jack River conglomerate that unconformably overlies the
Reindeer Hills mélange (Figure 2-11A). The clast-supported conglomerate outcrops west of the
Reindeer Hills and along the Jack River on the south side of Broad Pass and is faulted into
contact with the Talkeetna Mountains-Kahiltna assemblage (Figure 2-3). Clasts composed of red,
green, and black chert, mudstone, and volcaniclastic sandstones range from 0.1 to 40 cm and are
subrounded to rounded and locally angular near the base of the section (Figure 2-11B). The Jack
River conglomerate dips to the south on the northern side of Broad Pass and dips to the north on
the southern side of Broad Pass (Figure 2-3). The dominance of chert, argillite, and
volcaniclastics clasts (Figure 2-12) suggest a local provenance, originating from the accretionary
complex as exposed in the Reindeer Hills. The conglomerate indicates fluvial deposition on a
regional erosion surface after or late in the history of the collision.
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Figure 2-11. (A) The Reindeer Hills argillite-mélange west of the Jack River overlain with
poorly-sorted nonmarine conglomerate, the Jack River conglomerate. (B) Photomicrograph of
the Jack River conglomerate.
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Figure 2-12. Conglomerate clast composition data of the Jack River conglomerate that outcrops in
Broad Pass between the Reindeer Hills and the northern Talkeetna Mountains. The dominance of
chert clasts suggests a locally-derived provenance, most likely the chert-dominated mélange
exposed as a klippe atop the Reindeer Hills.

Late-stage or Postcollisional Deformation (D3)
The unconformity that separates the marine mélange units from the terrestrial Jack River
conglomerate indicates uplift and development of a regional erosion surface. In addition, the
unconformity itself has been deformed; in some locations, the unconformity dips nearly 45°
(Figure 2-11). The Jack River conglomerate has been gently folded as evidenced by the reversal
in dip direction on either side of Broad Pass (Figure 2-3). The northwestward vergent thrust
referred to as the Honolulu thrust by Csejtey et al. (1992) crosscuts the Jack River conglomerate
and therefore must have occurred after the collision. This thrust juxtaposes the deeper, more
deformed Kahiltna assemblage against the Jack River conglomerate.
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2.4 DISCUSSION
The Broad Pass region contains three tectonostratigraphic units that record the
depositional and deformational history before, during, and after the collision of the WCT with
North America: the Reindeer Hills mélange, the Kahiltna assemblage, and the Jack River
conglomerate. Therefore, my results from a geologic transect across the three units in Broad Pass
provide insight into the structural evolution of the collision.

2.4.1 Pre-collision accretion of oceanic lithologies
Observation of lithologies and structures within the Reindeer Hills mélange are consistent
with deformation prior to the collision of the WCT. The upper chert-dominated mélange unit
displays a ghost stratigraphy of greenstone, Late Paleozoic chert and limestone, and hemipelagic
sediments suggestive of a slice of the upper oceanic crust. The lower argillite-dominated
mélange contains structures including dirty veins and scaly microfaults (Figure 2-7). Dirty veins
that include grains of the wall rock demonstrate that deformation was initiated in unlithified or
partially lithified sediments. The shape fabric of inclusions in the mélange, with long axes parallel
to strike of the mélange fabric, is likely due to tectonic deformation in a shear zone, with long
axes parallel to the intersection lineation of anastomosing fault arrays (Byrne, 1984; Byrne and
Fisher, 1987). Evidence for folding and fabric development during ductile particulate flow
followed by more brittle structures in the form of scaly fabrics indicates that sediments were
sheared during progressive lithification along a compactive strain path (e.g., Bray and Karig,
1985; Fisher and Byrne, 1987). The presence of a klippe of Paleozoic accreted oceanic crust
overlying younger disrupted units is consistent with incorporation of the Paleozoic marine
lithologies into the accretionary prism prior to underthrusting of the argillite-dominated mélange
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unit. Thus, the Reindeer Hills mélange represents material that was deposited on an oceanic crust
that was then incorporated into an accretionary complex during subduction prior to or early
during the collision of the WCT.
The volcanic material incorporated into the Reindeers Hills mélange was derived from a
continental arc resulting from subduction of the oceanic plate inboard of the WCT. Our
geochemical analysis indicates depletion of high field strength elements (HFSE) and the slight
enrichment of the large ion lithophile elements (LILE) relative to primitive mantle (Figure 2-5C),
a trace element fractionation pattern that is characteristic of arc magmas (McCullough and
Gamble, 1991). The geochemical data were also normalized to hypothetical ocean ridge granite
(ORG) values of Pearce et al (1984). The elements used in the diagram in Figure 13A were
chosen by Pearce et al. (1984) because they behave incompatibly during fractionation of midocean-ridge basalts. When compared with the data from Pearce et al. (1984), the samples from
the Reindeer Hills mélange are most similar to volcanic arc granites (VAG) such as those from
Jamaica or Chile (Figure 2-13A). The geochemical data were also plotted on trace element
discrimination diagrams that can indicate the tectonic setting of eruption (e.g., Pearce et al., 1984)
(Figure 2-13B). Certain trace elements including Rb, Y (or Yb) and Nb (or Ta) are most effective
at determining the tectonic settings of volcanic rocks (Pearce et al., 1985). Geochemical
analyses of the volcanics from the Reindeer Hills mélange were plotted on several tectonic
discrimination diagrams including Rb-Y+Nb, Rb-Yb+Ta, Nb-Y, and Yb-Ta. In each of the
diagrams, the samples plot in the volcanic arc granite (VAG) field (Figure 2-13B). Furthermore,
the volcanic samples analyzed from the Reindeer Hills mélange exhibit compositional
characteristics indicative of adakites: high SiO2, high Al2O3, low MgO, low Y and Yb, high Sr/Y,
high Nb/Ta, low HFSEs, and no negative Eu anomaly (Kay, 1978; Defant and Drummond, 1990;
Defant et al., 1991; Condie, 2005; Castillo, 2006). Adakites can be a product of partial melting of
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the subducted slab along subduction zones with an elevated thermal structure, for example the
subduction of young, hot lithosphere (Defant and Drummond, 1990; Condie, 2005; Castillo,
2006). Thus, the volcanics within the Reindeer Hills mélange most likely originated from an arc
inboard of subducting, relatively young, oceanic crust.
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Figure 2-13. (A) Ocean ridge granite (ORG) normalized geochemical patterns of the analyses of
the volcanic samples from the Reindeer Hills chert-dominated mélange. Chile and Jamaica are
representative of volcanic arc granites plotted for comparison. Ocean ridge granite normalizing
factors and data for Chile and Jamaica from Pearce et al. (1984). (B) Rb--(Y+Nb), Rb-(Yb+Ta),
Nb-Y, and Ta-Y tectonic discriminate diagrams from Pearce et al. (1984). Volcanic samples
from the Reindeer Hills mélange clearly fall in the volcanic arc granite field.
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2.4.2 Syncollision development of metamorphic fabrics
The dominant deformation fabrics within the Kahiltna assemblage in the northern
Talkeetna Mountains (D2) are in sharp contrast to the stratal disruption and the mélange formation
(D1) in the Reindeer Hills. There are tight folds, axial planar slaty cleavage, and evidence of
greenschist metamorphism. Since the penetrative cleavage fabric dominates the 140-115 Ma
Kahiltna assemblage but deformation is absent in the 62-68 Ma (Davidson and McPhillips, 2007)
crosscutting plutons, this cleavage must have been a result of burial and deformation during the
Late Cretaceous collision of the WCT. Our analysis of the fibrous pressure shadows associated
with the cleavage formation indicate overall counterclockwise rotation of the extension direction
(Figure 2-10). This counterclockwise rotation originated from either oblique thrusting with a
component of right lateral shear, northwest tilting of the rocks through a fixed extension
direction, or southeast tilting of the extension direction relative to the rocks. The strain history is
consistent relative to a cleavage-fixed reference frame but not a geographic reference frame;
moreover, a northwest tilt is inconsistent with the observed southeastward-dipping attitude of the
rocks. Therefore, I favor an interpretation that involves a component of internal vorticity or
simple shear. Strain analysis indicates thrusting with a component of right-lateral shear, which is
consistent with models of transpression during the collision of the WCT that have been proposed
by previous workers (e.g., Ridgway et al., 2002).

