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Geophysical Data Reveal the Crustal Structure of the Alaska Range Orogen
within the Aftershock Zone of the M,, 7.9 Denali Fault Earthquake
by Michael A. Fisher, Natalia A. Ratchkovski, Warren J. Nokleberg, Louise Pellerin, and

Jonathan M. G. Glen

Abstract Geophysical information, including deep-crustal seismic reflection,
magnetotelluric (MT), gravity, and magnetic data, cross the aftershock zone of the
3 November 2002 M,, 7.9 Denali fault earthquake. These data and aftershock seis-
micity, jointly interpreted, reveal the crustal structure of the right-lateral-slip Denali
fault and the eastern Alaska Range orogen, as well as the relationship between this
structure and seismicity. North of the Denali fault, strong seismic reflections from
within the Alaska Range orogen show features that dip as steeply as 25° north and
extend downward to depths between 20 and 25 km. These reflections reveal crustal
structures, probably ductile shear zones, that most likely formed during the Late
Cretaceous, but these structures appear to be inactive, having produced little seis-
micity during the past 20 years. Furthermore, seismic reflections mainly dip north,
whereas alignments in aftershock hypocenters dip south. The Denali fault is nonre-
flective, but modeling of MT, gravity, and magnetic data suggests that the Denali
fault dips steeply to vertically. However, in an alternative structural model, the Denali
fault is defined by one of the reflection bands that dips to the north and flattens into
the middle crust of the Alaska Range orogen. Modeling of MT data indicates a rock
body, having low electrical resistivity (>10 Q-m), that lies mainly at depths greater
than 10 km, directly beneath aftershocks of the Denali fault earthquake. The maxi-
mum depth of aftershocks along the Denali fault is 10 km. This shallow depth may
arise from a higher-than-normal geothermal gradient. Alternatively, the low electrical
resistivity of deep rocks along the Denali fault may be associated with fluids that
have weakened the lower crust and helped determine the depth extent of the after-
shock zone.

Introduction

On 3 November 2002, seismic activity in south-central
Alaska culminated in an M,, 7.9 earthquake that ruptured
along the Denali fault (Fig. 1). This activity eventually gen-
erated a complicated earthquake sequence that ruptured
along the Denali and other faults for a total distance of nearly
340 km (Eberhart-Phillips et al., 2003). The right-lateral,
strike-slip Denali fault is a major tectonic element of the
Alaska Range orogen of south-central Alaska. The fault ex-
tends generally westward for about 1500 km from western
Canada to near the shore of the Bering Sea (Grantz, 1966;
Brogan et al., 1975; Wahrhaftig er al., 1975). Geologists
have long scrutinized the Denali fault because it poses a
significant seismic hazard; moreover, the fault is thought to
have played a prominent role in the northward translation
and amalgamation of Alaskan tectonostratigraphic terranes
(Csejtey et al., 1982; Plafker et al., 1989; Nokleberg et al.,
1994; Ridgway et al., 2002). According to one tectonic
model (Nokleberg et al., 1994), during the Cretaceous, rocks

making up much of the Alaska Range orogen lay along the
southern continental margin of Alaska, and oblique-conver-
gent motion along the ancestral Denali fault resulted in the
collision and suturing of numerous terranes against Alaska.
During the Early Cenozoic, the right-lateral strike-slip Den-
ali fault developed within this collision and suture zone, and
since then motion along this fault has facilitated the west-
ward tectonic escape of rocks lying along the fault’s south
side. Thus, the M,, 7.9 Denali fault earthquake ruptured
along a fault system that has had an enduring and compli-
cated evolution.

We investigate the crustal structure of the Denali fault
and Alaska Range orogen, using outcrop geology, earth-
quake distribution, and a diverse suite of geophysical infor-
mation. This suite includes deep-crustal seismic reflection,
magnetotelluric (MT), gravity, and magnetic data. Geophys-
ical data discussed herein form a transect along the Richard-
son Highway, which winds through the mountainous terrain
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center of the Denali fault earthquake.

of the Alaska Range and crosses the regional geologic strike
at a high angle (Fig. 1). The geophysical transect and the
Denali fault intersect within the aftershock zone of the Den-
ali fault earthquake, about 100 km east of the mainshock.
Intriguing findings from geophysical data include: (1) rocks
having low electrical resistivity underlie the aftershock zone
and the surface trace of the Denali fault, and (2) seismic
reflection data show strong, north-dipping reflections from
depths as great as 25 km within the Alaska Range orogen.
We investigate the relationships among crustal structure,
seismicity, and features revealed by geophysical data.

The 2002 Earthquake Sequence

The M,, 6.7 Nenana Mountain earthquake preceded the
Denali fault earthquake by 11 days (Eberhart-Phillips er al.,
2003); the foreshock was located about 20 km west of the
mainshock (Fig. 1). The Denali fault earthquake sequence
involved three large subevents (Eberhart-Phillips et al.,

2003; Dreger et al., 2004). The second subevent has partic-
ular importance for this report in that the event originated
west of where the Denali fault and the Richardson Highway
intersect, and fault rupture then propagated eastward across
the highway to the far eastern limit of the rupture zone. The
Denali fault earthquake generated thousands of aftershocks
(Ratchkovski et al., 2003). The largest aftershock (M; 5.8)
occurred about 10 km east of the Richardson Highway and
the geophysical transect described herein (Fig. 2).

To correlate regional seismicity with the aftershock lo-
cations, we used the double-difference algorithm (Waldhau-
ser and Ellsworth, 2000) to relocate jointly the 2002 se-
quence aftershocks and the sparse regional seismicity that
occurred between 1975 and the 2002 Denali fault earth-
quake. We selected only events with M| = 2 for the relo-
cation. The horizontal and vertical location uncertainties for
the regional and aftershock events are 1.87 and 3.10 km and
0.40 and 0.89 km, respectively. Use of the temporary sta-
tions located near the ruptured Denali fault greatly reduced
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location uncertainties of the aftershocks (Ratchkovski et al.,
2003). The relative location errors after the double-difference
relocation are within 0.5 km.

The relocation results show that the majority of after-
shocks are shallow, clustering within the upper 10 km of the
crust (see cross sections in Fig. 3). The most notable recent
regional earthquake prior to the 2002 earthquake sequence
was the M, 5.8 event (22 October 1996) located north of
the Denali fault trace and about 20 km east of the Richardson
Highway crossing (Fig. 2). Like the 2002 aftershocks, the
earlier regional seismicity near the Denali fault trace was
concentrated mainly within the upper 10 km of the crust.

Comparison of the regional and aftershock seismicity
(Fig. 2) reveals few substantive differences in their geo-
graphic distributions. For example, the area around the 1996
M, 5.8 event was seismically active before 2002, and an
aftershock cluster occurred in the same area. Furthermore,
the largest aftershock struck within 10 km of the earlier M,
5.8 event. The main difference between regional and after-

Fault earthquake

DF Denali Fault
HCF Hines Creek Fault

Historical seismicity along the Denali fault near the geophysical transect.

shock events appears to be the northeast-trending alignment
of regional seismicity (Fig. 2), located about 10 km east of
the Richardson Highway, that had few coincident after-
shocks.

Three hypocenter cross sections reveal the varied dis-
tribution of the aftershock seismicity from west to east along
the Denali fault (Fig. 3). The Hines Creek and Denali faults
converge near the Richardson Highway, as discussed below
(Fig. 1; index map in Fig. 2), and the aftershock hypocenters
(section D) provide few coherent details about the internal
structure of what undoubtedly is a complexly structured zone
within the Alaska Range orogen. In contrast, east of the
Richardson Highway (section E), hypocenters south of the
Denali fault dip north and appear to end downward at about
7 km depth, below the fault’s surface trace. Farther east of
the highway (section F), another hypocentral alignment be-
gins at shallow depths north of the Denali fault and dips
south to where it, too, ends at about 7 km below the Denali
fault’s surface trace. One consistent feature of the hypocen-
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Three hypocenter cross sections, perpendicular to the Denali fault, showing

the distribution of aftershocks from the Denali fault earthquake in the area of the geophysical
transect (modified from data in Ratchkovski ez al., 2003). Hypocenters within 10 km of the
cross sections were projected parallel to the Denali fault onto the sections.

tral distribution is that hypocenters deepen eastward from
section D to section F. The main finding, however, is that
west to east through the narrow swath across the Denali fault
that is illustrated in Figure 3, hypocenters suggest some vari-
ation in the attitude of seismogenic structures. Because the
relative and absolute location uncertainties of the aftershocks
are less than 1 km, we are convinced that these variations
are real. This complexity is mirrored in the strong along-

strike variation in the geology of the Alaska Range, as we
discuss next.

