Bulletin of the Seismological Society of America, Vol. 94, No. 6B, pp. S85-S106, December 2004

Seismic Velocity Models for the Denali Fault Zone along the
Richardson Highway, Alaska

by Thomas M. Brocher, Gary S. Fuis, William J. Lutter, Nikolas I. Christensen, and

Natalia A. Ratchkovski

Abstract Crustal-scale seismic-velocity models across the Denali fault zone along
the Richardson Highway show a 50-km-thick crust, a near vertical fault trace, and a
5-km-wide damage zone associated with the fault near Trans-Alaska Pipeline Pump
Station 10, which provided the closest strong ground motion recordings of the 2002
Denali fault earthquake. We compare models, derived from seismic reflection and
refraction surveys acquired in 1986 and 1987, to laboratory measurements of seismic
velocities for typical metamorphic rocks exposed along the profiles. Our model for
the 1986 seismic reflection profile indicates a 5-km-wide low-velocity zone in the
upper 1 km of the Denali fault zone, which we interpret as fault gouge. Deeper
refractions from our 1987 line image a 40-km wide, 5-km-deep low-velocity zone
along the Denali fault and nearby associated fault strands, which we attribute to a
composite damage zone along several strands of the Denali fault zone and to the
obliquity of the seismic line to the fault zone. Our velocity model and other geo-
physical data indicate a nearly vertical Denali fault zone to a depth of 30 km. After-
shocks of the 2002 Denali fault earthquake and our velocity model provide evidence
for a flower structure along the fault zone consisting of faults dipping toward and
truncated by the Denali fault. Wide-angle reflections indicate that the crustal thick-
ness beneath the Denali fault is transitional between the 60-km-thick crust beneath
the Alaska Range to the south, and the extended, 30-km-thick crust of the Yukon—

Tanana terrane to the north.

Online Material: Tables of locations for the TACT 1986 and TACT 1987 lines.

Introduction

The November 2002 M,, 7.9 Denali fault earthquake
was the largest inland strike-slip event to strike North Amer-
ica since the 1906 San Francisco earthquake in California
(Eberhart-Phillips er al., 2003; Frankel, 2004). The earth-
quake yielded a number of valuable strong ground motion
recordings, measurements of surface rupture, geodetic ob-
servations, and other instrumental recordings. Strong ground
motions from the earthquake were recorded as near as 3 km
from the surface rupture, at Trans-Alaska Pipeline Pump
Station 10, where the largest peak accelerations of 0.36g
were observed (Ellsworth er al., 2004). Finite-source and
geodetic inversions of fault slip reveal that the Richardson
Highway was located within one of three large slip patches
produced by the earthquake (Eberhart-Phillips et al., 2003;
Frankel, 2005). Coseismic slip reached 5.8 m (dextral slip)
at the Richardson Highway (Haeussler et al., 2005).

Stout et al. (1973) estimated the long-term right-lateral
slip rate on the Denali fault near the Richardson Highway
as 5 to 6 mm/yr based on offset Holocene alluvial fans and
drainages. Plafker et al. (1977) estimated this rate as 10 mm/
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yr based on offsets of inferred Wisconsin-age moraines.
Fletcher (2002) inverted Global Positioning System (GPS)
measurements across the fault as indicating a slip rate of 8
mm/yr with an apparent geodetic locking depth of 28 km.

Along the Richardson Highway, the Denali fault zone
takes a right-hand extensional bend (Fig. 1A). Relatively few
aftershocks were recorded along the highway (Fig. 1B), al-
though many aftershocks were recorded to the west and east
of the extensional bend (Ratchkovski et al., 2003). East of
the Richardson Highway, the Denali fault splays into several
associated faults, including the Broxson Gulch thrust and the
Hines Creek fault (Fig. 1B). West of the highway, after-
shocks of the Denali fault earthquake occupy a broad area
centered on the Denali fault zone (Fig. 1B), suggesting that
several of these associated faults experienced postseismic
slip (Ratchkovski et al., 2003).

Trans-Alaska Crustal Transect (TACT) Seismic Lines

In 1986, the U.S. Geological Survey (USGS) acquired
an 83.9-km-long deep crustal seismic reflection line crossing
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Figure 1. (A) Map showing location of seismic lines along the Richardson Highway
crossing the Denali fault zone acquired by the Trans-Alaska Crustal Transect (TACT)
project. Thick dotted line shows location of the TACT 1987 line. Thinner dashed line
shows location of TACT 1986 line (Fisher et al., 2004). Beaudoin et al.’s (1992) re-
fraction line in Yukon—Tanana terrane is shown as a heavy dashed line. Base geological
map is adapted from Foster et al. (1987), Jones et al. (1987), and Nokleberg et al.
(1989). Faults are dashed where inferred. Figure modified from Brocher ez al. (1991).

(continued)
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the Alaska Range and the Denali fault zone along the Rich-
ardson Highway (Fisher et al., 2004), which we will refer
to as the TACT 1986 line. The line, collected for the TACT
project (Stone et al., 1986), ran along the Trans-Alaska Pipe-
line. The line started at the Richardson Monument and ended
just north of Donnelly Dome (Fig. 1B).
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Figure 1. (continued)  (B) Detail map of
study area. Dashed lines labeled C, E, and R
provide locations of cross sections showing re-
located aftershocks of the 2002 Denali fault
earthquake plotted in Figure 9 (Ratchkovski et
al., 2003). Numbers 0, 10, 20, 30, etc., along
TACT 1986 line mark model kilometers along
the line. Aftershock locations are from the Ad-
vanced National Seismic System (ANSS) on-
line catalog. DDGM, Donnelly Dome—Granite
Mountain; MCSC, McCallum Creek—Slate
Creek.