2.4.3 Late-stage terrestrial deposition and postcollision shortening
The regional unconformity indicates the Broad Pass area was uplifted and an erosional
surface was developed after the initial collision of the WCT. The Jack River conglomerate
overlies the unconformity and possibly correlates with the lower Cantwell Formation north of the

61
Denali Fault, that has experienced >400 km of displacement since the end of the Cretaceous
(Jones et al., 1982; Nokleberg et al., 1985; Plafker et al., 1989). Despite the displacement, there
are similarities between the lower Cantwell Formation and the Jack River conglomerate at least in
age and origin. The lower Cantwell Formation consists of conglomerate, sandstone, and
mudstone that were deposited during the late Campanian and early Maastrichtian (Ridgway et al.,
1997; Cole et al., 1999; Trop and Ridgway, 2007). Although there is a paucity of age control on
the deposition of the Jack River conglomerate, both units were deposited unconformably on top
of the Late Cretaceous Kahiltna assemblage. Facies within the lower Cantwell Formation include
a clast-supported conglomerate with clasts primarily derived from proximal sources (Cole et al.,
1999). The Jack River conglomerate is dominated by clasts of chert and argillite, also derived
from a local source, the uplifted Reindeer Hills mélange. Both the Jack River conglomerate and
the lower Cantwell Formation contain cross bedding in sandstone channels indicative of fluvial
deposition.
The deeply deformed Kahiltna assemblage of the northern Talkeetna Mountains is
brought into contact with the Jack River conglomerate along a northwest-directed thrust fault
previously referred to as the Honolulu Thrust (Csejtey et al., 1992). This thrust fault postdates
deposition of the Jack River conglomerate, which is in the footwall and transports the more
deeply deformed Kahiltna assemblage in the hanging wall. D3 also includes regional-scale gentle
folds found within each of the tectonostratigraphic units have fold axes that are oriented roughly
east-west, subparallel to the thrust fault, and are possibly related to the same shortening episode.
Tectonic events in the Tertiary that are capable of causing shortening in the backarc and continent
interior include ridge collision along the subduction at the trailing edge of the WCT in the
Paleogene (Haeussler et al., 2003; Cole et al., 2006) and Neogene collision of the Yakutat block
in southeastern Alaska (Plafker et al., 1994; Pavlis et al., 2004).
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2.5 CONCLUSIONS
We have identified the Reindeer Hills mélange within the Broad Pass suture zone as the
paleotectonic plate boundary for the collision of the WCT with North America. The Reindeer
Hills mélange, with a ghost stratigraphy of oceanic crust and hemipelagic sediments, represents
the development of an accretionary complex prior to the collision. Syncollisional deformation,
D2, within the Kahiltna assemblage of the northern Talkeetna Mountains includes slaty cleavage,
tight folds, and greenschist metamorphism. Incremental strain analysis of cleavage-related
pressure shadows indicates oblique thrusting with a component of right-lateral shear, or
transpression during the collision of the WCT. Late in the collision, uplift created a regional
unconformity upon which a fluvial conglomerate unit, the Jack River conglomerate, was
deposited. A thrust fault and gentle regional folding, D3, postdates the Jack River conglomerate
and could be associated with later Tertiary tectonic events that have impacted southern Alaska.
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Chapter 3
Deformation of the Kahiltna Assemblage in the southern Alaska Range,
Alaska

3.1 INTRODUCTION
The tectonics of south-central Alaska are dominated by the collision and accretion of
terranes (e.g., Coney et al., 1980). The collision and docking of the largest of these allochthonous
terranes, the Wrangellia composite terrane (WCT) (Plafker and Berg, 1994; Nokleberg et al.,
2001) remains one of the more enigmatic events in the history of Cordilleran crustal assembly. In
south-central Alaska, the suture zone between the WCT and the terranes that make up the
Mesozoic margin of North America consists primarily of the Kahiltna assemblage, submarine fan
deposits that outcrop in an ~800 by ~200 km belt. Regional structures of the Kahiltna assemblage
vary in vergence and structural style along and across strike, and there is presently no structural
model for the collisional architecture that explains the significance of these variations. In the
eastern portion of the Kahiltna assemblage within the Clearwater Mountains, the Valdez Creek
Shear Zone indicates south-directed thrusting of the Late Cretaceous margin of North America
over the Kahiltna assemblage (Davidson et al., 1992; Beam and Fisher; 1999; Ridgway et al.,
2002). In contrast, new structural data from the northern Talkeetna Mountains 200 km to the
west indicates top-to-the-northwest thrusting of the Kahiltna assemblage over the Reindeer Hills
accretionary complex. In the central Talkeetna Mountains, multiple northwest-vergent faults
have been recognized (Hampton et al., 2007). In the Chulitna terrane, which lies between the
Talkeetna Mountains and the Alaska Range, structures verge to the southeast (Jones et al., 1980;
Clautice et al., 2001; Gilman et al., 2009). Thus, there is a lack of consistency in the structural
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vergence along the collision zone and no clear understanding of the structural systematics or how
the geometries vary along and across strike.
In addition, there is no consensus with regard to whether the collision was orthogonal
primarily in situ, or the result of transpression, with oblique convergence and a strong right-lateral
component. As described in Chapter 1, there are three major plates in the northern Pacific that
may have bordered North America in the Late Cretaceous. These plates include the Kula, the
Farallon, and the Resurrection plates. Plate reconstructions based on magnetic anomalies in the
northern Pacific Ocean indicate that, if the WCT was on the Farallon plate, it would be an
orthogonal collision; whereas if the WCT was on the Resurrection or the Kula plate, it would
show greater obliquity. As shown in Chapter 1, the most likely plate would be the Resurrection
plate and under these circumstances, I hypothesize that the collision would be more oblique than
orthogonal to the North American margin with a right-lateral component of shearing.
Previous workers have proposed a variety of models for location and kinematics of the
collision of the WCT with North America. Csetjey et al. (1982) suggested that at the northeast
end of the WCT, the WCT terminated along a transform fault but on the northwest side, the WCT
collision was orthogonal close to its present location in the mid-Cretaceous. Wallace et al. (1989)
argued that the WCT was part of the Farallon plate resulting in an orthogonal collision in the
Jurassic much further south of its present location and was then translated northward on the Kula
plate to its current location. Ridgway et al. (2002) and Trop and Ridgway (2007) argued for a
largely orthogonal Late Cretaceous collision that was diachronous (from east to west) and
propagated westward through time near its present location. Quantification of the kinematics
associated with deformation within the suture zone enables us to test the hypothesis and rule out
some of the models above.
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Broad Pass is recognized as the suture zone between the WCT and North America
(Ridgway et al., 2002) in the sense that it exposes marine Mesozoic rocks of the broadly-defined
Kahiltna assemblage. On either side of Broad Pass, Ridgway et al. (2002) have divided the
Kahiltna assemblage into the Alaska Range basin to the northwest and the Talkeetna Mountains
basin to the southeast based on differences in age, lithology, provenance, and paleoflow
directions (Figure 3.1). The Kahiltna assemblage in the Talkeetna Mountains basin is
Kimmeridgian to Aptian (Jones et al., 1986; Csejtey et al., 1992; Hampton et al., 2007), shows
deposition by northwestward flowing submarine-fan systems (Eastham and Ridgway, 2001), and
contains sediments derived from the WCT (Ridgway et al., 2002). The Kahiltna assemblage in
the Alaska Range basin is Valanginian to Cenomanian, shows deposition by southwestward
flowing submarine fan systems, and was derived from the Insular superterrane already accreted to
the North America at the time of the WCT collision (Hampton et al., 2010). Therefore, Broad
Pass separates two basins with different affinities: the Alaska Range basin to the northwest has
an affinity to North America whereas the Talkeetna Mountains basin to the southeast has an
affinity to the WCT.
Chapter 2 presented the results from investigations in the Kahiltna assemblage of the
Talkeetna Mountains and across the Broad Pass suture zone. I recognized the Reindeer Hills
mélange as an accretionary complex that separates the two basins of the Kahiltna assemblage and
is composed of oceanic material that records the subduction that preceded the collision of the
WCT. Thus, the Reindeer Hills represents the suture in the more specific sense as the remnants
of oceanic crust that subducted prior to the docking of the WCT. Structures within the Kahiltna
assemblage in the Talkeetna Mountains basin record a history of oblique thrusting and cleavage
development indicating northward-directed thrusting and growth of the collision zone. Mapping
associated with this study indicates that the Reindeer Hills mélange zone extends southwest to the
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west side of the Chulitna terrane (Figure 3-1), a Triassic extensional rift basin on the leading edge
of the WCT (Gilman et al., 2009). Under these circumstances, the Kahiltna assemblage of the
Alaska Range basin lies arcward of the accretionary complex, and may represent deposition in a
forearc basin, or a remnant ocean basin that transitions to a peripheral foreland basin associated
with the Mesozoic margin of North America (Hampton et al., 2010). Thus, the structure of the
Alaska Range basin provides an additional constraint on the patterns of fold vergence and
thrusting direction along and across the collision. The kinematics of the deformation within this
basin provides a test of models for the collision in the context of potential plate motions for the
WCT and North America. This chapter presents results from a ~30 km transect across the
Kahiltna assemblage in the southern Alaska Range basin (Figure 3-1).