Geologic Setting

The Alaska Range orogen near the Richardson Highway
includes numerous tectonostratigraphic terranes and major
fault zones (e.g., Nokleberg et al., 1994; Ridgway et al.,
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2002), many of which converge near the intersection be-
tween the geophysical transect and the Denali fault (Figs. 1
and 4). We discuss these terranes and the main faults from
south to north.

Terranes South of the Denali Fault

The extensive Wrangellia terrane lies south of the Den-
ali fault (Figs. 1 and 4). The oldest units of this terrane are
upper Paleozoic volcanic and sedimentary rocks (Plafker et
al., 1989; Panuska, 1990; Nokleberg ef al., 1994; Ridgway
et al., 2002; Trop et al., 2002). These rocks are disconform-
ably overlain by (1) Upper Triassic basalt (the Nikolai
Greenstone; Nokleberg et al., 1985, 1994) and limestone;
(2) an overlap assemblage of Upper Jurassic and Lower Cre-
taceous island-arc volcanic rocks and flysch; and (3) a se-
quence of Tertiary continental sedimentary and volcanic
rocks (Bond, 1973, 1976; Nokleberg et al., 1982, 1985).
Paleomagnetic data indicate that this terrane formed within
about 14° of the Triassic equator (Hillhouse and Gromme,
1984; Sontag and Panuska, 1990; Stone ef al., 1991). The
Nikolai Greenstone includes mafic and ultramafic intrusives
that produce strong magnetic anomalies.

The Kabhiltna, Maclaren, and Windy terranes and other
closely associated rocks, included in units shown in brown
on Figure 1, consist of a Jurassic and Cretaceous sequence
of sedimentary and volcanic rocks and their variably meta-
morphosed equivalents as well as regionally metamorphosed
and deformed granitic rocks (Nokleberg et al., 1982, 1985).
The metamorphic protolith of the Maclaren terrane is inter-
preted to be flysch similar to rocks that make up the Kahiltna
terrane (Richter, 1976; Smith, 1981; Stout, 1976). This ter-
rane includes extensively exposed Upper Jurassic and Lower
Cretaceous flysch that is interpreted to be a remnant of a
Jurassic and Cretaceous basin that originally extended for
several thousand kilometers along the margin of the North
American Cordillera. These flysch deposits constitute one of
the major stratigraphic units in southern and southeastern
Alaska, despite their dismemberment and wide dispersal
along major faults (Richter and Jones, 1973; Richter, 1976;
Monger and Berg, 1987; Wallace et al., 1989; Rubin and
Saleeby, 1991; Ridgway et al., 2002).

The Denali and Hines Creek Faults

Numerous major thrust and strike-slip faults cleave the
eastern Alaska Range; chief among them is the right-lateral,
strike-slip Denali fault. Nokleberg et al. (1994) summarize
evidence for substantial late Mesozoic and early Cenozoic
dextral displacement along the Denali fault. During the Cre-
taceous, oblique-slip underthrusting may have occurred
along the ancestral Denali fault, as interpreted partly from
the history of metamorphism of rocks that make up the
Yukon-Tanana terrane along the fault’s north side (Nokle-
berg et al., 1994; Ridgway et al., 2002). Estimates of Qua-
ternary movement on the Denali fault range from 1 to 6.5 km
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since early Wisconsin or Illinoisan time (Richter and Mat-
son, 1971; Stout et al., 1973). Probable rates of Holocene
movement average 1.5 cm per year (Plafker et al., 1994).
Recent Global Positioning System (GPS) measurements in-
dicate 6 to 8 mm/yr of right-lateral strike-slip motion across
the Alaska Range (Freymueller et al., 2003).

The Hines Creek fault is a zone of intense shearing and
penetrative deformation that extends more than 100 km
westward from where it branches to the north away from the
Denali fault, near the Richardson Highway (Wahrhaftig et
al., 1975) (Figs. 1 and 4). This fault has a history of complex
strike-slip and thrust movement that spanned from the Mid-
dle Cretaceous into the Cenozoic.

Terranes North of the Denali Fault

The Aurora Peak terrane (Aleinikoff, 1984; Nokleberg
et al., 1985) (Fig. 4) consists of probable Paleozoic or early
Mesozoic sedimentary rocks that were metamorphosed to
calcschist, marble, quartzite, and pelitic schist. Late Creta-
ceous and early Tertiary plutonic rocks that intruded into
this terrane are regionally metamorphosed and penetratively
deformed (Nokleberg et al., 1985; W. J. Nokleberg and J. N.
Aleinikoff, unpublished data, 1984).

Multiply deformed and metamorphosed rocks of the
Yukon-Tanana terrane (YTT) underlie most of the Denali
seismic reflection line and many of the field stations for the
other types of geophysical data (Figs. 1 and 4). This exten-
sively exposed terrane spans the region between the Denali
fault on the south and the Tintina fault on the north—a dis-
tance of about 250 km (Nokleberg et al., 1989; Dusel-Bacon,
1991; McClelland et al., 1992; Ridgway et al., 2002). Iso-
topic data indicate that metamorphism of the YTT occurred
during the Early Jurassic and again during the Middle to Late
Cretaceous (115 to 102 Ma) (Turner and Smith, 1974; Al-
einikoff and Nokleberg, 1985; Nokleberg et al., 1986; Al-
einikoff et al., 1986). These metamorphic episodes affected
Devonian and older sedimentary and subordinate volcanic
rocks. Exposed at the deepest known structural level of the
YTT are high-grade schists, gneiss, and augen gneiss that
have middle Cretaceous cooling ages. During Late Creta-
ceous (~105 Ma) retrograde metamorphism of the YTT, a
major antiform developed that follows the north side of the
Denali and Hines Creek faults for more than 50 km (axis
shown in Figs. 1 and 4). This fold deforms the metamorphic
schistosity, which is flat except in the fold where it locally
steepens to nearly vertical. This fault-parallel antiform fig-
ures prominently in the interpretation of seismic reflection
data.

Cenozoic Rocks and Structures

The thickest Cenozoic rocks near the geophysical tran-
sect comprise the Paleocene fill of the Cantwell basin (Hick-
man et al., 1991), which lies about 150 km west of where
the Richardson Highway and the geophysical transect cross
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the Denali fault (Fig. 1). This basin is bounded by the Hines a maximum of about 4000 m of sedimentary and volcanic
Creek fault on the north and the Denali fault on the south, rocks accumulated. During the Early Eocene the basin fill
and the basin fill provides some of the best information about ~ was strongly compressed when strike-slip offset began along
the Cenozoic development of the Denali fault. During the  the Denali fault.

Paleocene, normal dip slip occurred along the Denali fault, The Denali seismic reflection line crosses thin accu-
the basin subsided rapidly as an asymmetric half-graben, and mulations of early Cenozoic sedimentary rocks. These rocks
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fill a broad syncline that strikes east—west; the synclinal axis
lies about 20 km north of the Denali fault (Fig. 4). The syn-
cline is expressed not only in the early Cenozoic rocks but
also in the concordantly folded schistosity of underlying
metamorphic rocks.