The TACT 1986 line was acquired using a recording
array providing source-receiver offsets up to 15 km. Brocher
et al. (1991) used travel times recorded to these offsets to
derive compressional- and shear-wave velocity models for
the shallow upper crust along the Richardson Highway
(Fig. 2). Although the line passes through Isabel Pass and
the Alaska Range (Fig. 1B) there is only 460 m of vertical
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Figure 2. (A) Comparison of mapped Quaternary deposits along the TACT 1986

line with velocity model inferred from forward modeling of refracted arrivals for the
line. Numbers along model indicate compressional-wave velocities in km/sec. A slash
between two numbers indicates a vertical velocity gradient between the numbers given.
Dots along the base of the model show the horizontal location of the sources used for
forward modeling. Distances along the model correspond to km markers shown in
Figure 1B. (B) Same velocity model for the TACT 1986 line showing velocities within
the Devonian and upper Mesozoic metamorphic basement rocks. At km 40, shear-wave
velocities are shown after the corresponding compressional-wave velocities, with a
comma separating the two velocities. Locations of rocks sampled for laboratory mea-
surements are indicated by large arrows with sample numbers (e.g., TA-22). Figure

modified from Brocher ef al. (1991).

relief along it. (® Coordinates for this line are available
online at the SSA Web site).

In 1987, the USGS acquired a 115-km-long seismic re-
fraction line crossing the Denali fault along the Richardson
Highway (Beaudoin et al., 1989). Eight large borehole ex-
plosions were detonated within the line of recorders, and six
explosions to the north and south of the line provided wide-
angle coverage of the lower crust and Moho (Fig. 1A).
Crustal models for this refraction line, which we call the
TACT 1987 line, have not been reported.

In this study we integrate the results of the two TACT
seismic lines, compare the results to laboratory studies of
typical metamorphic rock suites found along the Richardson
Highway and to the isostatic gravity field, and discuss some
of the implications of the models for understanding the struc-
ture of the Denali fault and strong ground motions produced
by the 2002 Denali fault earthquake.

Geologic Setting

The geology along the TACT seismic lines in the Alaska
Range has been previously summarized (e.g., Nokleberg et
al., 1982, 1985, 1986, 1992a, 1992b; Jones et al., 1987,
Stanley et al., 1990; Ridgway et al., 1997, 2002). We focus
on the Wrangellia and Yukon-Tanana terranes, which, by
area, comprise the majority of the units exposed at the sur-
face along the seismic lines (Fig. 1B). The Wrangellia ter-
rane is interpreted as a late Paleozoic island arc overlain by
Mesozoic basaltic and island arc volcanic rocks and flysch.
Very few, if any, of these Mesozoic cover rocks are pre-
served in the study area. The Yukon—Tanana terrane consists
of Devonian and older metasedimentary schists and sparse
Devonian metavolcanic and metagranitic rocks (Aleinikoff
and Nokleberg, 1985; Nokleberg and Aleinikoff, 1985; Fos-
ter et al., 1987; Jones et al., 1987). In addition, we consider
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the Kahiltna Formation, largely Upper Jurassic and Lower
Cretaceous flysch and associated andesitic volcanic rocks,
which may have been underthrust along the Denali fault
zone during the mid-Cretaceous (Jones et al., 1987; Stanley
et al., 1990).

North of the Denali fault, in the Yukon—Tanana terrane,
the schistocity is folded into a large antiform (Fig. 1A).
Brocher et al. (1991) cited a large anisotropy in laboratory
measurements of compressional wave velocities to support
their inference that this schistocity antiform is responsible
for a northward increase in compressional wave velocities
north of the Denali fault.

The valley occupied by the Richardson Highway in this
location is underlain by a thin, typically 50 to 100 m thick,
veneer of Quaternary deposits and weathered bedrock
(Brocher et al., 1991). These Quaternary units are alluvial
or moraine deposits of various ages (Fig. 2). They thicken
slightly in the vicinity of the McCallum Creek-Slate Creek
and Denali fault zones.

The TACT 1986 Seismic Reflection Line

Forward modeling of first-arrival travel times from the
TACT 1986 line (Brocher et al., 1991) indicates that the com-
pressional-wave velocities of the uppermost deposits lie be-
tween 1.7 and 2.1 km/sec (Fig. 2A) which are typical of
Quaternary glacial deposits. Shear-wave velocities for these
deposits derived from forward modeling of the secondary
arrivals from the TACT 1986 reflection line range between
0.6 and 1.6 km/sec (Brocher et al., 1991).

Two distinct travel-time branches having different ap-
parent velocities, and a pronounced seismic reflection
(Brocher et al., 1991), provide evidence that the contact be-
tween the Quaternary deposits and the metamorphic base-
ment rocks is a strong velocity discontinuity. In our velocity
model for this contact (Fig. 2), compressional-wave veloci-
ties in the metamorphic bedrock in both the Wrangellia and
Yukon-Tanana terranes increase abruptly to 4.9 km/sec; the
corresponding shear-wave velocity increases abruptly to
2.0 km/sec (Fig. 2).