73

Figure 3-1. Geologic map modified from Ridgway et al. (2002) showing terranes, basinal
assemblages, igneous rocks, and major faults. Box indicates the location of the geologic map in
Figure 3-2.
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3.2 BACKGROUND
The Kahiltna assemblage of the Talkeetna Mountains basin is derived from the WCT
based on the occurrence of volcanic rock fragments, limestone clasts, and argillite clasts that
record unroofing of the WCT (Ridgway et al., 2002). Recent U-Pb geochronology of the
Kahiltna assemblage in the Talkeetna Mountains basin also indicates a provenance from
Mesozoic magmatic sources of the WCT (Hampton et al., 2010). In contrast, the Kahiltna
assemblage in the Alaska Range basin contains clasts of chert, sandstone, plutonic rock fragments
and limestone that show paleontological and lithological similarities with terranes previously
accreted to North America (Ridgway et al., 2002). In the Alaska Range basin, there have been
limited studies of the sedimentology and provenance in the Kahiltna assemblage in this area (e.g.,
Eastham and Ridgway, 2001; Hampton et al., 2010). However, other than a 1:250,000 scale
geologic map of the Talkeetna quadrangle (Reed and Nelson, 1980), there have been no structural
investigations of this key unit that lies between the WCT and proto margin of North America.
This is the first study that incorporates macro-, meso-, and microscale structural analysis to
constrain the kinematic history of the deformation of the Kahiltna assemblage in the Alaska
Range basin due to collision of the WCT.
The composite transect across the Kahiltna assemblage in the Alaska Range consists of
two segments, one in the Peters and Dutch Hills and the other along Chelatna Lake (Figure 3-2).
The two areas are offset; but combined, they represent a nearly complete across-strike transect of
the Alaska Range basin. I initially went to the Peters and Dutch Hills because of the access
provided by primitive mining roads. In later field seasons, bush and float planes were used to
access the western side of the Dutch Hills and Chelatna Lake, respectively. During field
investigations, I collected lithologic observations, facing directions, as well as a variety of
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structural data including orientation data of bedding, cleavage, lineations, and folds. In addition,
oriented samples were collected for microstructural strain analysis.
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Figure 3-2. Geologic map modified from Wilson et al. (1998) and Reed and Nelson (1980) showing the location of the Peters and Dutch
Hills and Chelatna Lake. (B) Location of Figure 3-4. (C) Location of Figure 3-5.
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3.3 RESULTS
The Peters and Dutch Hills are located in the southern Alaska Range, south of Denali and
east of the Kahiltna Glacier. Chelatna Lake lies west of the Kahiltna Glacier and would project
along strike to the northwest of the Peters and Dutch Hills. Both study areas are located south of
the 52-58 Ma intrusions of the McKinley Suite (Reed and Nelson, 1980). The orientation of the
topographic ridges of the Peters and Dutch Hills and the structural grain defined by bedding and
cleavage is NE-SW, which is parallel to the general suture zone that separates the WCT from the
Mesozoic margin of North America. The Kahiltna assemblage in this area is dominated by black
shales with minor amounts of greywacke sandstones. Turbidite cycles are common with graded
bedding and crossbedding that allow determination of facing directions (Figure 3-3). Since
slopes in the Peters and Dutch Hills are vegetated with limited exposure, most exposures are
restricted to arêtes at high elevations and road cuts at lower elevations. In addition, the Peters and
Dutch Hills are dissected by Peters Creek and associated tributaries, which are incised into the
bedrock. The Kahiltna assemblage is exposed along the shorelines of Chelatna Lake. Access to
exposure at higher elevations above the lake is limited by dense vegetation.
Since D1 was identified in Chapter 2 as the development of a mélange fabric within the
subduction complex of the Reindeer Hills, I subdivide the structures of the Peters and Dutch Hills
and Chelatna Lake into two deformation episodes: D2, deformation that is cut by and occurred
prior to the intrusion of the McKinley Suite, 52-58 Ma (Reed and Nelson, 1980), and D3,
deformation that occurs after growth of metamorphic porphyroblasts in the contact aureole of
plutons. D2 is characterized by south-vergent folding and cleavage development in the Peters and
Dutch Hills and north-vergent folding at Chelatna Lake (Figures 3-4, 3-5, and 3-6). Given the
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reversal in the vergence of folds from east to west across the two areas, I present the structural
results in two separate sections: (1) the Peters and Dutch Hills and (2) Chelatna Lake.

Figure 3-3. Outcrop photographs of the Kahiltna assemblages. (A) Sedimentary structures
within the sandstones of the turbidite sequences are used to determine facing direction. (B) An
example of cleavage-bedding relationships in the Kahiltna assemblage.
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Figure 3-4. (A) Geologic map of the Peters and Dutch Hills (modified from Wilson et al., 1998
and Reed and Nelson, 1980) showing bedding orientations and fold axes. (B) Contoured equalarea lower-hemisphere stereonet of poles to bedding. (C) Equal-area lower-hemisphere stereonet
plot of fold axes. (Locations and structural data are presented in Appendix C.)
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Figure 3-5. (A) Geologic map of the Chelatna Lake area (modified from Wilson et al., 1998 and
Reed and Nelson, 1980). (B) Contoured equal-area lower-hemisphere stereonet of poles to
bedding. (C) Equal-area lower-hemisphere stereonet plot of fold axes. (Locations and structural
data are presented in Appendix C.)
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Figure 3-6. (A) Cross sections from A to A‘ across the eastern segment of the transect in the Peters and Dutch Hills (Figure 3-4). (B) Cross
section from B to B‘ across the western segment of the transect near and around Chelatna Lake (Figure 3-5).
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3.3.1 Meso- and macroscale results

3.3.1.1 Peters and Dutch Hills
In the Peters and Dutch Hills, the structure is characterized by south-vergent D2 folds
(Figures 3-4 and 3-6) with wavelengths ranging from 0.5 m to 4 km. The average attitude of the
bedding of the upright limbs strikes WSW, 248, and dips steeply, 73°, to the S, whereas the
average attitude of the bedding of the overturned limbs strikes WSW, 257, and dips steeply, 74°,
to the N (Figure 3-4B). Axial plans strike WSW, between 233 and 272, and dip steeply, 69-83°,
to the NW. The folds range from nearly isoclinal (Figure 3-7), with interlimb angles less than 10°
to tight and close folds with interlimb angles from 15° to 46°. In general, the fold axes trend
parallel to the structural grain, either to the E (064-100) or W (233-272) and most have gentle to
moderate plunges (07-34°) (Figure 3-4). A few meter-scale folds with vertical fold axes were
observed in the southeast end of the transect (Figure 3-7).
A slaty cleavage (S2) is well-developed in the Kahiltna assemblage of the Peters and
Dutch Hills. The average orientation of the cleavage strikes SW, 235, and dips steeply, 79° to the
NW (Figure 3-8). The cleavage is axial planar to the meso- and macro-scale folds. Lineation
data are presented on the map and on a stereonet in Figure 3-9. Stretching lineations (L2), in
general, are subhorizontal and conspicuously parallel to the orientation of fold axes, parallel to
strike of the unit.
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Figure 3-7. (A) Typical outcrop-scale isoclinal fold in the Kahiltna assemblage. The axial plane and axial-planar cleavage are nearly vertical.
(B) Small tight fold with a vertical fold axis.
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Figure 3-8. Geologic map of the Peters and Dutch Hills (modified from Wilson et al., 1998 and
Reed and Nelson, 1980) showing cleavage orientations. (B) Contoured equal-area lowerhemisphere stereonet of poles to cleavage. (Locations and structural data are presented in
Appendix C.)
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Figure 3-9. Geologic map of the Peters and Dutch Hills (modified from Wilson et al., 1998 and
Reed and Nelson, 1980) with lineation data. (B) Equal-area lower-hemisphere stereonet plot of
lineation orientations. (Locations and structural data are presented in Appendix C.)
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3.3.3.2 Chelatna Lake
At Chelatna Lake, the average attitude of the upright bedding strikes ENE, 069, and dips
moderately, 55°, to the S, whereas the average attitude of the overturned bedding strikes ENE,
076, and dips moderately, 67°, to the S (Figure 3-5). The structure is characterized by multiple
overturned D2 folds that verge to the NE (Figure 3-5 and 3-6), with wavelengths ranging from 4-8
km. Axial planes strike ENE, between 060 and 078 and dip steeply, 62-89°, to the SE. The folds
are tight to isoclinal. Fold axes parallel the structural grain, trending ENE-WSW and plunge
from 14-42°. An axial-planar slaty cleavage (S2) is also well developed at Chelatna Lake. The
average orientation of the cleavage strikes ENE, 067, and dips steeply, 65°, to the SE (Figure 310). A lineation is observed on cleavage planes (L2) that plunges gently to moderately to the
SW. Lineation data are presented on a map and stereonet in Figure 3-11.
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Figure 3-10. Geologic map of the Chelatna Lake area (modified from Wilson et al., 1998 and
Reed and Nelson, 1980) showing cleavage orientations. (B) Contoured equal-area lowerhemisphere stereonet of poles to cleavage. (Locations and structural data are presented in
Appendix C.)
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Figure 3-11. Geologic map of the Chelatna Lake area (modified from Wilson et al., 1998 and
Reed and Nelson, 1980) with lineation data. (B) Equal-area lower-hemisphere stereonet plot of
lineation orientations. (Locations and structural data are presented in Appendix C.)
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3.3.2 Microscale structures