Geophysical Information

Selected Results from Previous
Geophysical Investigations

Synthetic-aperture radar interferometry (InSAR) data
have been modeled to derive the fault movement that likely
caused surface deformation associated with the Nenana
Mountain (M,, 6.7 on Fig. 1) and Denali fault earthquakes
(Lu et al., 2003; Wright et al., 2003). One result of this
modeling is the Denali fault is estimated to dip 81°, at a
location about 100 km west of the geophysical transect
(Wright et al., 2003). This is close in value to the dip (86°)
determined from analysis of teleseismic arrivals (Kikuchi
and Yamanaka, 2002). For the Denali fault earthquake, de-
formation along the section of the Denali fault that lies below
and east of the geophysical transect is not well constrained
by InSAR data, but the fault was assumed to be vertical dur-
ing analysis of these data, to accord with findings about this
fault farther west (Lu ef al., 2003). The Denali fault was also
assumed to be vertical during modeling of GPS data (Hreins-
déttir et al., 2003), on the basis of findings from teleseismic
body waves (Kikuchi and Yamanaka, 2002). Other GPS
modeling proceeded on the basis of a vertical Denali fault
because hypocenters do not clearly delineate a nonvertical
dip (Dreger et al., 2004).

Brocher et al. (1991) estimated that the Moho depth
below the Alaska Range along the Richardson Highway is
about 50 km. This depth is similar to the depth range for the
Moho derived from broadband receiver functions obtained
along the Parks Highway, about 150 km west of the Rich-
ardson Highway; here, the Moho below the central part of
the Alaska Range ranges from 38 to 46 km in depth (E.
Veenstra, written comm., 2004).

Detailed rock-velocity information is not available from
along the geophysical transect because of a poor signal-to-
noise ratio in wide-angle seismic data (Brocher ez al., 1991).
However, velocity data from 50 km north of the north end
of the Denali seismic reflection line indicate that the crust
making up the YTT, and hence much of the Alaska Range
orogen, is thick (>30 km) and characterized throughout by
low seismic P-wave velocities (~6.2 km/sec) (Beaudoin et
al., 1992; Plate 1,! right side of lower panel [unbound insert
to this issue]).

! Plate 1: (Top) Migrated, depth-converted seismic reflection data from
along the Denali seismic line. (Bottom) Assembled geophysical information
over the Denali fault, including gravity and magnetic, seismic reflection,
crustal-velocity, and magnetotelluric data, as well as seismicity. The plane
of section used in making Plate 1 parallels the Richardson Highway, which
is not perpendicular to the Denali fault (Figs. 1 and 3). Hypocenters shown
on the plate lie within 10 km of the plane of section, measured along the
strike of the Denali fault, and the hypocenters were projected parallel to
this fault’s strike onto the section.
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Seismic Reflection Data

Collection and Processing of Seismic Reflection Data.

Seismic reflection data were collected during the winter of
1986 for the U.S. Geological Survey and have a nominal
128 fold of coverage (Table 1). The data processing se-
quence (Table 2) that resulted in seismic sections shown in
this report included migration after stack and conversion of
time to depth, with a crustal velocity model (Brocher et al.,
1991) combined with stacking-velocity information. The
Denali seismic reflection line followed the Richardson High-
way (Fig. 4) and the resulting line orientation with respect
to the regional geologic strike are not optimum for showing
geologic structure, because north of vibrator point (VP) 2000
nearly to VP 2400 the seismic line maintains a constant
standoff of about 3 km from the Hines Creek fault (Fig. 4).
This parallelism increases the risk that out-of-plane events
were recorded, complicating the seismic image of the crustal
structure. North of VP 2400, the seismic line and the regional
geologic strike diverge by about 70°, and strong reflections

Table 1

Field Parameters for the Acquisition of Seismic Reflection Data

Contractor Geosystems Corporation
Recording instruments GEOCOR 1V, sign bit
Sample rate (m sec) 4

Corelated record length (sec) 24

Spread configuration Symmetrical split,

15,360 m-0-15,360 m

Group interval (m) 30

Number of groups 1024

Nominal fold of converge 128

Vibrator point interval (m) 120

Source 5 Litton 311 vibrators

Total peak force (kg) 61,000

Sweep Varisweep, 6 downsweeps repeated

twice at each VP
Sweep length (sec) 20
Nominal source bandwidth (Hz) 10-30
Geophone pattern 6 geophones in a 2 m cluster

Table 2

Processing Sequence for the Migrated Section

Demultiplex

Datum statics (spatially variable replacement velocity)
Refraction statics

Bin common reflection points
Resample to 8 m sec

Prestack AGC (512 m sec operator)
Velocity analysis

Apply moveout

Mute

Residual statics

CDP stack

2:1 vertical stack

Migration

Time-variant filtering

Amplitude compensation
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are evident from depths as great as 20 to 25 km (Plate 1,
top).

Main Features in Seismic Reflection Data.  Seismic reflec-
tion data collected south of the Denali fault reveal little about
the structure of the igneous rocks that make up the Wran-
gellia terrane or the metasedimentary and plutonic rocks
comprising the Kahiltna and Maclaren terranes (Plate 1, top).
Shallow (<2 km) reflections, like those below VP 1050 and
VP 1400, are probably from local accumulations of Cenozoic
sedimentary rock, which have low seismic velocities (<4
km/sec) (Brocher et al., 1991).

Signal strength decreases rapidly with increasing travel
time in the poor-quality, seismic reflection data from the
southern part of the Denali seismic line, explaining why no
deep reflections are discernible there. The southern ampli-
tudes decay much like the amplitude curve for VP 2200
(Fig. 5), which decays to ambient noise levels within the
first 2 sec. In contrast, seismic reflection data from north of
the Denali fault show high-amplitude events to travel times
exceeding 4 sec (e.g., curve for VP 2750 in Fig. 5). In view
of the good results from the northern recording, the low-
quality southern data probably arise from some local effect,
such as deep snow or absorptive sediment. Brocher et al.
(1991) came to a similar conclusion, namely that an inverse
relationship exists between the thickness of Cenozoic rocks
and the amplitude of seismic signals.

The poor seismic reflection image obtained south of the
Denali fault means that neither the deep crustal structure of
terranes south of this fault nor the configuration of the Denali
and Hines Creek faults are evident in seismic reflection data.
No fault-plane reflections reveal the location of either fault,
and the appearance of reflections across these faults’ surface
traces does not change systematically to indicate any major
break in the crust.

Coherent seismic reflections begin abruptly at about VP
2400, where the Denali seismic reflection line begins to di-
verge from the Hines Creek fault (Fig. 4; Plate 1, top). We
identify three main reflection bands, labeled A, B, and C
(Fig. 6; Plate 1, top). The prominent reflection band A dips
north from below the surface trace of the Hines Creek fault,
and below VP 3000 this band reaches its greatest travel time
of about 3 sec (Fig. 6) and depth of about 7 km (Plate 1,
top). Reflection band A and shallower reflections reveal a
broad synform with an axis below VP 2950. This axis lies
about 5 km south of the axis of an outcropping, east—west
syncline that deforms lower Tertiary sedimentary rocks and
the compositional layering of metamorphic rocks in the
southern YTT (axes shown in Fig. 4). The close spatial as-
sociation of the two axes suggests that the early Tertiary or
younger folding evident in surface rocks also dates the syn-
formal folding of rocks that cause reflection band A.

North of VP 3000, linear reflections begin at the bottom
of reflection band A, splay upward to the south, and termi-
nate at a shallower reflection (Fig. 7). These reflections sug-
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gest thrust faults confined within an upper-crustal shear
zone. This inferred shear zone is folded by the synform de-
scribed in the preceding paragraph. Other evidence for thrust
faulting within rocks that cause reflection band A includes
the linear reflections that diverge to the south from the bot-
tom of this reflection band (Fig. 8).

Below VP 2800 an asymmetric antiform is evident be-
low reflection band A, between about 2 and 4 sec (Fig. 6).
The south limb of the antiform is the steeper, and this limb
ends downward and southward against reflection band B.
Projected upward and southward to the surface, the axis of
this antiform coincides in location with the axis of the an-
tiform that follows the north side of the Denali fault (axis
shown in Figs. 1 and 4). The coincidence of surface and
subsurface axes suggests that the subsurface antiform de-
veloped during the Cretaceous retrograde metamorphism
that produced the surface feature.