Within the Wrangellia and Yukon-Tanana terrane base-
ment rocks, where velocity gradients are lower and the to-
mography model is better resolved, comparison of the to-
mographic compressional- and shear-wave velocity models
in the Yukon-Tanana terrane indicate that a V,/V; ratio of
2.0 is appropriate for the upper 1 km of these basement rocks
(Fig. 3). Although we did not explicitly solve for V,,/V,, and
V, is not as well resolved as V}, in this location, a higher V,,/
Vs, 2.2-2.5, may be more appropriate for the vicinity of
Pump Station 10.

In the Denali fault zone, the Quaternary deposits and
top of the metamorphic basement rocks are separated by a
300- to 400-m-thick unit having a compressional-wave ve-
locity of 3.7 to 4.2 km/sec (Fig. 2B). Although Brocher et
al. (1991) interpreted this unit as Tertiary sedimentary strata,
such Tertiary strata are not proximal to the fault. This ob-

servation, the unit’s location along the Denali fault zone, and
the strongly negative topographic expression of the fault
zone suggest that a more plausible interpretation of this unit
is that it represents fault-gouge or fault-damaged material.
This zone of fault damage would be about 5.7 km wide along
the TACT 1986 reflection line, which locally trended along
the fault (Fig. 1B), but is closer to 4.5 km wide as measured
normal to the Denali fault zone (Fig. 2A).

Description of the TACT 1987 Seismic
Refraction Line

In 1987 the USGS, in cooperation with the Geological
Survey of Canada, collected a 115-km-long seismic
refraction/wide-angle reflection line across the Alaska Range
between Paxson and Delta Junction (Fig. 1A). A total of 13
shots, varying in size between 455 and 2725 kg of ammo-
nium nitrate, were recorded by 120 USGS cassette recorders
having a nominal spacing of 1 km (Beaudoin et al., 1989).
(® The source and receiver locations for the TACT 1987 line
are available online at the SSA Web site).

Eight shots were detonated at intervals of about 15 km
along the line in boreholes and lakes. Six shots detonated
off the ends of the receiver lines produced maximum source-
receiver offsets of 325 km (Fig. 1A). All shotholes were
detonated either in rock or wet alluvium (Kohler and Fuis,
1992). Charges larger than 1360 kg were split evenly into
two boreholes fired simultaneously. The 20-cm-diameter
boreholes ranged in depth from 30 to 49 m (Brocher, 2003).
The experimental uncertainties in timing were about one
msec (Beaudoin ez al., 1989).

Compared to other TACT refraction lines, record sec-
tions from the TACT 1987 line show low signal-to-noise
ratios (Fig. 4). These low ratios are attributed to several fac-
tors; weak coupling of the explosive energy into glacial till
and stormy weather conditions were most important with
higher background noise levels along the Trans-Alaska Pipe-
line and weak crustal reflectors likely being secondary fac-
tors. Shotpoints on the southern half of the line gave higher
quality data than shotpoints on the northern end of the line
(e.g., Fig. 4). The weak sources on the north end of the line
(e.g., Shotpoints 45 and 46, detonated in glacial till) ad-
versely affected our ability to correlate secondary, reflected
arrivals on reversing profiles (Fig. 4). Nonetheless, these
data constrain the velocity of the upper crust and the average
velocity and thickness of the crust.

Compressional-wave refractions from the upper crust,
Pg, having an apparent phase velocity of about 6 km/sec,
are traceable to variable offsets (see examples in Fig. 4).
Short, discontinuous wide-angle reflections from the middle
and lower crust are observed in the record sections from
shotpoints on both ends of the line. Short, wide-angle re-
flections from the top of the upper mantle, PmP, are ob-
served only from the shots near the northern and southern
ends of the line (Figs. 4, 5).

Refractions from the upper mantle, Pn, are observed
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Figure 3.  Comparison of tomography models for the TACT 1986 line for the (top)
compressional and (bottom) shear-wave velocities in the shallow crust near the Trans-
Alaska Pipeline Pump Station 10 (modified from Brocher et al., 1991). Shaded regions
correspond to better-resolved parts of the models (resolutions exceed 0.75). Dots along
base of models show the horizontal location of the sources. Surficial V values of 1.2
to 1.8 km/sec are unrealistically high and result from undersampling of the surficial

layer.
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Comparison of observed and calculated travel times for the model given

in Figure 7. The black asterisk indicates the model location of the shotpoint. Upper
crustal refractions (Pg) and midcrustal reflections (PiP) labeled by their interface num-
bers (Fig. 7), and reflections from the Moho (PmP) are labeled. Note absence of re-
flections from deep interfaces from SP 42, SP 1, or SP 44.

only from shotpoints 49 and 54 located to the north of the
line, with a crossover distance of about 160 km (Beaudoin
et al., 1989). These Pn arrivals yield an unreversed upper
mantle velocity of 8.2 km/sec. Using Z = 0.5X_((V, + V})/
vV, — Vl))*o'5 for the relation between crossover distance,
X, and crustal thickness, Z (Sheriff and Geldart, 1995), with
V, = 6.4 and V, = 8.2 km/sec, yields a crustal thickness
of 28 km in the Yukon-Tanana terrane. By contrast, this
relation and values predict a crustal thickness above 53 km
from the data from Shotpoint (SP) 8 and SP 19, south of the
line, which did not yield Pn arrivals out to distances of 300
km (Beaudoin et al., 1989). Shear-wave arrivals were not
prominent on the TACT 1987 record sections and were not
used in our study.