3.3.2.1 Fabric description
A penetrative slaty cleavage (S2) is observed throughout the Alaska Range basin, with
cleavage planes defined by preferred alignment of fine-grained metamorphic phyllosilicates and
short, discontinuous selvages composed of insoluble residues that are preferentially developed at
the margins of stress concentrators such as 100-150 micron grains of detrital quartz, detrital or
authogenic chlorite-mica aggregates, and pyrite. Pyrite grains are irregular to subspherical and
typically display pressure shadows composed of fibrous or recrystallized quartz and chlorite. In
the northwest portion of the Alaska Range basin, this D2 fabric is overgrown by metamorphic
porphyroblasts of andalusite and cordierite within the contact aureole of 52-58 Ma plutons of the
McKinley Suite (Reed and Nelson, 1980). The internal fabric within the porphyroblasts, or the
‗frozen‘ S2 fabric, is straight, indicating that the porphyroblast growth in this part of the contact
aureole was static, or did not accompany any appreciable deformation. The metamorphic
assemblage in the contact aureole is consistent with shallow intrusions at depths of < 7 km. The
S2 fabric in the interior of porphyroblasts is, in the examples I have analyzed, rotated relative to
the S2 fabric outstide porphyroblasts. There is also a local crenluation fabric at the margins of
porphyroblasts. Thus, there is deformation that postdates intrusion of the plutons (D3). The
deformation associated with D2 and D3 are quantified in the following sections based on analysis
of pyrite pressure shadows and rotated porphyroblasts, respectively.
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3.3.2.2 Methods of strain analysis
Incremental strain analyses were conducted using syntectonic fibrous overgrowths in
pressure shadows observed in slates of the Kahiltna assemblage. In contrast to strain
measurement techniques that compare lengths and/or angles before and after the completion of
deformation, these fibers record changes in the stretching direction as strain accumulates and thus
allow for evaluation of the kinematics in addition to magnitude and orientation of finite strain.
The changes in stretching direction can be used to infer the sense of shear, and the orientation and
magnitude of the finite strain can be placed in the context of 3-D kinematic models of general
shear (e.g., Hossen and Tikoff, 1998) to narrow the range of possible strain paths and the range of
possible convergence angles associated with the collision.
Two orthogonal thin sections were cut to characterize the strain in three dimensions. A
cleavage-parallel section was oriented so that the view was always down on cleavage planes. In
these sections, it was clear that syntectonic fibers in pressure shadows are generally parallel to the
L1 lineation measured in the field, confirming that the dominant subhorizontal lineation parallel to
fold axes is a stretching lineation. A second section, cut perpendicular to cleavage and parallel to
the stretching lineation, was oriented so that the section was always viewed downward, or
approximately in map view.
The strain history was calculated using the Durney and Ramsay (1973) method , which
assumes that the orientation of the incremental stretching is parallel to the fiber orientation (i.e.,
the growth direction), and the magnitude of incremental stretch is equal to the length of each fiber
segment along the length of a single fiber divided by the original length (radius of the framboid
plus the length of all older fiber segments measured parallel to the latest increment). The method
is used to establish the stretch tensor for each increment, and the finite strain is calculated by
sequential superposition of the incremental stretch tensors (e.g., Wickham, 1973).
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Strain histories were quantified using the Matlab application described in Chapter 2
(Appendix B) and photomicrographs were digitized to determine the fiber geometry, the pyrite
center (i.e., the origin), and cleavage as a reference frame. Cumulative incremental strain history
diagrams were generated that show variations in the instantaneous stretching direction relative to
an external reference frame (i.e., in this case, the present orientation of cleavage). For curved
fibers that record noncoaxial strain histories, these diagrams can be used to evaluate the sense of
rotation and can highlight progressive rotations related to internal vorticity and/or rigid body
rotations. I also constructed progressive finite strain history diagrams that show temporal
variations in the shape and orientation of the finite strain ellipse as strain accumulates. An
average strain history curve is calculated by normalizing the individual curves to the average of
the endpoints, then averaging point by point (Clark et al., 1992).

3.3.2.2 Results of incremental strain analysis
In slate samples from the Peters and Dutch Hills, pyrite pressure shadows are observed
that record strain related to diffusive mass transfer and cleavage development. Incremental strain
histories were quantified for a half dozen samples along a transect across the Peters and Dutch
Hills. In these samples, there are numerous subspherical pyrite grains with pressure shadows that
are preserved well enough to track a fiber from the interface with the pyrite to the edge of the
pressure shadow. There are similarities in the asymmetry of pressure shadows from across the
Peters and Dutch Hills that indicate consistent trends in the regional kinematics (Figure 3-12). In
cleavage-parallel (XY) sections, fibers in pyrite pressure shadows are straight and show little
evidence for or extension in the Y direction, perpendicular to L1 and downdip.
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Figure 3-12. Photomicrographs of fibrous pressure shadows from samples in the Peters and Dutch Hills indicating a counterclockwise
rotation of the extension direction. The white bar represents a 100 micron scale.
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The strain histories are presented in Figure 3-13. For each sample, cumulative
incremental strain histories are shown that depict changes in the incremental extension direction
(E) relative to cleavage. Light gray curves are strain histories obtained from digitized fibers. The
bold curve is an average strain history that is calculated by normalizing all the curves by the
average of the endpoints of the individual curves. Scatter with respect to this average strain
history is a qualitative measure of the heterogeneity of strain. The remarkable similarity between
the individual curves and the average curve indicates that the kinematics is consistent from
pressure shadow to pressure shadow in cases where the pyrites are subspherical. Finite strains are
represented on the map as ellipses oriented parallel to the orientation of the stretching lineation.
The cumulative incremental strain histories of the Kahiltna assemblage in the Peters and
Dutch Hills all indicate an overall counterclockwise rotation of the extension direction when
viewed down on sections cut parallel to the subhorizontal stretching lineation and perpendicular
to cleavage. Finite elongation values range from 1.3 to 1.7. At the onset of deformation, the
incremental extension direction is subparallel or parallel to cleavage. However, there is large
variation in the relative orientation of the extension direction at the completion of deformation,
from 7- 24° relative to cleavage. Total counterclockwise rotation of the extension direction
recorded in the curvature of the pressure shadows varies from 15 to 35°. The sense of rotation
associated with noncoaxial strain histories observed in the Peters and Dutch Hills is consistent
with right-lateral shearing.

94

Figure 3-13. Geologic map of the Peters and Dutch Hills (modified from Wilson et al., 1998 and
Reed and Nelson, 1980) with finite strain ellipses and cumulative incremental strain histories.
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3.3.2.4 Rotated porphyroblasts
At the northern end of Chelatna Lake, a contact metamorphic aureole is exposed that
resulted from the intrusion of the McKinley Suite of plutons, 52-58 Ma (Reed and Nelson, 1980).
Cordierite and andalusite porphyroblasts are present in the Kahiltna assemblage in the contact
aureole (Figure 3-14). Fabric variation internal and external to the porphyroblasts enables us to
quantify D3, deformation that postdates the Tertiary intrusion of the McKinley Suite.
An apparent rotation of the internal fabric within a porphyroblast can be produced by
either passive rotation of the external foliation during pure shear or rotation of the porphyroblast
as a result of rigid-body rotation during simple shear (Figure 3-15). I calculated the strain based
on those two end member models. In the pure shear model,

is the angle between the internal

foliation, Si, and the current extension direction represented by the crenulation cleavage S3 (which
is nearly vertical) and ‘ is the angle between the external foliation, Se and the extension direction
S2 (Figure 3-15A). I determined the amount of strain using the equation: Rs tan ‘ = tan , where
Rs = (√

1/√

2),

and √

1 and

√

2

are the principal stretches (Ramsay, 1967). In the simple shear

model where the porphyroblast rotates relative to an external fabric that defines the shear plane,
the angle between Se and Si is the angle of rotation,
strain, , using the equation:

(Figure 3-15B). I determined the shear

= /2, simplified for R=1 from Ghosh and Ramberg (1976). The

measurements and results are presented in Table 3-1. The apparent rotation values are consistent
with maximum stretch (√

1)

values of 1.28 to 1.87 in the pure shear model. In the simple shear

model, rotation angles indicate values of 0.62 to 1.29, which corresponds to maximum stretch
(√

1)

values of 1.36 to 1.83 using the equation

1

= ( 2 + 2 + ( 2+4)1/2)/2 from Ramsay (1967).
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Figure 3-14. Photomicrograph of the Kahiltna assemblage in the contact aureole associated with
one of the McKinley Suite plutons. (A) Cordierite with an internal foliation that is rotated
relative to an external foliation with crenulation cleavage bounding the porphyroblast. (B)
Andalusite and cordierite are present as porphyroblasts in the contact aureole.
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Figure 3-15. Pure shear versus simple shear models that result in apparent rotation of
porphyroblasts.
Table 3-1. Data for strain analysis of apparent rotation of cordierite porphyroblasts. See text for
discussion.
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tan
1.11
1.28
1.19
1.43
2.25
2.14
2.48
3.49