Reflections from within the subsurface antiform include
strong events that were clearly evident on records examined
in the field, before any data processing was performed. We
call these events collectively the Denali bright spot. The
strongest reflections occur below VP 2750 at about 3 sec
(Fig. 8). The migrated image shows that the bright spot is
nearly flat. The trace-amplitude plot (VP 2750 in Fig. 5)
shows the high strength of the bright-spot reflection relative
to other reflections and to ambient noise levels (gray-shaded
curve for VP 2200).

Reflection band B begins at about 3.2 sec (Fig. 6) or 10
km (Plate 1, top) below VP 2400. Locally this band dips as
steeply as 25° north, and the dip decreases progressively
northward. At about 10 km depth, band B includes strong
events having four or five reflection peaks, but north of VP
3000 this band widens and its amplitude decreases as it flat-
tens progressively into the middle crust, within the depth
range of 17 to 20 km (Plate 1, top).

Reflection band C diverges to the south from beneath
reflection band B (8 sec below VP 2800, Fig. 6; 20 km depth
on Plate 1, top). These reflection bands diverge where the
reflective crustal section is greatly thickened. Reflection
band C extends south to where the signal from deep rocks
is lost below VP 2500.

Below reflection band C, numerous subhorizontal and
discontinuous seismic events are apparent. However, no
convincing reflections from the Moho are evident anywhere
along the Denali seismic reflection section.

Magnetotelluric Data

Data Acquisition and Processing. ~ Magnetotelluric (MT)
data can be modeled to yield the electrical resistivity of the
Earth’s crust (Vozoff, 1991), as we show in Figure 9, for
data obtained along the geophysical transect. During the
summer of 2002, long-period MT data were acquired with
the Narod Intelligent Magnetotelluric System (NIMS). Data
were acquired for oscillation periods from 3 sec to 5000 sec,
yielding a depth of investigation greater than 50 km. Hori-



Geophysical Data Reveal the Crustal Structure of the Alaska Range Orogen within the Denali Aftershock Zone S115

Decibels Figure 5.  Amplitude variation with travel

time for selected seismic traces. Ten traces of

0- 50 -40 -30 -20 -10 0 +10 stacked seismic data were averaged to calculate
= = Y . . .

] e . each amplitude curve; the amplitudes of

stacked data were corrected only for geometric
spreading. The curve for VP 2750 shows that
the main reflection bands A and B and the Den-
ali bright spot stand out as clear amplitude
anomalies.

Ambient I

noise level |
2.0 < = _
---_____‘= ------- - Reflection Band A

/ Denali bright spot

4.0
)
g
- Y
?g Reflection Band B
9
|_
6.0 E
Reflection band C
7
8.0
EXPLANATION
VP 2200
-------- VP 2700
—— VP 2750

— = VP 2900

10.0




S116

Surface antiform in metamorphic
schistocity in YTT rocks

M. A. Fisher, N. A. Ratchkovski, W. J. Nokleberg, L. Pellerin, and J. M. G. Glen
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Figure 6. Line drawing of migrated data (versus travel time) showing the three

main reflection bands and the axis of the subsurface antiform that projects upward to
the south to correlate in location with the axis of an antiform that developed during the

Cretaceous.

zontal electric-field data were acquired with electrodes in a
cross configuration, and three components of the magnetic
field were collected with ring-core sensors in the center of
the electrode array. Regional impedance strike is important
to modeling MT data, and we assumed a strike value of 115°,
but as discussed in the Appendix, the complex geology
makes determining this strike problematic.

MT stations were located along the Richardson High-
way, across the Denali fault (Fig. 1). Owing to instrument
malfunctions, data from only six of eight deployed MT sta-
tions were available for interpretation. MT data were pro-
cessed by using the robust method of Egbert (1997). The
processed data, parameterized as apparent resistivity and
phase as a function of frequency for each station location,
were plotted as pseudosections to show the fit between ob-
served and calculated values (Fig. 10).

MT data for this study are 2D because they were col-
lected along the highway, and especially in the case of 2D
data, mode determination is important to MT modeling and
interpretation. The transverse magnetic mode (TM) is de-
fined by the electric field being perpendicular and the mag-
netic field being parallel to strike. The transverse electrical
mode (TE) is defined by the electric field being parallel
and the magnetic field being perpendicular to strike. Two-
dimensional modeling is more robust when the TM mode is
used (Wannamaker er al., 1984). For data presented here,
the geology is complex, and the MT line is oblique to the
regional geologic strike, so rotation of the impedance matrix,

discussed more fully in the Appendix, is a reasonable step
in data processing and mode identification.

The temporal and spatial sampling of the MT survey
described here is suitable to determine deep, large-scale
crustal structure, not to characterize the Denali fault in detail.
To resolve impedance values within the upper 3-5 km of
the Earth’s surface, a high-frequency survey would be nec-
essary, so in models shown here, shallow impedance values
are shown in muted colors. The sensitivity of MT data to an
assumed resistivity model of the crust can be tested by using
a suite of inverse models and by means of trial-and-error
forward modeling. Both approaches were undertaken for this
study, and the details are presented in the Appendix.

The preferred model we use for geologic interpretation
(Fig. 9 and Plate 1, bottom) was calculated using the 2D
conjugate-gradient inverse algorithm of Rodi and Mackie
(2001) from data rotated to principle axes such that the xy
mode was the TM mode. The model had 88 horizontal and
69 vertical modes. The main departures between observed
and calculated values occur for the model parts that represent
the Wrangellia terrane and the Denali fault zone.

Results of MT Modeling. The preferred MT model (Fig. 9)
reveals four main-rock bodies (R1 through R4). South of the
Denali fault, body R1 includes high-resistivity (>1000 Q-m)
rocks. The north boundary of this body dips about 60° south,
and the body extends downward to depths as great as 25 km.
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Figure 7.  Detail of the migrated Denali seismic section showing the part of reflec-
tion band A that outlines the axis of the syncline in early Tertiary sedimentary rocks
and in the schistocity of the underlying crystalline rocks of the YTT. The migrated stack
(versus travel time) shows reflection band A where this band reveals a duplex structure.
Seismic reflections splay upward from the base of this band and terminate at their upper

ends at another reflection.

The high-resistivity values that characterize R1 are consis-
tent with unweathered igneous or metamorphic rock like
those exposed in the Talkeetna Mountains, east of the Rich-
ardson Highway (Glen et al., 2002). Igneous rocks of the
Wrangellia terrane are exposed where body R1 is close to
the surface.

Body R2 is characterized by low resistivities (about 10
Q-m) and underlies the Denali and Hines Creek faults. This
body is nearly vertical, widens with increasing depth, and
appears to extend downward to great depth. Body R3 is mod-
erately resistive (about 300 Q'm) and extends downward
through much of the middle and lower crust. Rocks at the
surface above body R3 are YTT metamorphic rocks. Resis-
tivity body R4 (<30 Q-m) dips north from near the surface
into the middle crust. Metamorphic rocks of the YTT crop
out where body R4 is shallow.

Previous interpretations of MT data collected along five

transects near and across the Alaska Range (Stanley, 1986,
1989; Stanley et al., 1990) indicate a different distribution
of rock resistivities from what we show here. In these early
studies, a near-surface rock layer north of the Denali fault
was found to vary in thickness from 4 to 7 km and to be
characterized by a wide range of resistivity values (170-
9900 Q-m) that was identified as the amphibolite-facies
schist of the YTT. The prominent feature in the earlier MT
models is a thick (20 km), very low resistivity (1-3 Q-m)
rock body that comprises much of the middle and lower crust
north of the Denali fault. The most likely source of the low-
resistivity body was inferred to be carbon-rich Jurassic and
Cretaceous flysch like that making up the Kahiltna terrane.