Inversion of the TACT 1987 LINE

Two-dimensional velocity models for the TACT 1987
line were obtained from inversions of first- and second-
arrival travel times. The line crossed the Denali and Hines
Creek faults at oblique angles of 40° to 60°, and its interpre-

tation should bear this obliquity in mind. A potential limi-
tation of our model is its reliance on two-dimensional ge-
ometry. The receivers and shots closely followed the
Richardson Highway, which curves gently (Fig. 1A). This
curvature results in portions of the line lying as much as 5
km off the best-fitting linear projection to the line. We focus
our discussion on results unlikely to be strongly influenced
by this nonlinearity.

Upper Crustal Velocity Models

We inverted the first-arrival (Pg) travel times using a
tomography algorithm described by Lutter ez al. (1990). Ve-
locities between nodes were interpolated using bicubic
splines, so that no first-order velocity discontinuities were
introduced into the model. We parameterized the model us-
ing 192 nodes spaced every 7.7 km in distance and every
0.6 km in depth on average (actual node depths were — 2.0,
—-1.25, —1.0, —0.7, =04, —0.1, 0.5, 1.0, 1.5, 2.5, 4.5,
and 7.0 km where 0.0 km is sea level). Although we tested
models having more than 192 velocity nodes, their resulting
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resolutions were judged to be unacceptably low, suggesting
that 192 nodes sufficed.

One thousand rays at 0.3-km intervals were traced
through the models, yielding a final average rms error of
0.063 sec for all 8 shots (Fig. 5). Table 1 lists the rms travel-
time misfit for every shot (layer 1), indicating rms travel-
time misfit range between 0.042 and 0.079 sec, comparable
to or less than the accuracy of the travel time picks. The 348
first-arrival travel-time picks summarized in Table 1 repre-
sents the set of travel times used in the joint inversion for
lower crustal structure described below: they are a subset of
the 1000 picks available for the first-arrival-time tomogra-
phy model.

Resolution and standard deviations of model parameters
were calculated following Nowack and Lutter (1988) and
Lutter ef al. (1990). A linearized resolution matrix quantifies
how our experimental geometry limits our ability to resolve
the actual crustal velocity structure resulting in a smoother
inverted crustal model. Diagonal elements of the resolution
matrix range between values of 0 and 1 and are inversely
proportional to the degree of averaging in the inverted
model. Model parameters associated with diagonal elements
of the resolution matrix greater than or equal to 0.5 have
acceptable resolution values and are considered meaningful.
The best-resolved portion of the model (model resolution
0.5 or more) lies less than 4 km below sea level (Fig. 6B),
above a prominent electrical conductor and seismic reflector
(Stanley et al., 1990). The upper kilometer of the model was
not as well resolved (Fig. 6B).

Lower Crustal Velocity Model

Velocities above interfaces and depths to five interfaces
of the mid- to lower-crust (Fig. 7) were inverted from the
travel times of wide-angle reflections from these horizons
using an algorithm described by Lutter and Nowack (1990).
The travel times for these second arrivals are illustrated in
Figure 5. The depth to an interface and the velocity of the
crust above the interface were simultaneously determined:
the complete crustal model was obtained by working se-
quentially down through the crust, layer by layer. We in-

verted for a total of 20 parameters (velocity and interface
nodes) for five interfaces, using 467 travel times, producing
an acceptable average rms travel-time misfit of 0.12 sec for
all five interfaces (Table 1).

Bicubic splines were used to interpolate points along
the five interfaces. The velocities to a depth of 5.5 km below
sea level were taken from the model derived from inversion
of Pg travel times shown in Figure 6C. To start the inversion,
we inverted reflection times for the velocities and thickness
of the crust between 5.5- and 10-km depth. The best solution
resulted in a layer with a negative velocity gradient with
depth yielding velocities that decrease from 6.2 to 6.05 km/
sec. We sequentially inverted for the velocity and thickness
of all deeper layers. Our inversion produced a small velocity
reversal (from 6.5 to 6.4 km/sec) at depths ranging between
18 and 40 km (Fig. 7). Only travel times from the 8 shots
within the refraction profile were used in our inversion
(Fig. 5), no travel times from off-end shots were analyzed.

Table 1 summarizes details of the interface inversion
for every shot, including the number of wide-angle reflec-
tions used to invert for each interface. As many as 48 rays
and as few as 13 rays were used at a single shot to constrain
an interface. Each interface was sampled by as many as 146
and as few as 52 rays from all shotpoints. Figure 5 and Ta-
bles 1 and 2 indicate how each shot contributed reflection
control on an interface. Nominal subsurface coverage pro-
vided by these reflections is summarized in Table 2, assum-
ing horizontal interfaces. Because these interfaces dip
gently, the subsurface coverage predicted by this table dif-
fers slightly from Figure 7.