48
52
50
55
66
65
68
74

'
27
25
28
41
44
47
46
45

tan '
0.51
0.47
0.53
0.87
0.97
1.07
1.04
1.00

Rs
2.18
2.74
2.24
1.64
2.33
2.00
2.39
3.49

1.48
1.66
1.50
1.28
1.53
1.41
1.55
1.87

21
27
22
14
22
18
22
29

0.93
1.20
0.98
0.62
0.98
0.80
0.98
1.29

1.57
1.77
1.60
1.36
1.60
1.48
1.60
1.83

3.4 DISCUSSION
Structures of the South Alaska basin, located west of a recognized mélange unit that
marks the suture at the border of the Chulitna terrane, records two distinct deformation episodes,
D2 and D3, that occurred prior to and after intrusion of the McKinley Suite 52-58 Ma (Reed and
Nelson, 1980). There are tight to isoclinal folds with wavelengths from 5 m to 8 km that verge to
the southeast in the east part of the transect and to the northwest in the west part of the transect.
A slaty cleavage is axial-planar to these folds and therefore dips steeply to the north in the east
part of the transect and to the south in the west part of the transect. Fibrous pressure shadows
associated with cleavage development record a noncoaxial strain history with stretch values from
2.3 to 2.7 during D2. Regionally, there is a subhorizontal stretching lineation, L2, that coincides
with noncoaxial strain consistent and a component of right-lateral shearing. The apparent rotation
of cordierite porphyroblasts indicates a smaller (1.28-1.83) amount of strain post 52 Ma that
defines D3.
In a region that has experienced oblique convergence and a component of strike-parallel
shearing, there are three different possibilities for the pure-shear component of the deformation.
There can be horizontal stretching parallel to the shear zone (lateral extrusion), vertical stretching
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parallel to the shear zone (transpression), and horizontal stretching perpendicular to the shear
zone (transtension). Given that D2 records a terrane docking event that requires closure of an
ocean basin, I consider only the first two possibilities. Lateral extrusion can and does produce
horizontal lineations, such as the Sanbagawa blueschist belt in Japan (Wintsch et al., 1999) or in
the Central Range of Taiwan (Fisher, 1999). However, lateral extrusion results in a space
problem and is not a viable option unless there is a free surface (e.g., a subduction zone) that
allows tectonic escape at one end of the collision zone.
Therefore, I focus on the transpressional model where subhorizontal shearing is
combined with pure shear, vertical extension, and mountain building. Under these circumstances,
the stretching direction defined by the direction of maximum stretch, can be horizontal or vertical.
The main factors that influence the orientation of the finite extension direction are 1) the
kinematic vorticity number, which is the cosine of the eigenvectors of the flow (Simpson and De
Paor, 1993) and 2) the total amount of finite strain. If the angle of convergence is 0°, (i.e., a
strike-slip margin), there is only simple shear, Wk = 1, and only subhorizontal stretching
lineations are possible. For an angle of convergence of 90° (orthogonal convergence), or pure
shear, Wk = 0 and only downdip lineations are possible. Tikoff and Green (1997) have shown
that horizontal lineations are only possible in wrench-dominated transpression, or where the angle
of convergence is less than 20° (Figure 3-16). In these cases, the amount of finite strain required
to produce a vertical lineation increases with decreasing angle of convergence. At small strains,
the strike slip shearing dominates the strain and lineations are horizontal, but once the lineation is
rotated into near-parallel to the shear plane (i.e., an orientation of no finite or incremental
elongation), the pure shear component will continue to modify the fabric and produce vertical
lineations at higher strains. For an angle of convergence of 16°, for example, the finite strain
ratio associated with simple shearing must exceed 10 before there is a change from horizontal to
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vertical lineations; this strain ratio is equivalent to a of 2.6 and a √

1

of 2.94. If the kinematic

vorticity number within this zone is reflective of the relative plate motions between the WCT and
North America, the angle of convergence would have been ≤ 17°. Evidence of wrenchdominated shearing in the Kahiltna assemblage of the Alaska Range could be due to partitioning
of strike-slip deformation into this region during oblique convergence. In order to produce strikeslip partitioning, the relative plate motions have to be highly oblique (e.g., angle of convergence
< 45°) such as in Sumatra (McCaffrey et al., 2000) and the western Aleutians (Apel et al., 2002),
but the angle of convergence would not necessarily have to be less than 20°.
The obliquity of convergence depends on two factors: 1. the relative plate motion and 2.
the geometry of the continental margin. The low angle of convergence is not consistent with
models for orthogonal collision of the WCT on the Farallon plate and therefore supports the
hypothesis that the WCT was carried on either the Kula or Resurrection plate (Figure 3-17). The
right-lateral sense of shear inferred from incremental strain histories is compatible with the
obliquity required by plate models. With regard to the orientation of the margin, the margin of
North America may have been quite different in the Cretaceous. For example, the oroclinal bend
in central Alaska is largely a consequence of 44 ° ± 11° of counterclockwise rotation of western
and south-central Alaska with respect to North America that occurred during the Paleocene (Coe
et al., 1985; Coe et al., 1989; Panuska et al., 1990; Hillhouse and Coe, 1994). Thus, the margin
was likely collinear with the margin in British Columbia.
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Figure 3-16. Plot of the angle of convergence-divergence versus the horizontal finite strain ellipse ratio for wrench-dominated transpression
and transtension modified from Teiysser and Tikoff (1999). The bold lines separate stability fields of vertical foliation and horizontal
foliation in trantension and vertical lineation and horizontal lineation in transpression.
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Figure 3-17. Potential Late Cretaceous plate configurations of the North Pacific 80 Ma (modified from Miller et al., 2002 and Haeussler et al.,
2003). Plate motion vectors from Doubrovine and Tarduno (2008) using the fixed hotspot model from Engebretson (1985) and the East-West
Antarctica plate circuit models, Model 1 from Engebretson et al. (1984) and Model 2 from Müller et al. (2008).
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Observations of this field area, combined with structures observed across Broad Pass
from Chapter 2, provide a complete cross section across the suture zone. In the northern
Talkeetna Mountains, structures verge to the northwest, whereas in the Peters and Dutch Hills
structures verge to the southeast. The reversal of vergence coincides with the suture zone that
separates the Kahiltna assemblage of the Talkeetna Mountains basin from the Kahiltna
assemblage of the Alaska Range. In the Clearwater Mountains, 200 km to the east, a similar
reversal in vergence is recognized where in the north, structures verge to the south and in the
south, structures verge to the north (Smith, 1981; Davidson et al., 1992; Beam and Fisher, 1999;
Davidson and MacPhillips, 2007). Opposite verging thrust and fold systems can result from
either a shift of vergence in time or development of a triangle zone where vergence varies as a
function of structural level (Figure 3-18).
The kinematics and architecture of the suture suture zone allows for reconstruction of the
late Mesozoic tectonic history along this margin. Initially, the region was characterized by
Cretaceous subduction and closure of an ocean basin floored by the Resurrection plate. As
described in Chapter 2, evidence for subduction includes the presence of oceanic crust and
pelagic sediment in the Reindeer Hills including a Cenomanian ammonite locality. In the
Cretaceous, complexes accumulated at the margins of the WCT and North American within the
Talkeetna Mountains and Alaska Range basins. During this time, oblique convergence may have
been partitioned into orthogonal convergence in the outer forearc and strike-slip in the inner
forearc, with sliver transport of the forearc along the margin similar to northern Sumatra
(McCaffrey, 1999 and McCaffrey et al., 2000) or Nicaragua (LaFemina et al., 2002). The
collision involved wedging of the WCT into the North American crust with vergence to the
southeast at shallow levels and vergence to the northwest within the WCT in the present
geographic reference frame. As in the case of other regions where collision of a continental
fragment, plateau or island arc has occurred such as Anatolia, Taiwan, and Italy (e.g., Davies and
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von Blankenburg, 1995; Rogers, 2000; Facenna et al., 2006; Lavier et al., 2007; Lucente and
Margheriti, 2008), slab breakoff may have occurred after collision of the WCT as subduction
slowed. Slab detachment via thermal weakening can take approximately 24 million years to
occur (Andrews and Billen, 2009) and may have allowed asthenospheric upwelling and the
plutonism associated with the McKinley Suite. After the collision, subduction initiated on the
trailing edge of the WCT, which resulted in accretion of the Chugach terrane in the forearc and
development of mantle wedge beneath the WCT. Arrival of the Kula-Resurrection ridge in the
Paleogene led to near trench plutonism and accreted mid-ocean-ridge basalts (MORB) in the
Prince William terrane.
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Figure 3-18. A schematic model that explains the structural vergence pattern that resulted from
tectonic wedging and triangle zone formation during the collision. TMB = Talkeetna Mountains
Basin; ARB = Alaska Range Basin; CH = Chugach terrane; PW = Prince William terrane; RH =
Reindeer Hills; and MS = McKinley Suite.
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The occurrence of apparently rotated porphyroblasts in the contact metamorphic aureole
around the 52-58 Ma McKinley Suite pluton in the study area enables us to quantify the
magnitude and orientation of D3 deformation. Since 52 Ma, rocks in the study area have
experienced deformation with maximum stretch (√

1)

values of 1.28 To 1.87. Most of the

penetrative strain, as recorded by the slaty cleavage and associated pressure shadows with stretch
(√

1)

values of 2.53 to 2.72, preceded the intrusion of plutons. D2 deformation is characterized

by subhorizontal lineations indicating horizontal extension parallel to the shear zone and
noncoaxial fibrous pressure shadows that suggest right-lateral shearing. D3 deformation is
characterized by apparent rotation of porphyroclasts and a steeply dipping crenulation cleavage
that suggests downdip extension. Potential Cenozoic tectonic events that could have caused D3
include Paleogene ridge subduction (e.g., Byrne, 1979 and Bradley et al., 2003) and late Miocene
to recent collision of the Yakutat terrane (Plafker et al., 1994; Pavlis et al., 2004).