One difference between the earlier impedance model
(Stanley, 1986, 1989; Stanley et al., 1990) and the one pre-
sented here (Fig. 9) is that the temporal recording range used
to obtain the earlier data was about an order of magnitude
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higher than that used for data shown here. Hence, earlier
data focused on the shallow crust. Furthermore, the earlier
2D model was constructed through forward modeling, with
a series of 1D models stitched together. Data interpreted with
1D models can be severely distorted by multidimensional
effects.

Gravity and Magnetic Data

Data Collection and Processing. ~ Aeromagnetic data were
collected during two surveys, one of which covers the entire
region represented by Figure 11. During this survey, data
were collected 303 m above the ground, with lines oriented
north—south and spaced 1.6 km apart (Saltus and Simmons,
1997; survey AKOS). The second aeromagnetic survey pro-
vided high-resolution data collected 0.06 km above the
ground, with lines oriented N30°E and N20°W and spaced
0.2 km and 0.4 km apart (Burns, 2003). The second aero-
magnetic survey covers the southern half of the area repre-
sented by Figure 11. Gravity data (Morin and Glen, 2002,

2003) were reduced to isostatic-anomaly values, using stan-
dard gravity reduction methods (Dobrin and Savit, 1988;
Blakely, 1995).

Most of the isolated magnetic peaks south of the Denali
fault are caused by the Nikolai greenstone and associated
intrusive rocks. These peaks outline Triassic mafic and ul-
tramafic rocks, like the Fish Lake and Tangle Lakes ultra-
mafic complexes (bodies A, H, and I on Fig. 11) and the
Rainey and Canwell ultramafic complexes (bodies J and A,
respectively, on Fig. 11). These magnetic bodies are likely
to be fault bounded, but poor rock exposures in this area
limit our ability to specify structural relationships.

The Denali fault is evident in both gravity and magnetic
data because the fault is associated with regional gradients
that decrease to the north across the fault and distinguish the
Wrangellia and Yukon-Tanana terranes (Fig. 11). These gra-
dients amount to 15 mGal and 300 nT over a distance of
about 10 km. Across the fault, gravity and magnetic anom-
alies decrease from high and irregular, on the south, to low
and smooth, on the north.
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study area. Small triangles represent gravity stations and large triangles show MT sta-
tions. The blue line shows the potential field profile corresponding to the model shown
in Figure 12. Letters refer to features discussed in the text.

Potential Field Modeling. The model profile (Fig. 11) was
chosen to parallel as closely as possible the seismic reflection
and the MT station lines, and to include the maximum num-
ber of gravity stations, which were largely concentrated
along the Richardson Highway. The potential field model
(Fig. 12) was constructed using a commercially available,
2D forward-modeling system (GMSYS) that allows for
source bodies that are not orthogonal to the direction of the
model. In the model, source bodies consisted of horizontal
tabular prisms aligned with their axes parallel to the regional
geologic strike. Each prism has its own strike extent, and
prisms were positioned asymmetrically with respect to the
profile, when necessary.

We used rock-property data from this and surrounding
regions (Campbell and Nokleberg, 1997; Sanger and Glen,
2003) to define the properties of the major rock units that
cross or lie near the model profile. Source bodies for mag-
netic anomalies were assumed to have only induced mag-
netization; however, magnetic remanence may contribute
significantly to the observed magnetic anomalies, in partic-
ular, in the mafic and ultramafic rocks associated with the
Nikolai Greenstone.

Probably the greatest sources for error in the potential-
field models are the discontinuous rock bodies south of the
Denali fault and the acute angle between the model’s north-
west direction and the west-northwest strike of major faults



Geophysical Data Reveal the Crustal Structure of the Alaska Range Orogen within the Denali Aftershock Zone S121

w ‘ -3.00

0.00

3.00

E [Density

Distance (km)
Upper planview

Distance (km)
Lower planview

- 200.00

- 100.00
Calculated 0,00

\ Observed L rerveesst T ;
- -100.00

((nT)

Magnetic Data

| -200.00

Calculated

Gravity (mGal)

Depth (km)

Denali Fault
D=2750,5=0

60 40 20 o
Distance (km)

Figure 12. Forward potential-field model corresponding to the line of profile shown in Figure 11. Upper
two panels show plan views of the model at an elevation ~130 m below sea level (the first panel is colored by
density and the second panel by susceptibility). Third and fourth panels show plan views of the model at an
elevation ~1900 m below sea level (the third panel is colored by density and the fourth panel by susceptibility).
The slant of model bodies reflects the southeast strike of units. Fifth and sixth panels give observed (filled
circles) and model (solid line) anomalies for magnetic and gravity fields, respectively. The seventh panel shows
a cross section of the model. Note that some of the bodies shown on the cross section do not actually cross the
profile; their positions relative to the profile are depicted in the upper four panels. Numbers associated with the
model bodies (bottom panel) give the model density (kg/m*) and magnetic susceptibility (SI).
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and rock units. In particular, the high magnetic and gravity
peaks measured over the Wrangellia terrane cause much un-
certainty in data interpretation because they have out-of-
plane sources. In constructing the model, the crust between
3 and 10 km was defined by two regional blocks to distin-
guish the relatively dense Wrangellia terrane from the less
dense YTT. These regional bodies meet along a vertical
boundary that emerges at the surface along the trace of the
Denali fault. Shallow crustal bodies were modeled assuming
their bottoms lay at a depth of 3 km.

For our purposes, anomalies produced by the shallow
rock bodies south of the Denali fault are noise that prevents
us from examining the deep crust. The goals of our potential-
field modeling were, first, to determine whether bodies in
the shallow crust could account for the complex gravity and
magnetic fields measured over the Wrangellia terrane, and
second, to extract what information we could about deeper
crustal levels and especially about the deep configuration of
the Denali fault. Despite the modeling uncertainties, we pro-
pose that the majority of the strong magnetic anomalies are
accounted for by shallow (<3 km) sources. In addition, the
Denali fault appears to dip steeply down to a depth of about
10 km.

Integration of Geophysical Data Sets

The main correlations from an integrated interpretation
of geologic and geophysical data are:

1. Gravity and magnetic data can be modeled to indicate
that the Denali fault dips steeply to depths of about
10 km. In addition, MT data show the vertical, low-
resistivity body R2 below this fault’s surface trace. These
findings suggest the Denali fault dips steeply to vertically
below the geophysical transect. Although by themselves
these findings are ambiguous, they agree with the results
of modeling of InSAR data from an area 100 km west of
the geophysical transect. This modeling reveals a steeply
dipping (81°) fault. Furthermore, modeling of GPS data
proceeded on the basis of a vertical fault because tele-
seismic waveform data indicate a steeply dipping (86°)
fault.

2. Seismicity and strong seismic reflectivity do not correlate
in location (Plate 1, bottom). Hypocenters tend to fall
closely along the Denali fault, and only scattered hypo-
centers north of this fault occur along the strong seismic
reflectors that are shallower than the 10 km seismicity
cutoff. Furthermore, north of the fault seismic reflections
mainly dip north, whereas alignments in aftershock hypo-
centers dip south toward the fault (Fig. 3). These rela-
tionships mean that reflective features above the 10 km
have been essentially aseismic since 1975.

3. Igneous rocks of the Wrangellia terrane are nonreflective,
have high electrical resistivities (body R1), and cause
high-amplitude and variable, gravity, and magnetic
anomalies. The north boundary of resistivity body R1
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dips steeply (60°) south and may delimit the Wrangellia
terrane on the north.

4. The surface trace of the Denali fault nearly bisects low-
resistivity body R2. The lowest-resistivity part of this
body occurs deeper than about 10 km, which is below
the regional maximum aftershock depth of 10 km. Rocks
forming body R2 are poorly reflective, and gravity and
magnetic anomalies decrease smoothly northward across
this body.