Table 1 also summarizes the rms travel-time misfits for
each interface and shot. Root mean square travel time misfits
for individual shots range from a high of 0.205 sec (for in-
terface 3) to a low of 0.050 sec (also for interface 3). For all
shots, interface 3 had the largest average rms travel-time
misfit.

Observed wide-angle reflection branches are short
(Fig. 5), on the order of 10 to 20 km long, providing limited
constraints on average crustal velocities and defining the ge-
ometry of interfaces only near the center of the profile
(Fig. 7). Uncertainties in the velocities of the middle to lower

Table 1
Number of Rays and rms Travel Time Misfits (in sec) for Each Interface and Shotpoint
SP Layer 1 Interface 2 Interface 3 Interface 4 Interface 5 Interface 6
SP (Model km) (N, RMS) (N, RMS) (N, RMS) (N, RMS) (N, RMS) (N, RMS)
3 0.00 46, 0.062 — 21, 0.050 25, 0.092 48, 0.085 30, 0.130
41 14.20 40, 0.046 — 18, 0.205 31, 0.139 41, 0.097 21,0.171
2 28.33 48, 0.063 21, 0.117 31, 0.180 41, 0.178 — —
42 37.77 59, 0.079 26, 0.131 — — — —
1 49.65 42, 0.055 13, 0.119 — — — —
44 84.70 60, 0.052 42, 0.094 — — — —
45 99.46 32, 0.042 — — — 29, 0.109 —
46 113.71 21, 0.053 — — — 28, 0.075 —
All 348, 0.059 102, 0.113 70, 0.157 97, 0.148 146, 0.093 52, 0.147
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Figure 6. Tomography model for the TACT 1987 line. (A) Geologic cross section
inferred from geologic mapping and shallow seismic refraction profiling (modified from
Brocher et al., 1991). VE = 10:1. Abbreviations for symbols used are as follows: jcs,
Devonian and older metasedimentary rocks of the Jarvis Creek Glacier subterrane of
the Yukon-Tanana terrane; jcv, Devonian metavolcanic rocks of the Jarvis Creek Gla-
cier subterrane of the Yukon-Tanana terrane; jcg, Devonian metagranitic rocks of the
Yukon-Tanana terrane; PPs, Pennsylvanian and Permian sedimentary and volcanic
rocks of the Slana Spur Formation of the Wrangellia terrane; Pe, Permian sedimen-
tary rocks of the Eagle Creek Formation of the Wrangellia terrane; Ts, Tertiary sedi-
mentary rocks. (B) Tomography velocity model plotted with a vertical exaggeration of
10:1. Filled circles on top of the models show the location of shotpoints. Isovelocity
lines are contoured at an interval of 0.5 km/sec. The gray shading highlights better-
resolved parts of the model (resolutions greater than 0.5). Short lines indicate reflections
from TACT 1986 seismic line presented by Fisher ef al. (2004). (C) Same model as in
part B plotted with less vertical exaggeration (VE 2:1)

crust range from 0.1 to 0.5 km/sec (Fig. 7). In particular, the
6.3 km/sec velocity of the layer between interfaces 5 and 6
at the base of the crust is poorly constrained, as indicated by
a low resolution value of 0.25. The presence of a lower
crustal layer that thins and terminates northward (between
interfaces 5 and 6) is inferred from two wide-angle reflec-
tions that converge northward. The velocity within this layer,
6.3 = 0.5 km/sec, however, is poorly constrained. In Figure

7, we show this layer as terminating north of the southern
end of our line as the layer is not reported to the south of
our line (Fuis et al., 1991).

The depth to the Moho generally has an uncertainty of
about *+10%, or =5 km in our study area. The strongly
concave geometry of the interfaces below 20-km depth re-
sults from the bicubic spline used to interpolate points along
the interfaces.
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Figure 7. Velocity model for the TACT 1987 line. Velocities in the upper 5 km are
taken from Figure 6B. Shotpoint locations are provided at the top of the model. Solid
lines along interfaces indicate locations of reflection points. Dashed lines along inter-
faces are not constrained by reflections and are projected. High electrical resistivity
units R1, R3, and R4 and high conductivity unit C2, from Fisher et al. (2004), are
shaded in gray. Aftershocks of the Denali fault earthquake plotted as small solid dots.
Thick dashed lines represent inferred thrust faults (Donnelly Dome—Granite Mountain
and McCallum Creek-Slate Creek).
Table 2
Nominal Midpoints of Reflections from Interfaces, Assuming Horizontal Layers
Midpoints Midpoints Midpoints Midpoints Midpoints
SP Interface 2 Interface 3 Interface 4 Interface 5 Interface 6
SP (Model km) Model km) Model km) Model km) Model km) Model km)
3 0.00 — 38-48 51-57 45-57 43-50
41 14.20 — 42-59 57-64 54-64 54-59
28.33 42-56 56-71 61-71 — —
42 37.77 20, 55-66 — — — —
1 49.65 25-30 — — — —
44 84.70 51-58, 66-70 — — — —
45 99.46 — — — 50-57 —
46 113.71 — — — 57-64

All 20, 25-30, 42-70 38-71 51-71 45-64 43-59




S96 T. M. Brocher, G. S. Fuis, W. J. Lutter, N. I. Christensen, and N. A. Ratchkovski

Results

Cenozoic Basins

The P-wave velocity isocontour of 5 km/sec from the
TACT 1987 line coincides with the base of shallow seismic
reflectivity along the TACT 1986 line (Fig. 6B). A velocity
of ~5 km/sec is an approximate upper limit for the velocities
of Cenozoic sedimentary rocks in Alaska (Fuis et al., 1991).
Combined with the base of reflectivity, this isovelocity con-
tour provides an approximate estimate for the maximum
thickness of Tertiary sedimentary basin fill. Two thin sedi-
mentary basins along the line are identified, one in the
Alaska Range (McCallum Creek basin) and one in the Delta
Junction area (Tanana basin). The McCallum Creek basin
appears to be ~1.5 km thick, and the Tanana basin appears
to be ~3 km thick.