3.5 SUMMARY
A structural investigation across the Kahiltna assemblage in the southern Alaska Range
provides information regarding the deformational history of the suture zone between the WCT
and North America. The kinematics of the deformation enable us to test the hypothesis that the
collision should be highly-oblique with a significant component of right-lateral shearing. The
regional structure is characterized by steeply-dipping bedding and foliation that trends NE-SW.
D2, deformation prior to 52-58 Ma plutonism, is characterized by tight to isoclinal folds with an
axial-planar slaty cleavage. Fibrous pressure shadows associated with the cleavage indicate
stretch values of 2.53 to 2.72 and a counterclockwise rotation of the extension direction, which is

107
consistent with right-lateral shearing. The presence of horizontal stretching lineations within a
transpressional environment indicates an oblique collision with an angle of convergence of ≤ 17°.
These results support the hypothesis that the WCT was carried on the Kula or Resurrection plate
and resulted in an oblique collision with a significant component of right-lateral shearing.
Analysis of the apparent rotation of cordierite porphyroblasts indicates that D3, deformation post
52 Ma, resulted in minimal amounts of strain. Most of the penetrative deformation occurred
during D2 as a result of the collision and docking of the WCT.
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Chapter 4
Conclusions

The crustal assembly of the western North America Cordillera remains enigmatic despite
decades of investigation. The Baja British Columbia hypothesis suggests that the Intermontane
and Insular superterrane have been transported northward > 2000 km between 90 and 50 Ma
based on paleomagnetic analyses (Irving et al., 1985). However, paloebiogeography (e.g.,
Pearson and Hebda, 2006; Smith, 2006), fault restoration (Galbriese et al., 2006; Wyld et al.,
2006), and provenance analyses (Mahoney et al., 1999) indicate much less displacement. The
northernmost portion of the Insular superterrane in southern Alaska consists of the Wrangellia
composite terrane (WCT), a collage of the Wrangellia terrane, the Peninsular terrane, and the
Alexander terrane. The structure and kinematics of the docking of the WCT are not well
understood.
In addition, the Mesozoic configuration of the oceanic plates in the northern Pacific
remains controversial. In addition to the Kula and Farallon plates, there is evidence of Tertiary
Ridge subduction in both southern Alaska and Cascadia arguing for the existence of another plate
that has been completely subducted, the Resurrection plate (Miller et al., 2002; Haeussler et al.,
2003). The kinematics of the collision would differ depending on whether the Insular
superterrane was associated with the Farallon, the Kula, or the Resurrection plate. If the Insular
superterrane and thus, the WCT, collided north of the Mesozoic subduction complex in California
as hypothesized, the WCT must have been carried on the Kula or Resurrection plate resulting in
an oblique collision with right-lateral shearing. Structural investigation of the Kahiltna
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assemblage in the suture zone between the WCT and North America enables evaluation of the
kinematics of the collision and tests the hypothesis.
Chapter 2 presents results from a transect across the suture zone at the northern end of
Broad Pass where the deposition and deformation of three tectonostratigraphic units record the
evolution of the suture zone. Based on analysis of lithologies and microstructures, the Reindeer
Hills mélange represents a remnant of an accretionary complex that formed prior to the collision.
The Kahiltna assemblage in the Talkeetna Mountains was deformed and metamorphosed during
the collision. Strain analysis of associated fibrous pressure shadows indicates oblique, northwest
directed thrusting, with a component of right-lateral shear during the collision. Between the
Reindeer Hills and the Talkeetna Mountains, the Jack River conglomerate overlies an angular
unconformity and reflects the uplift, erosion, and deposition late in the collision. Tertiary
deformation includes gentle regional folding of all three tectonostratigraphic units and uplift of
the northern Talkeetna Mountains.
Chapter 3 presents results from a transect across the Kahtiltna assemblage in the Alaska
Range, on the North American side of the subduction complex. D2 deformation associated with
the collision includes steeply-dipping axial planar cleavage (S2), subhorizontal stretching
lineations (L2), and noncoaxial pressure shadows, which record counterclockwise rotation of the
extension direction. The vertical foliation and horizontal lineations are consistent with a low
angle of convergence between the WCT and North America. The noncoaxial pressure shadows
indicate right-lateral shearing. These observations are consistent with the hypothesis that the
WCT was carried on the Kula or Resurrection plate resulting in a transpressional collision with a
strong right-lateral shearing component. Since, the WCT was associated with the Kula or
Resurrection plate, I argue for only moderate translation (<1000 km) of displacement for the
Insular superterrane. Strain analysis of rotated porphyroblasts enables quantification of D3
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deformation which occurred since 52 Ma, indicating stretch values of 1.28 to 1.87. These results
indicate that most of the penetrative strain occurred during D2 as a result of the collision and
accretion of the WCT.
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APPENDIX A
Structural Data from the Reindeer Hills and Talkeetna Mountains (Chapter 2)