5. MT and seismic reflection data show that the north and
upper boundary of moderately resistive body R3 coin-
cides with reflection band B (Plate 1, bottom). Rocks at
the surface above resistivity body R3 are strongly meta-
morphosed sedimentary and volcanic units of the YTT.
Body R3 is not associated with gravity or magnetic
anomalies; even so, rocks in this body differ in physical
properties from their encasing rocks, as indicated by the
contrast in electrical resistivity and the reflection from
along the body’s top.

6. The strong reflections we call the Denali bright spot come
from rocks within the resistivity gradient between bodies
R3 (moderate resistivity) and R4 (low resistivity). The
subhorizontal reflection band A stems from rocks within
low-resistivity body R4. Hence, except for reflection
band B, which lies along the top of body R3, the reflec-
tion bands are not closely tied to the resistivity distribu-
tion.

7. The axis of the antiform in retrograde metamorphic YTT
rocks (axis shown in Fig. 1 and 4) crosses the geophysical
transect near VP 2400 (Plate 1). This axis coincides in
location with where the subsurface antiform between re-
flection bands A and B projects to the surface. Both the
surface antiform and the upper part of the arched reflec-
tion bands fall within resistivity body R3 where this body
extends to shallow depth.

8. The surface syncline in early Tertiary rocks (VP 3150 on
Fig. 4) correlates in location with a synform at depth that
deformed reflection band A.

Discussion

Causes for Variation in Crustal Resistivity

Jones (1989) advocated joint interpretation of seismic
reflection and MT data and indicated that low-resistivity
rocks that are acoustically transparent are challenging to in-
terpret. Low-resistivity body R2 falls within this category.
This body is intriguing not only because of its low resistivity
but also for its location beneath the surface trace of the Den-
ali fault. The source of low-resistivity values for body R2 is
difficult to constrain because possible sources include me-
tallic sulfides, partial melt, carbon films, and aqueous fluids.
Sulfide mineralization is locally present in the study area
(Carlson and Hulbert, 2002), but a rock mass the size of body
R2 would require prodigious amounts of sulfides for such
minerals to be the sole cause of the low resistivity. Partial
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melt is also an unlikely cause for the low resistivity because
Quaternary volcanism is unknown in the study area.

Carbon films in low-grade metamorphic rocks can cause
low electrical resistivities (Wannamaker, 1986; Wanna-
maker et al., 2002). At low metamorphic grades, carbon par-
ticles in these rocks can be smeared into films that are elec-
trically conductive. Below the Alaska Range, carbon-rich
rocks, like the Upper Jurassic and Lower Cretaceous flysch
within the Kahiltna and related terranes, could have been
buried during mountain building (Stanley, 1989; Stanley et
al., 1990). Although intense heating and deformation can
destroy carbon films, high-grade metamorphic rocks in the
YTT do contain such films (Mathez et al., 1995).

Aqueous fluids can also produce low electrical resistiv-
ities, and the Denali bright spot might be evidence for aque-
ous fluids in the middle crust. Hyndman and Shearer (1989)
and Pratt et al. (1991) indicate that midcrustal bright spots
in seismic reflection data can be caused by magma, acoustic
tuning in rock layers, and fluids. The Denali bright spot is
flat and discordant to the antiform outlined by other nearby
reflections. This discordance indicates that fluids cause the
bright spot because the other likely cause, acoustic tuning in
rock layering, would most likely produce reflections that are
concordant with the antiform.

Geologic Structure Inferred from MT Data

The MT signatures of other strike-slip faults show ver-
tical, low-resistivity bodies below the faults. The Denali
fault may be analogous tectonically to the Altyn Tagh fault
of Tibet, because both faults are thought to facilitate the
tectonic escape of large crustal blocks (Eberhart-Phillips et
al.,2003). An MT survey over the Altyn Tagh fault revealed
a rock mass with resistivities as low as 10 Q-m that locally
reaches the surface but mainly extends vertically downward
from about 4 km to the maximum modeled depth of 8§ km
(Bedrosian et al., 2001). The preferred interpretation is that
the low-resistivity body indicates carbon-rich marine sedi-
mentary rocks. MT surveys across the Southern Alps of New
Zealand (Wannamaker et al., 2002), over strike-slip faults
in the Basin and Range province of eastern California (Park
and Wernicke, 2003), and across the San Andreas fault in
California (Unsworth et al., 1997, 1999, 2000; Bedrosian et
al., 2002) associate these faults with vertical zones having
low resistivity and considerable (>5 km) depth extent.

Thus, our findings about body R2 near the Denali fault
conform with general findings about other strike-slip faults.
Hence, we propose that this body indicates the subsurface
location of the Denali fault. Although some studies indicate
that carbon films are responsible for the low resistivities of
the vertical bodies (e.g., Bedrosian et al., 2002), most studies
highlight the role of fluids.

A Structural Model of the Aftershock Zone of the
Denali Fault Earthquake

We propose a crustal-structure model of the Alaska
Range orogen by assuming a two-phase geologic history that
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is simplified from discussion in Nokleberg et al. (1994) and
Ridgway et al. (2002). The first phase occurred during the
Late Cretaceous and Early Cenozoic, when an oblique-
convergent plate boundary lay near what would later become
the strike-slip Denali fault. The second phase involved Ce-
nozoic strike-slip offset along this fault.

In our interpretation, during the first (Late Cretaceous
and Early Cenozoic) phase, reflection band B formed within
the upper plate of the oblique-convergent plate boundary as
Wrangellia and other terranes collided with Alaska. The age
of the reflective features is inferred, as described previously,
from correlating the surface antiform that developed during
Late Cretaceous (~105 Ma) retrograde metamorphism with
the subsurface antiform evident in seismic reflection data.

The sigmoid shape of reflection band B and the diver-
gence between reflection bands B and C (Fig. 6; Plate 1, top)
suggest that they form a crustal-scale duplex structure (Iver-
son and Smithson, 1983a,b; Smithson et al., 1986; Le Gall,
1990) that soles out northward into the middle crust at about
20 km depth (Fig. 13). Reflection bands B and C partly out-
line resistivity body R3, and because this body underlies the
surface antiform in YTT rocks, we propose that this body’s
emplacement caused the antiform to develop. If so, then
body R3 and its associated reflections reveal structures that
are about 105 Ma old, the time of retrograde metamorphism
of antiformal surface rocks.

The lithologies that make up this proposed duplex struc-
ture are unknown. However, body R3, which makes up most
of this structure (Fig. 13), does not include a flap of lower-
crustal or upper-mantle material incorporated into the Alaska
Range orogen because both gravity and magnetic values are
low and smooth over this body (Fig. 13; Plate 1, bottom).

Rocks that cause reflection band B are an important ele-
ment in the crustal structure of the Alaska Range; these re-
flective rocks thicken downward and flatten northward
within the depth range of 17 to 20 km (Plate 1, top; Fig. 13).
This shape probably reveals the ramp of a crustal-scale shear
zone, as has been suggested for hinterland-dipping reflec-
tions from other compressional orogens (Ando et al., 1984;
Allmendinger et al., 1987; Eisbacher et al., 1989; Gray et
al., 1991; Cook and Varsek, 1994; Beaumont and Quinlan,
1994). This reflection band thickens with increasing depth,
a common attribute of crustal-scale faults (Sibson, 1982;
Smithson et al., 1986).

Given the high metamorphic grade of surface rocks, the
reflection bands most likely reveal ductile shear zones, per-
haps ones that developed according to kinematic models of
oblique-convergent margins (e.g., Fitch, 1972; Beck, 1983;
Chemenda et al., 2000). Parts of these ductile zones, how-
ever, are now within the brittle deformation regime, which
extends downward to about 10 km, the maximum depth of
aftershocks along the Denali fault (Ratchkovski et al., 2003).
In particular, all of reflection band A and the upper part of
band B are shallower than this depth.

In our model for the development of the Denali fault,
the later phase of deformation along this fault occurred dur-
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R3, which likely includes part of a crustal-scale duplex structure.
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Figure 13.