Fig. 8 compares our velocity model with coincident iso-
static gravity anomalies. In isostatic gravity maps (e.g.,
Morin and Glen, 2003) both the McCallum Creek and Tan-
ana basins are associated with pronounced gravity anomaly
lows typical of significant thicknesses of Cenozoic sedimen-
tary rocks having a large density contrast with the underlying
basement rocks. The McCallum Creek basin is delineated as
an elongate, northwest-trending isostatic gravity low about
28 km long and 18 km wide (Morin and Glen, 2003). These
maps indicate that the TACT 1987 line traversed the center
and deepest part of that basin. Similar isostatic gravity maps
indicate that the TACT 1987 line traversed the easternmost
and narrowest part of a segment of the northwest-trending
Yukon—Tanana basin (not shown).

Upper Crustal Basement Rocks

In agreement with the TACT 1986 line results (Brocher
et al., 1991), the TACT 1987 model (Fig. 6B) shows rela-
tively high surficial velocities for Yukon-Tanana terrane
basement rocks, which crop out between model ranges of 60
and 100 km. The model provides evidence for a slight north-
ward shallowing of the P-wave velocity isocontours within
the Yukon—Tanana terrane (Fig. 6B), consistent with a north-
ward increase in the seismic velocity. As did Brocher et al.
(1991), we attribute this northward increase to (1) the intrin-
sic anisotropy of these mica-quartz schists, in which veloc-
ities are fast parallel to the foliation and slower perpendicular
to the foliation, coupled with (2) the systematic northward
decrease in the dip of foliation (Fig. 6A); together, (1) and
(2) produce progressively faster rock to the north, in the
direction of horizontally propagating refractions.

Denali Fault Zone

The tomography model for the TACT 1987 line indicates
that the Denali fault zone is associated with lower velocities
(note the depression in 6 km/sec contour) as is expected for
a major, active strike-slip fault (Mooney and Ginzburg,
1986). The 40-km width of the low-velocity zone, however,
is 10 to 20 times wider than observed along other fault zones
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Figure 8.  (a) Isostatic gravity anomalies (Morin

and Glen, 2003), (b) velocity model for the TACT
1987 line (from Fig. 6B), and (c) seismic reflectivity
from the TACT 1986 line (Fisher et al., 2004).

(although as much as half of this apparent width could result
from the strong obliquity of the seismic line to the fault
zone). As described below, we believe this excessive width
results from the composite damage associated with several
strands of the Denali fault zone.

The Denali fault zone is associated with subdued iso-
static gravity low whose location and width seem best cor-
related with the geometry of the 6 km/sec isocontour (Fig.
8A). The 20-km-wide gravity low along the Denali fault
zone is traceable using sparse gravity observations for about
70 km west of the Richardson Highway (Morin and Glen,
2003) but is not apparent to the east of the highway. We
attribute the general northward decrease in the isostatic grav-
ity (Fig. 8A) to northward deepening of the depth to top of
basement as indicated by the 5 km/sec isocontour.
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McCallum Creek—Slate Creek and Donnelly Dome—
Granite Mountain Faults

Upward steps in the 4.5, 5, and 5.5 km/sec contours
between the 40- and 60-km model range, within and north
of the McCallum Creek basin, are offset progressively north-
ward with depth, suggesting the possibility of a shallowly
northward-dipping thrust fault. We have tentatively inter-
preted these contour shapes as evidence of the northward
extension of the McCallum Creek—Slate Creek thrust fault.
This interpretation is also supported by the velocity model
for TACT 1986 (Fig. 2).

Sharp upward ramps and steps in the 3 to 6 km/sec
contours beneath and south of Donnelly Dome are offset
progressively southward with depth, suggesting the possi-
bility of a shallowly southward-dipping thrust fault. We in-
terpret these contour shapes as evidence of the southward
extension of the Donnelly Dome-Granite Mountain thrust
fault.

Moho Geometry

Our velocity model is consistent with a crustal thickness
of about 50 km and with northward thinning of the crust
(Fig. 7). Forward modeling of travel times of wide-angle
reflections from the Moho (PmP) suggests a crustal thick-
ness of 52 km beneath the Wrangellia terrane. For shotpoints
within the Wrangellia terrane (SP 3 and SP 41) on the south-
ern end of the line, PmP reflections are emergent, suggesting
the presence of a several-kilometer-thick transition from
crustal velocities to upper mantle velocities (between inter-
faces 5 and 6, see Fig. 7). On the northern half of the line,
for shotpoints in the Yukon—Tanana terrane (SP 45 and SP
46), PmP reflections are more prominent, suggesting a thin-
ner transition zone between crustal and upper mantle veloc-
ities. The best constraints on the crustal thickness within the
Yukon-Tanana terrane to the north of the TACT 1987 line
are provided by a refraction line described by Beaudoin et
al. (1992); (the location of this line is shown in Fig. 1A).
Beaudoin et al. (1992) show that the crust at the northern
end of our profile is between 28 and 30 km thick (Fig. 7).