Station
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APPENDIX B
Matlab® Incremental Strain M-files
%incstrain_v14
%by Tony Gilman and Sara Bier
%
%This program is written to input images of fibrous pressure shadows that are then digitized and
%the coordinates along the fibers are used to calculate the incremental and finite strain based on
%rigid body rotation.
%
%Definition of Terms used:
%
%data(j,#)=(A1,A2)j - In the matlab file this is defined by the variable data(j,#) and
%represents position vectors for points along the fiber path after an
%increment of j.
%
%disp(j,#)=(X1,X2)j - In the matlab file this is defined by the variable disp(j,#)
%and represents position vectors for points along the displacement path
%after and increment j.
%
%S(j)= [S1 0, 0 S3] - is an identity matrix therefore det[S]=1, [S](j)
%represents the stretch tensor parallel to the maximum direction of stretch
%after an increment j.
%
%[D](j)= [d11 d12, d21 d22] - is a basis transformation that rotates to a
%basis parallel to the reference frame coordinate system (parallel to
%cleavage)
%
%thetadegrees : the angle for the incremental extension direction relative to
%the x-axis.
%
%l(j) is the length of each increment j
%
%eps(j): the elongation
%
%E(j): cumulative epslon(j)
%L(j): Finite strain history
%The following command allows you to specify the image to retrieve (the
%image needs to be in the current directory
%img=input('Image Filename?','s');
%img2='C:\instrain\'img;
%PYR=imread('C:\incstrain\img2');
w=input('How many images would you like to digitize?')
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for r=1:w
img=input('Image Filename?','s');
img2=['C:\INCSTRAIN2008\' img];
PYR=imread(img2);
imagesc(PYR)
[nrow,ncol]=size(PYR);
cnt=0;
disp('Select the origin point:')
[x1,y1]=ginput(1);
x1=round(x1);
y1=round(y1);
y1=nrow-y1;
x11=x1-x1;
y11=y1-y1;
cnt=cnt+1;
disp('Select the first point:')
[x2,y2]=ginput(1);
x2=round(x2);
y2=round(y2);
y2=nrow-y2;
x22=x2-x1;
y22=y2-y1;
cnt=cnt+1;
disp('Select the second point:')
[x3,y3]=ginput(1);
x3=round(x3);
y3=round(y3);
y3=nrow-y3;
x33=x3-x1;
y33=y3-y1;
cnt=cnt+1;
disp('Select the third point:')
[x4,y4]=ginput(1);
x4=round(x4);
y4=round(y4);
y4=nrow-y4;
x44=x4-x1;
y44=y4-y1;
cnt=cnt+1;
disp('Select the fourth point:')
[x5,y5]=ginput(1);
x5=round(x5);
y5=round(y5);
y5=nrow-y5;
x55=x5-x1;
y55=y5-y1;
cnt=cnt+1;
disp('Select the fifth point:')
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[x6,y6]=ginput(1);
x6=round(x6);
y6=round(y6);
y6=nrow-y6;
x66=x6-x1;
y66=y6-y1;
cnt=cnt+1;
q=input('Select another point? y/n','s');
while q=='y';
[x7,y7]=ginput(1);
x7=round(x7);
y7=round(y7);
y7=nrow-y7;
x77=x7-x1;
y77=y7-y1;
cnt=cnt+1;
q=input('Select another point? y/n','s');
while q=='y';
[x8,y8]=ginput(1);
x8=round(x8);
y8=round(y8);
y8=nrow-y8;
x88=x8-x1;
y88=y8-y1;
cnt=cnt+1;
q=input('Select another point? y/n','s');
while q=='y';
[x9,y9]=ginput(1);
x9=round(x9);
y9=round(y9);
y9=nrow-y9;
x99=x9-x1;
y99=y9-y1;
cnt=cnt+1;
q=input('Select another point? y/n','s');
while q=='y';
[x10,y10]=ginput(1);
x10=round(x10);
y10=round(y10);
y10=nrow-y10;
x1010=x10-x1;
y1010=y10-y1;
cnt=cnt+1;
q=input('Select another point? y/n','s');
while q=='y';
[x11,y11]=ginput(1);
x11=round(x11);
y11=round(y11);
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y11=nrow-y11;
x1111=x11-x1;
y1111=y11-y1;
cnt=cnt+1;
q=input('Select another point? y/n','s');
while q=='y';
[x12,y12]=ginput(1);
x12=round(x12);
y12=round(y12);
y12=nrow-y12;
x1212=x12-x1;
y1212=y12-y1;
cnt=cnt+1;
end
end
end
end
end
end
if cnt==2
data=[x22 y22];
end
if cnt==3
data=[x22 y22;x33 y33];
end
if cnt==4
data=[x22 y22;x33 y33;x44 y44];
end
if cnt==5
data=[x22 y22;x33 y33;x44 y44;x55 y55];
end
if cnt==6
data=[x22 y22;x33 y33;x44 y44;x55 y55;x66 y66];
end
if cnt==7
data=[x22 y22;x33 y33;x44 y44;x55 y55;x66 y66;x77 y77];
end
if cnt==8
data=[x22 y22;x33 y33;x44 y44;x55 y55;x66 y66;x77 y77;x88 y88];
end
if cnt==9
data=[x22 y22;x33 y33;x44 y44;x55 y55;x66 y66;x77 y77;x88 y88;x99 y99];
end
if cnt==10
data=[x22 y22;x33 y33;x44 y44;x55 y55;x66 y66;x77 y77;x88 y88;x99 y99; x1010 y1010];
end
if cnt==11
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data=[x22 y22;x33 y33;x44 y44;x55 y55;x66 y66;x77 y77;x88 y88;x99 y99; x1010 y1010;
x11 y11];
end
n=numel(data)/2;
for j=2:1:n;
dsp(1,1)=data(1,1);
dsp(1,2)=data(1,2);
dsp(j,1)=dsp((j-1),1)+data((n+2-j),1)-data((n-j+1),1);
dsp(j,2)=dsp((j-1),2)+data((n+2-j),2)-data((n-j+1),2);
dsp(n,1)=data(n,1);
dsp(n,2)=data(n,2);
end
A(:,:,1)=[1 0;0 1];
L(:,:,1)=[1 0;0 1];
D(:,:,1)=[1 0;0 1];
Z(:,:,1)=[1 0;0 1];
S(:,:,1)=[1 0;0 1];
for j=2:1:n
theta(:,:,j)=atan(((dsp(j,2))-(dsp((j-1),2)))/((dsp(j,1))-(dsp((j-1),1))));
%thetadegrees(:,:,j)=theta(:,:,j)*180/pi;
l(j)=sqrt((dsp(j,1)-dsp((j-1),1))^2+(dsp(j,2)-dsp((j-1),2))^2);
S11(j)=((sqrt(dsp((j-1),1)^2+(dsp((j-1),2))^2))+l(j))/sqrt(dsp((j-1),1)^2+(dsp((j-1),2))^2);
S21(j)=0;
S12(j)=0;
S22(j)=((sqrt(dsp((j-1),1)^2+(dsp((j-1),2))^2))+l(j))\sqrt(dsp((j-1),1)^2+(dsp((j-1),2))^2);
S(:,:,j)=[S11(j) S12(j);S21(j) S22(j)];
betaij(:,:,j)=[cos(theta(:,:,j)) sin(theta(:,:,j)); -sin(theta(:,:,j)) cos(theta(:,:,j))];
betaji(:,:,j)=betaij(:,:,j).';
D(:,:,j)=(betaji(:,:,j))*S(:,:,j)*betaij(:,:,j);
L(:,:,j)=D(:,:,j)*L(:,:,j-1);
[Z(:,:,j),A(:,:,j)]=eig(L(:,:,j));
if (abs(Z(2,1,j)))>(abs(Z(1,1,j)));
phi(j)=-(atan((Z(1,1,j))/(Z(2,1,j))));
elseif (abs(Z(1,1,j)))>(abs(Z(2,1,j)));
phi(j)=(atan((Z(2,1,j))/(Z(1,1,j))));
end
a1=max(A);
a11=max(a1);
PD=phi*180/pi;
end
for j=2:1:n
eps(1)=0;
eps(j)=S11(j)-1;
IN(1)=0;
IN(j)=IN(j-1)+eps(j);
end
eps(:,1)=[];
theta(:,:,1)=[];
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IN(:,1)=[];
l(:,1)=[];
S11(:,1)=[];
S12(:,1)=[];
S21(:,1)=[];
S22(:,1)=[];
PD(:,1)=[];
a11(:,1)=[];
FI=a11-1;
degrees=theta*180/pi;
TD=reshape(degrees,1,cnt-2);
filename=['98b' num2str(r)];
save(filename,'IN', 'TD', 'FI', 'PD')
figure(2)
plot(TD,IN,'-bo');
axis([-45 45 0 2]);
figure(3)
plot(PD,FI,'-ro');
axis([-45 45 0 2]);
clear L
clear D
clear Z
clear A
clear a1
clear a11
clear data
clear dsp
clear theta
clear degrees
clear phi
clear TD
clear PD
clear IN
clear FI
end
hold on
hold on
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%AVERAGE_v.8
%This second program enables us to average cumulative incremental strain and progressive
%finite strain curves.
%This .m file is written to load the .mat files from each of the fibers
%from a thin section and average the curves. You have to modify the matlab
%filename you want to load each time
w=input('How many .mat files would you like to load?')
for r=1:w
filename=['98b' num2str(r)];
load (filename);
%below matrices are created that contain all the data for each of
%the fibers, somehow i have to be able to deal with fibers of different
%numbers of points, but have yet to do so
%F=finite strain (y data)
%I=incremental strain (y data)
%T=theta (inc. degrees x data)
%P=phi(fin. degrees x data)
%below normalizes each of the fibers to have the same number of points
x1=(max(IN)-min(IN))/100;
INC=min(IN):x1:max(IN);
x2=(max(FI)-min(FI))/100;
FIN=min(FI):x2:max(FI);
THD1=interp1(IN,TD,INC);
PHD1=interp1(FI,PD,FIN);
figure(1)
plot(THD1,INC,'-r')
axis([-45 45 0 2])
xlabel('orientation, \xi')
ylabel('cumulative incremental elongation')
hold on
figure(2)
plot(PHD1,FIN,'-r')
axis([-45 45 0 3])
xlabel('orientation, \epsilon')
ylabel('progressive finite elongation')
hold on
THD=THD1+90;
PHD=PHD1+90;
I(:,:,r)=INC;
T(:,:,r)=THD;
F(:,:,r)=FIN;
P(:,:,r)=PHD;
%sum all the x1s and xns and divide by m to get the avg. for beginning
%and endin points
end
T1avg=(sum(T(1,1,:)))/w;
%x1avg
Tnavg=(sum(T(1,end,:)))/w;
%xnavg
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I1avg=(sum(I(1,1,:)))/w;
%y1avg
Inavg=(sum(I(1,end,:)))/w;
%ynavg
P1avg=(sum(P(1,1,:)))/w;
Pnavg=(sum(P(1,end,:)))/w;
F1avg=(sum(F(1,1,:)))/w;
Fnavg=(sum(F(1,end,:)))/w;
%below calculates the R scalars based on average endpoints needed to
%calculate new positions for other points, normalize each curve to average
%of endpoints
RI1=I1avg/I(1,1,:);
RIn=Inavg/I(1,end,:);
RT1=T1avg/T(1,1,:);
RTn=Tnavg/T(1,end,:);
RF1=F1avg/F(1,1,:);
RFn=Fnavg/F(1,end,:);
if P(1,1,:)==0
P(1,1,:)=1;
end
if P(1,end,:)==0
P(1,end,:)=1;
end
RP1=P1avg/P(1,1,:);
RPn=Pnavg/P(1,end,:);
for r=1:w
for k=1:101 %we are dividing the fiber length by 100 and thus there are 100 values
Iavg(:,k,r)=(((I(:,end,r)-I(:,k,r))/(I(:,end,r)-I(:,1,r)))*RI1(:,:,r)*I(:,k,r))+(((I(:,k,r)I(:,1,r))/(I(:,end,r)-I(:,1,r)))*RIn(:,:,r)*I(:,k,r));
Tavg(:,k,r)=(((I(:,end,r)-I(:,k,r))/(I(:,end,r)-I(:,1,r)))*RT1(:,:,r)*T(:,k,r))+(((I(:,k,r)I(:,1,r))/(I(:,end,r)-I(:,1,r)))*RTn(:,:,r)*T(:,k,r));
Favg(:,k,r)=(((F(:,end,r)-F(:,k,r))/(F(:,end,r)-F(:,1,r)))*RF1(:,:,r)*F(:,k,r))+(((F(:,k,r)F(:,1,r))/(F(:,end,r)-F(:,1,r)))*RFn(:,:,r)*F(:,k,r));
Pavg(:,k,r)=(((F(:,end,r)-F(:,k,r))/(F(:,end,r)-F(:,1,r)))*RP1(:,:,r)*P(:,k,r))+(((F(:,k,r)F(:,1,r))/(F(:,end,r)-F(:,1,r)))*RPn(:,:,r)*P(:,k,r));
end
xi=(Iavg(:,1,r):.0001:Iavg(:,end,r));
TA(:,:,r)=Tavg(:,:,r)-90;
%interpi(:,:,r)=interp1(Iavg(:,:,r),TA(:,:,r),xi,'linear');
interpi(:,:,r)=interp1(Iavg(:,:,r),TA(:,:,r),xi,'linear');
xf=(Favg(:,1,r):.0001:Favg(:,end,r));
PA(:,:,r)=Pavg(:,:,r)-90;
%interpf(:,:,r)=interp1(Iavg(:,:,r),TA(:,:,r),xi,'linear');
interpf(:,:,r)=interp1(Favg(:,:,r),PA(:,:,r),xf,'linear');
end
si=length(xi);
for j=1:si
Ifinal(:,j,:)=mean(interpi(:,j,:));
end
sf=length(xf);
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for j=1:sf
Ffinal(:,j,:)=mean(interpf(:,j,:));
end
figure(1)
plot(Ifinal,xi,'-k')
X=[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];
Y=(0:.1:3);
plot(X,Y,'-k')
figure(2)
plot(Ffinal,xf,'-k')
X=[0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0];
Y=(0:.1:3);
plot(X,Y,'-k')
%below commands display the data for min and max elongations and
%orientations
min_cum_elong=Iavg(:,1,1)
orientation=TA(:,1,1)
max_cum_elong=Iavg(:,end,1)
orientation=TA(:,end,1)
min_fin_elong=Favg(:,1,1)
orientation=PA(:,1,1)
max_fin_elong=Favg(:,end,1)
orientation=PA(:,end,1)
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APPENDIX C
Structural Data from the Peters and Dutch Hills and Chelatna Lake (Chapter 3)