Structural model of the Alaska Range orogen and aftershock zone of

the Denali fault earthquake. Opposed thrusting developed during late Cretaceous ter-
rane collision, involving Wrangellia and an oblique-convergent margin along what was
then the south and west margin of Alaska. Structures revealed by seismic reflection
data are mostly aseismic, but the lower cutoff for seismicity is at the shallow depth of
only 10 km, so some of these features could support ductile strain. Low-resistivity
rocks in body R2 underlie the surface trace of the Denali fault and may indicate this
fault’s position in the deep subsurface. The cause for the low resistivity is unknown
but likely results from carbon films or fluids.

ing the Early Cenozoic. At this time, structures developed
during the first phase of deformation were overprinted as the
present strike-slip Denali fault began to form in response to
a change in North Pacific plate motions (Nokleberg et al.,
1994; Ridgway et al., 2002). Seismic reflection data provide
no evidence for this overprinting. This accords with common
findings about strike-slip faults, especially ones in crystalline
terranes, which usually produce only muted, indirect re-
sponses in seismic reflection data, involving zones of poor
reflection quality that are 5-20 km wide (Lemiszki and
Brown, 1988). In the Alaska Range, other faults evident in
outcrops north and south of the Denali fault, and especially
west of the geophysical transect, were active during the Ce-
nozoic and are believed to form a positive flower structure
(as defined in Harding, 1985) that records Cenozoic trans-
pression across the Denali fault (Nokleberg et al., 1985,
1989).

In an alternative structural model, the Denali fault does
not dip steeply but instead is low angle and merges down-
ward and northward with the shear zone that causes reflec-
tion band B. The fault then would flatten at 20 km depth,
into what are probably ductile rocks. One problem with cor-
relating the fault with the reflection band is that part of the

band extends above the 10 km seismicity cutoff, and this
part is close to the Denali fault’s surface trace. If the cor-
relation were correct, this part of the band should have been
seismically active. For the same reason, the Denali fault can-
not merge with reflection band A because rocks that cause
this band remain above the lower seismicity cutoff. The dis-
cordance in dip between hypocenter alignments and seismic
reflections also makes this alternative structural model un-
likely.

South of the Denali fault, the shallow part of resistivity
body R1 correlates in location with volcanic and plutonic
rocks of the Wrangellia terrane. Although modeling of com-
plicated gravity and magnetic anomalies measured south of
the Denali fault (Fig. 12) does not reveal features that pen-
etrate deeply into the crust, modeling of MT data indicates
that the north boundary of body R1 dips steeply south and
extends to depths near 20 km. We interpret this boundary as
a thrust fault that formed when the Wrangellia terrane col-
lided with Alaska.

In our preferred crustal structure model for the after-
shock zone, the strike-slip Denali fault dips steeply to ver-
tically and extends to depths of about 30 km (Fig. 13). This
fault is sandwiched within an old suture zone, where struc-
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tural remnants of opposed late Cretaceous and early Ceno-
zoic thrusting penetrate deeply (20 km) into the crust. Judg-
ing from the sparse hypocenters that occurred shallower than
the 10-km seismicity cutoff and more than 10 km perpen-
dicularly away from the Denali fault (Plate 1, bottom), we
propose that the highly reflective crustal features north of
this fault are relict and are not involved in modern seismic-
ity. Similarly, the absence of seismicity along the north
boundary of body R1 shallower than 10 km indicates that it,
too, is relict.

Relating Earthquakes to Crustal Structure

We compare the preferred structure model (Fig. 13)
with sections showing aftershock hypocenters (Fig. 2) to de-
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rive a possible configuration of seismogenic structures along
the Denali fault (Fig. 14). Locally, aftershock hypocenters
are aligned and dip toward the surface trace of the Denali
fault. The hypocenter alignments are interpreted to fall along
oblique-slip faults similar to the Hines Creek fault. The dis-
tribution of aftershock events in map view (Fig. 1) indicates
that the oblique-slip faults have limited extent (10-20 km)
along strike. Because many faults west of the Richardson
Highway converge with the Denali fault, the faults inter-
preted to make up the flower structure west of this highway
are not likely to be continuous with interpreted faults east of
the highway.

In many areas, the maximum depth of seismicity lies
between 15 km and 20 km, where rock temperature is be-
tween 350 and 400°C (e.g., Sibson, 1982; Williams et al.,
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Figure 14.

Three hypocenter cross sections (same as in Fig. 3) perpendicular to the

Denali fault, showing the highly variable distribution along the Denali fault of after-
shock events from the Denali fault earthquake. Also shown are the main features in-
terpreted from geophysical data (Fig. 13). In making this figure, aftershock hypocenters
were projected parallel to the Denali fault onto the cross section (Fig. 13) that obliquely
crosses the fault (index map). The Denali fault is interpreted to lie within a flower
structure as defined by the heavy black lines.
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2001; Bonner et al., 2003). Along the Denali fault, a
temperature-dependent seismicity cutoff for aftershocks at
10 km depth would indicate a higher-than-normal geother-
mal gradient. Geothermal data are lacking from the study
area. Hot springs are one possible indicator of a high geo-
thermal gradient, and such springs are abundant north of
Fairbanks but are uncommon south of this city (Miller,
1994). Even so, one possibility is that shallow seismicity
along the Denali fault results from a higher than normal geo-
thermal gradient, and the distribution of earthquakes in depth
might not be influenced by the presence of body R2.

Whether body R2 controls the distribution of seismicity
along the Denali fault depends on the cause for the low elec-
trical resistivity. One possibility is that carbon films in late
Mesozoic flysch in the Kahiltna terrane cause the low resis-
tivity. In map view (Fig. 1) these rocks terminate to the
northeast against the Denali fault near the intersection of the
fault and the geophysical transect. Body R2, then, might
represent the subsurface truncation of this flysch basin along
the Denali fault. Carbon-rich flysch would seem to have little
bearing on the seismicity distribution.

On the other hand, crustal fluids may cause the low
resistivity of body R2. In support of this contention, we note
that the Denali bright spot occurs in the midcrust north of
the Denali fault, and Smithson et al. (2000) stress the im-
portance of fluids in producing strong seismic reflectivity. If
body R2 does contain fluids, they could have an important
influence on the seismicity distribution by weakening the
middle and lower crust along the Denali fault, so that tec-
tonic stress is borne by the relatively thin and brittle part of
the crust shallower than 10 km. If these fluids were to extend
above the 10 km aftershock cutoff, they could reduce rock
friction (Byerlee, 1990, 1993) and help localize seismicity.

Conclusion

Low-resistivity body R2 underlies the surface trace of
the Denali fault, and similar bodies have been found along
other strike-slip faults; we therefore propose that body R2
shows the location of the Denali fault downward through the
crust. Gravity and magnetic data can be interpreted to indi-
cate that the Denali fault is vertical to a depth of about 10
km. A vertical fault also conforms with assumptions and
findings in the modeling of InSAR and GPS data. We use this
body of inference to suggest that the Denali fault dips steeply
to vertically down to depths of about 30 km.

Strong reflection bands outline resistivity body R3,
which we propose to be part of a crustal scale duplex struc-
ture that formed during late Cretaceous terrane collision
along the ancestral Denali fault. The late Cretaceous date
results from projecting the axis of a subsurface antiform,
revealed by seismic reflection data, upward to the surface,
where an antiform deforms the schistocity of metamorphic
rocks. This coincidence in location of axes suggests that the
subsurface antiform developed during the Late Cretaceous
(105 m.y.).

M. A. Fisher, N. A. Ratchkovski, W. J. Nokleberg, L. Pellerin, and J. M. G. Glen

In our preferred structural model the present vertical
strike-slip Denali fault formed within a late Cretaceous col-
lision and suture zone that involved oppositely directed
thrust faults. Given the high metamorphic grade of YTT
rocks at the surface, seismically reflective features most
likely formed during the collision as ductile shear zones.
Few hypocenters occurred along the parts of these reflective
features that are shallower than 10 km, the regional lower
limit of aftershock seismicity. Given the discordant dips of
hypocenter alignments and reflective features, the proposed
shear zones most likely are seismically inactive and are relict
features of late Cretaceous terrane amalgamation.