Discussion

Pump Station 10

Trans-Alaska Pipeline Pump Station 10 is located about
300 m west of the TACT 1986 line, placing it closer to the
Delta River than to the seismic line. Based on Figures 2 and
3, the Quaternary deposits and weathered bedrock at the
Pump Station are a total of about 70 m thick. These deposits
directly overlie Yukon-Tanana terrane schists having sig-
nificantly higher compressional-wave seismic velocities
(Fig. 2A), as required by the abrupt change in the slope of
the first arrivals (Brocher et al., 1991). Projecting contours
in the shear-wave velocity model for the TACT 1986 line
(Fig. 3) southward by about 300 m allows us to summarize

Table 3
1D Velocity Model for Pump Station 10
Depth (km) V,, (km/sec) V, (km/sec)

0.00 1.70 0.62°

0.07 1.90 0.75

0.07 4.90 2.00

0.90 5.30 2.10

0.90 5.50 3.18

5.00 6.00 3.47*
10.00 6.50 3.76*
20.00 6.50 3.76*
20.00 6.40 3.70%*
40.00 6.40 3.70%
40.00 6.80 3.93*
47.00 6.80 3.93*
47.00 6.30 3.64*
50.00 6.30 3.64%
50.00 8.20 4.74%
60.00 8.20 4.74%*

*Assumed V,/V, = 1.73.
"Kayen et al. (2004) reported an average Vj in the upper 30 m of 0.32
km/sec.

the compressional- and shear-wave velocity structure at the
station (Table 3). S-wave velocities below 5 km depth in
Table 3 were calculated from the P-wave velocity assuming
a V,/V; ratio of 1.73 (see Tables 4-6), close to that inferred
near Fairbanks (Fig. 1A) from teleseismic receiver function
analysis (Searcy et al., 1996).

Ellsworth et al. (2004) inferred an International Build-
ing Code 2003 (IBC2003) type D soil for Pump Station 10
based on spectral analysis of surface wave (SASW) shear-
wave velocities (Kayen ef al., 2004), coarse-grained lithol-
ogies, and blow counts. SASW measurements at Pump Sta-
tion 10 yielded an average shear-wave velocity of 316 m/
sec in the first 30 m and shear-wave velocities in excess of
600 m/sec at a depth of 115 m (Kayen et al., 2004), or about
half those reported by Brocher er al. (1991) and given in
Table 3. Given the 3-km shot spacing used in their study,
however, Brocher et al. (1991) had limited resolution in the
upper hundred meters.

Recorded accelerations from the Denali fault earthquake
were largest at Pump Station 10 simply because this site was
located closest to the earthquake and in the direction of rup-
ture propagation (Ellsworth et al., 2004; Frankel, 2005).
However, did the local crustal structure increase strong
ground motions there? Pump Station 10 lies within the broad
zone of lower velocities associated with the fault zone ex-
tending to 5-km depth (Fig. 6B), which may channel seismic
energy along the fault. Nonetheless, Pump Station 10 lies
outside the narrow band of lower velocities (Fig. 2) inferred
to represent intense fault damage along the Denali fault zone
expected to significantly increase ground motions (e.g., Li
et al., 1990, 1994, 1995, 1997). From its location outside of
the damage zone we infer that only weak focusing of strong
motions at the location of Pump Station 10 resulted from the
known crustal structure.
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Table 4
Laboratory Measurements of Gulkana River Complex and Wrangellia Terrane Rocks
Press (MPa) TA-14 TA-15 TA-16 TA-27 TA-17 TA-18 TA-19 TA-22 TA-28 Average
P-Wave Velocity (km/sec, Mean Values)
10 6.694 6.248 5.374 5.646 5.704 6.617 6.947 4.991 5.687 5.990
50 6.784 6.613 5.708 5.951 5.986 6.741 7.132 5.426 6.042 6.265
100 6.814 6.790 5.886 6.081 6.095 6.802 7.217 5.662 6.178 6.392
200 6.871 6.937 6.049 6.195 6.177 6.869 7.308 5.865 6.276 6.505
400 6.933 7.051 6.173 6.302 6.250 6.938 7.399 6.002 6.361 6.601
600 6.971 7.108 6.232 6.363 6.293 6.978 7.448 6.065 6.409 6.652
800 6.999 7.147 6.272 6.406 6.324 7.003 7.480 6.107 6.441 6.687
1000 7.020 7.177 6.304 6.439 6.347 7.021 7.503 6.138 6.465 6.713
S-Wave Velocity (km/sec, Mean Values)
10 3.946 3.643 3.304 3.417 3.558 3.766 4.044 3.000 3.420 3.566
50 4.004 3.772 3.466 3.530 3.681 3.817 4.129 3.200 3.499 3.678
100 4.030 3.829 3.551 3.587 3.736 3.842 4.167 3.294 3.538 3.730
200 4.054 3.879 3.613 3.646 3.770 3.868 4.203 3.376 3.576 3.776
400 4.077 3.923 3.648 3.699 3.792 3.893 4.235 3.444 3.610 3.813
600 4.090 3.944 3.664 3.727 3.803 3.904 4.252 3.478 3.626 3.832
800 4.100 3.959 3.676 3.745 3.812 3911 4.264 3.499 3.636 3.845
1000 4.107 3.970 3.685 3.760 3.818 3915 4.272 3.515 3.643 3.854
V,/V, Ratio (Mean Values)
10 1.696 1.715 1.627 1.652 1.603 1.757 1.718 1.664 1.663 1.677
50 1.719 1.815 1.728 1.742 1.682 1.790 1.764 1.809 1.727 1.753
100 1.702 1.800 1.698 1.723 1.656 1.782 1.748 1.769 1.746 1.736
200 1.705 1.812 1.703 1.727 1.653 1.788 1.754 1.781 1.755 1.742
400 1.710 1.818 1.709 1.728 1.658 1.794 1.760 1.778 1.762 1.746
600 1.710 1.812 1.708 1.720 1.660 1.792 1.759 1.761 1.768 1.743
800 1.711 1.812 1.712 1.719 1.663 1.794 1.759 1.756 1.771 1.744
1000 1.712 1.813 1.715 1.719 1.665 1.795 1.760 1.754 1.775 1.745
Poisson’s Ratio (Mean Values)