Station
97
98
99
100
101
102
105
106
108
109
110
111
112
113
114
115
116
117
118
330
331
332
333
334
335
336
337
338
339
340
341
342
344
345
346
347
348
349
350
351
352
353
354
355
356

Latitude
62.53198
62.52740
62.52452
62.52382
62.52362
62.52348
62.52121
62.52121
62.51892
62.52086
62.56101
62.56267
62.56441
62.56552
62.56762
62.51742
62.51646
62.51470
62.51269
62.52912
62.53052
62.53126
62.53222
62.53260
62.53303
62.53394
62.53494
62.53607
62.53656
62.53682
62.53879
62.53920
62.54240
62.54568
62.54307
62.54618
62.54654
62.55069
62.55290
62.47483
62.47458
62.47058
62.46297
62.46090
62.45952

Longitude
-150.81668
-150.80609
-150.80113
-150.80035
-150.79993
-150.79960
-150.79719
-150.79719
-150.79484
-150.94231
-150.87360
-150.87602
-150.87898
-150.88178
-150.88538
-150.79332
-150.79114
-150.78944
-150.78676
-151.47020
-151.47152
-151.47083
-151.46995
-151.46877
-151.46865
-151.46810
-151.46802
-151.46523
-151.46345
-151.46272
-151.45746
-151.45680
-151.45146
-151.45415
-151.45210
-151.52541
-151.52591
-151.52985
-151.53369
-151.46627
-151.46625
-151.46000
-151.45899
-151.45787
-151.45612

Upright
Bedding
strike
dip
246
78

266
262

Overturned
Bedding
strike
dip
63
260

67
64

265

72

60
90

74
229
212

52
36
50

246
259
192
75

84
80
84
85

134

272
251
252
260
125
66

20
41

56
65
60
65

72
53
60
68

131

18

134
174
97

30
17
13

56
76
84
76

244

65

242

76

73
46
213

83
86
89

247
260
105
24
97

92
65
59
82
78

50
71
86
62

33
36

94

39

84
82
89
60

224

Lineations
trend
plunge
63
24

56
226
96

18
22
13

92

13

256

31

189

69

240

10

48

272

38

18

84

44

60
232

74
85

81
50
70
63

85

Fold Axes
trend
plunge

62

80

72
74
82
74
256

Cleavage
strike
dip
230
77

190

23

265

17
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Station
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

Latitude
62.45861
62.45754
62.48334
62.48811
62.48934
62.49174
62.52481
62.52641
62.52730
62.51830
62.57655
62.57792
62.53192
62.53171
62.53151
62.52647
62.52479
62.52475
62.52472
62.52468
62.52473
62.52438
62.52400
62.52309
62.52310
62.52218
62.52218
62.52033
62.51957
62.51811
62.51675
62.51633
62.51541
62.51493
62.51425
62.51322
62.51250
62.51172
62.51019
62.50827
62.56983
62.56982
62.57153
62.57177
62.57250
62.57265
62.57267
62.57236
62.57137
62.57080
62.57114
62.57097
62.57058
62.57053

Longitude
-151.45675
-151.45679
-151.44889
-151.45148
-151.45222
-151.45407
-151.48371
-151.48665
-151.48813
-151.50776
-150.84238
-150.84679
-150.81679
-150.81657
-150.81654
-150.80829
-150.80623
-150.80640
-150.80641
-150.80639
-150.80642
-150.80590
-150.80323
-150.80248
-150.80243
-150.80076
-150.80079
-150.80044
-150.79965
-150.79638
-150.79391
-150.79367
-150.79292
-150.79261
-150.79158
-150.79086
-150.79027
-150.78941
-150.78606
-150.78283
-150.88720
-150.88719
-150.88737
-150.88773
-150.88948
-150.89182
-150.89468
-150.89921
-150.90236
-150.90282
-150.90409
-150.90567
-150.91305
-150.91439

Upright
bedding
strike
dip
215
86

Overturned
bedding
strike
dip
65

225
85
55
49

80
60
80
72

66
74
94
182

66
32
30
57
155

242
232
246
67
75
80
66

124
256

79
288
205

72

236

83

250

70

252

76

64
74

62
74

222
235
232
223
226
76
263
253
246

77
90
80
79
86
78
72
82
85

230

70

218
56

60
79

194
232

56
84

64

68

67
74

53
50
65

263
54

82
84

97
85
82

76
55
71
281
275

89

70
72
47
18
69
66
84

213

64

161
166
155

68
76
64

92

84

232

88

240

72

228
217
62
221

67
89
76
82

55
105

25
54

230

78

208

225

60

240
220

19
51

55
280
88
272

46
60
26
38

245

1

218

83

295

50

75

6

63
78

87

74
245
213
155
262
45
91

Fold Axes
trend
plunge

Lineations
trend
plunge

74

83
83
89
64
60
72
82

267

102

Cleavage
strike
dip
232
85

53

248

57

40

54

86

18

297

66

277

29
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Station
411
412
413
414
415
416
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602

Latitude
62.57054
62.57111
62.57111
62.57180
62.57741
62.57868
62.56854
62.56903
62.56956
62.57018
62.57059
62.57079
62.57044
62.57906
62.58238
62.58281
62.58786
62.58997
62.59161
62.59252
62.59443
62.59564
62.61113
62.60511
62.60291
62.60156
62.60084
62.59791
62.59800
62.59805
62.59723
62.59591
62.59992
62.61671
62.61650
62.61546
62.61416
62.61378
62.61386
62.61676
62.62450
62.62465
62.62624
62.62737
62.62789
62.63034
62.63191
62.63265
62.63352
62.63571
62.63640
62.63775
62.63776
62.64286

Longitude
-150.91439
-150.91645
-150.91647
-150.91960
-150.93761
-150.94426
-150.93397
-150.93478
-150.93621
-150.94446
-150.94885
-150.95068
-150.95622
-150.95109
-150.95403
-150.95468
-150.96113
-150.96321
-150.96235
-150.96234
-150.96474
-150.96716
-150.99813
-150.99495
-150.98719
-150.98383
-150.98323
-150.97980
-150.97638
-150.97519
-150.96963
-150.96750
-150.96302
-150.97670
-150.97777
-150.98075
-150.98426
-150.98547
-150.98692
-150.97217
-150.99548
-150.99922
-151.00529
-151.00887
-151.00970
-151.01469
-151.01566
-151.01570
-151.01642
-151.01975
-151.01906
-151.01658
-151.01659
-151.00838

Upright
bedding
strike
dip
221
60

Overturned
bedding
strike
dip
228
105
112

105
216
284
253
270
115
236

71
70
14
46
45
58
49

170
210

36
70

275

28

272

16

167

65
89
74

88

Cleavage
strike
dip

52
49
62
70
169
174
212
205

88
88
81
82
17
19
36
13

184
216

35
39

240
255
195

37
21
28

55
218
38
63
357
113

57
65
82
82
44
31

52
34

52
29

209
8
204
152
197
219
257
259
224
207
204
212
246
272
220

82
50
58
48
48
58
64
36
64
84
72
81
74
71
35

194
25

60
79

22
24
80

75
81
17

194

70

238

64

228
24

49
70

255

55

269
228
76
242
99

46
40
59
49
42

109
135

47
45

28

77

116
295
138

46
85
55

72
94
67

59
72
78

270

62

90

63

Fold Axes
trend
plunge

Lineations
trend
plunge
228
30

320

9

227

12

212

38

135

Station
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631

Latitude
62.64376
62.64391
62.64456
62.64369
62.64034
62.61038
62.60972
62.60953
62.60820
62.60820
62.61010
62.61074
62.61130
62.61685
62.62217
63.30481
63.30589
63.30620
63.30575
63.30363
63.30467
63.30714
63.29791
63.29793
63.29738
63.30012
63.29959
63.30124
63.30233

Longitude
-151.00635
-151.00383
-150.99630
-150.99124
-150.98214
-150.96528
-150.96309
-150.96245
-150.95804
-150.95805
-150.95300
-150.95171
-150.94761
-150.93662
-150.92785
-149.58418
-149.58149
-149.57680
-149.57319
-149.56673
-149.55594
-149.57432
-149.60130
-149.60320
-149.60610
-149.60751
-149.61153
-149.61194
-149.62093

Upright
bedding
strike
dip
144
41
154
234

46
69

45
90
42
62

25
67
60
72

50

55

Overturned
bedding
strike
dip

25

213

Cleavage
strike
dip
76
40
49

80

34

45

42
67

77
64

72

60

216

55

Fold Axes
trend
plunge

45
254

14

65

1

254

80

280

85

83
24
242

203

79

80
317

84
78
251

89
72

74

Lineations
trend
plunge
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Geological Society of America Structural Geology & Tectonics Division Student Research
Award, 2003
Graduate Student Outstanding Teaching Award, Department of Geosciences, PSU, 2003
Graduate Assistant Award for Outstanding Teaching, The Pennsylvania State University 2003
Bruce L. ―Biff‖ Reed Fellowship, Geological Society of America, 2002
Graduate Student Outstanding Teaching Award, Department of Geosciences, PSU, 2002
Best Teaching Assistant, Department of Geosciences, University of Tennessee-Knoxville, 2000
Promise for Petrologic Research, University of Tennessee-Knoxville, 2000
EDMAP, National Cooperative Mapping Program Grants, U.S.G.S., 1999, 2000