The Denali bright spot indicates fluids in the crust, so
the low-resistivity of body R2 under the Denali fault may be
due to fluids. This could have an important influence on
seismicity; deep fluids along the Denali fault could weaken
the lower crust and localize seismicity within the upper, rela-
tively thin and brittle part of the crust.
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Appendix

A general philosophy about modeling geophysical data
holds that statistically significant features can be retrieved
from inverse models and that a large number of inverse mod-
els should be produced; only those features that appear in
all of them should be deemed to be significant and not
merely artifacts of the inversion scheme (Backus and Gil-
bert, 1967). Following this philosophy, we produced 35 in-
verse models of MT data, using the Rapid Relaxation Inver-
sion (RRI) (Smith and Booker, 1991), the 2D Occam’s
inversion (de Groot-Hedlin and Constable, 1990) and the
conjugate gradient (CG) method (Rodi and Mackie, 2001).
Data for both the TE and TM modes and the TM mode alone
were inverted, using different starting models. The Earth’s
surface was approximated by digitized topography or a flat
surface. In addition, various rotations of the impedance ma-
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trix with respect to the principle axis were examined, and
different mesh discretizations were used. The results fell into
three categories: significantly similar models with the TM
mode alone and an root-mean-square (rms) fit of approxi-
mately 3, similar models from both the TM and TE modes
with rms fit of about 12 in which the poor fit was due to the
TE mode at all frequencies for station 735 and for station
740 for frequencies down to 0.01 Hz, or the solution did not
converge.

In a 2D environment the diagonal terms of the impe-
dance matrix, which relates the magnetic to the electric field
data, are zero, and the TM and TE modes are contained in
the off-diagonal terms. The impedance matrix reduces to a
scalar quantity for a layered or 1D earth, and this matrix is
full in a 3D environment. Electrical strike can be estimated,
with a 90° ambiguity, through a rotation of the impedance
matrix to minimize the diagonal terms. If the matrix is ro-
tated at each frequency, the strike direction and correspond-
ing mode determination varies with frequency and depth,
possibly making the concept of strike nebulous. Acquiring
the data along a profile perpendicular to strike is preferable,
but this is not always a viable option. In this study the Rich-
ardson Highway provided easy logistical access; however,
the highway was there because of a pass through the moun-
tains that corresponds to complex geology. Hence the issue
of strike and mode determination is of particular importance.

Impedance strike estimated at three frequencies is
shown in Figure A1l. The profile line is not perpendicular to
strike, and the strike direction is somewhat inconsistent from
site to site and frequency to frequency. Variations in esti-
mated electrical strike can arise from splays off the main
fault and 3D structures, making mode determination prob-
lematic. Also near-surface inhomogeneities can distort the
impedance strike at depth (Groom and Bailey, 1989). Given
the regional strike, the xy mode is closest to the TM mode.
The data can also be rotated to the principle axes at each
frequency and the resulting TM dataset modeled. If the strike
direction varies at each frequency, the latter technique would
mix modes from frequency to frequency and the physical
significance of strike would be lost.

Two 2D models, which can be considered end members,
are presented for investigation: the TM mode produced from
rotation to principle axis (Fig. 8) and for the acquired xy
mode fixed as the TM mode (Fig. A2). The major features
of R1 to R4 are present in both models, but some departures
exist that should be considered in the interpretation. Both
models fit the MT data reasonably well with an rms of about
3. However, the preferred model, presented previously, is
simpler, more consistent with the other geophysical data, and
more geologically reasonable.

The alternative model is computed from the fixed xy
mode (Fig. A2). The corresponding apparent resistivity and
phase pseudosections for observed data and model response,
or calculated data (Fig. A3), show the model fit. The primary
differences are the conductor at depth that breaks up unit R1
under sites 735 and 755, which is not present in the first
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Impedance Strike

M. A. Fisher, N. A. Ratchkovski, W. J. Nokleberg, L. Pellerin, and J. M. G. Glen

Figure Al. Impedance strike determina-
tion for 1, 0.1, and 0.01 Hz.

Figure A2. Two-dimensional inverse MT
model using the TM mode from the principle
axis rotation and inversion using the conjugate
gradient method. The mapped geology is noted
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model, and the model is generally more conductive, but not
enough to change significantly the major points in the inter-
pretation. As with the first model, the fit is poorest south of
the Denali fault in the area mapped as Wrangellia.
Trial-and-error forward modeling can also be used to
ascertain the sensitivity of a model to the data. By using the
2D finite-element code of Wannamaker et al. (1987) resis-
tivity values can be changed and the forward response com-
puted. Because this is a pure 2D forward model, no off-line
structures can be modeled. For the presented models, for-
ward modeling shows that structure in the upper part of the
section is insensitive to the acquired data. Because the south-

above the model. The four units (R1-R4) are
discussed in the text.

ern portion of the section is quite resistive with values on
the order of a 1000 Q m and the northern portion is rather
conductive with values ranging in tens of ohms m, this zone
of insensitivity ranges from roughly 15 to 2 km, respectively.
The presence of the large features at depth denoted by R1
to R4 is supported with forward modeling. The value of R1
varied from 3000 to 10,000 Q-m, R2 from 5 to 20 Q-m, R3
from 200 to 500 Q-m, and R4 from 10 to 20 Q-m.

Error is introduced into the model because of the as-
sumption of a 2D earth. The two models presented help to
increase confidence that the structures R1 through R4 are
indeed present and both models suffer from similar 3D ef-
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Figure A3.  The observed (left) and calculated (right) apparent resistivity (top) and
phase (bottom) of the 2D model of Figure A2 presented in pseudosection format to
illustrate how well the observed and calculated values compare.

fects. The two stations that were most difficult to fit were
735 and 740, on each side of body R1. When both modes
are modeled the TE mode at site 735 is depressed, but par-
allel to the TM, indicating inhomogeneities in the section
above the zone of investigation. Distortions in the electric
field measurements by relatively near-surface inhomogene-
ities are known as static shifts (Pellerin and Hohmann, 1990)
and are best corrected using an independent dataset, which
is not available for this survey. Ad hoc shifting of curves to
account for an apparent shift resulted in a solution that did
not converge. Station 740 is just south of the Denali fault
where the mapped geology is rather complex. The TE mode
fits the data very poorly from about 0.1 to 0.01 Hz, and the
TM mode fit is poor above 0.1 Hz.

U.S. Geological Survey
345 Middlefield Rd.
Menlo Park, California 94025
mfisher@usgs.gov
(M.AF., WIN,, JM.G.G.)

Geophysical Institute

University of Alaska

P.O. Box 757320

Fairbanks, Alaska 99775
(N.AR)

Green Engineering, Inc.

2215 Curtis St.

Berkeley, California 94702
(L.P.)

Manuscript received 30 January 2004.

S131



Bulletin of the Seismological Society of America, Vol. 94, No. 6B, “Geophysical Data Reveal the Crustal Structure of the Alaska Range Orogen within the Aftershock Zone of the My, 7.9 Denali Fault Earthquake,” pp. S107-S131.

Plate 1: Geophysical and Earthquake Data across the Denali Fault, Alaska, along the Richardson Highway
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Plate 1. (Top) Migrated, depth-converted seismic reflection
data from along the Denali seismic line. (Bottom) Assembled
geophysical information over the Denali fault, including
gravity and magnetic, seismic reflection, crustal-velocity,
and magnetotellunic data, as well as seismicity. The plan

o o of section used in making Plate 1 parallels the Richardson - 30
o o o o Highway, which is not perpendicular to the Denali fault
Shallow resistivity 8 9 8 9 8 1C_> o ~  ohm-m Aftershock of the M7.9 earthquake (Figs. 1 and 3). Hypocenters shown on the plate lie within

10 km of the plane of section, measured along the strike
of the Denali fault, and the hypocenters were projected
parallel to this fault’s strike onto the section.
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