10 0.234 0.242 0.196 0.211 0.182 0.260 0.244 0.217 0.217 0.223
50 0.244 0.282 0.248 0.254 0.227 0.273 0.263 0.280 0.248 0.258
100 0.236 0.277 0.235 0.246 0.213 0.270 0.257 0.265 0.256 0.251
200 0.238 0.281 0.237 0.248 0.212 0.272 0.259 0.270 0.260 0.253
400 0.240 0.283 0.239 0.248 0214 0.275 0.262 0.269 0.262 0.255
600 0.240 0.281 0.239 0.245 0.215 0.274 0.261 0.262 0.265 0.254
800 0.241 0.281 0.241 0.244 0.217 0.275 0.261 0.260 0.266 0.254
1000 0.241 0.281 0.242 0.244 0.218 0.275 0.261 0.259 0.267 0.254
Density 3088 3048 2624 2671 2823 3011 3154 2587 2771 2864

(kg/m3)

Brocher et al. (1991); N. I. Christensen (unpublished data, 2003).

Denali Fault Zone

The TACT 1986 and 1987 lines provide velocity models
having different spatial and depth resolution of the Denali
fault zone. The higher resolution TACT 1986 line images a
narrow, 5-km-wide, low-velocity zone (Ivz) centered on the
Denali fault zone (Fig. 1). This narrow and shallow (<400
m deep) lvz is attributed to fault zone damage along the
Denali and nearby thrust faults (Broxson Gulch and Hines
Creek thrusts). Given the 3-km source spacing used for this
model, we cannot rule out the possibility that a narrow
(<500 m wide) lvz along the near-vertical Denali fault zone
persists to greater depths than depicted in Figure 2.

The lower-resolution but deeper-penetrating TACT 1987
line images a 40-km-wide velocity low, best seen in the
6 km/sec isocontour, centered just north of the Denali fault

zone (Fig. 8). Reduced P-wave velocities in this broad lvz
(Fig. 8B) probably result from the shearing and fracturing
of large volumes of rock during strike-slip and dip-slip fault-
ing along several strands of the Denali fault zone. This low-
velocity zone is too broad to have formed along a single
fault strand, since studies of low velocity zones along other
strike-slip faults find widths less than 2 km (Mooney and
Ginzburg, 1986; Li et al., 1990, 1994, 1995, 1997; Chester
et al., 1999; Spudich and Olsen, 2001). Obliquity of the
seismic line to the Denali fault zone contributes to up to half
of this apparent 40-km width. Nonetheless, the inferred 20-
km-wide fault zone would still be 10 times larger than ob-
served elsewhere along other single fault strands. Well-
known horizontal smearing by the tomography method is
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Table 5

Laboratory Measurements of Yukon-Tanana Terrane Rocks Located within TACT 1987 Line

Press

(MPa) TA-20 TA-21 TA-29 TA-115 TA-114 TA-112 TA-113 Average
P-Wave Velocity (km/sec Mean Values)
10 4431 4.274 5.802 5.367 5.536 5.691 5.628 5.247
50 5.482 5.240 6.198 5.774 5915 5.935 5.864 5.773
100 5.886 5.710 6.311 5.950 6.049 6.038 5.975 5.988
200 6.073 5.998 6.383 6.076 6.151 6.136 6.077 6.128
400 6.160 6.136 6.445 6.178 6.245 6.236 6.168 6.224
600 6.203 6.202 6.479 6.237 6.301 6.297 6.219 6.277
800 6.232 6.247 6.501 6.279 6.340 6.342 6.254 6.314
1000 6.252 6.280 6.517 6.312 6.371 6.376 6.282 6.341
S-Wave Velocity (km/sec Mean Values)
10 3.187 2.740 3.503 3.124 3.244 3.331 3.362 3.213
50 3.593 3.316 3.620 3.325 3.385 3.442 3.484 3.452
100 3.789 3.646 3.674 3.418 3.451 3.496 3.541 3.574
200 3.898 3.880 3.713 3.490 3.510 3.542 3.584 3.660
400 3.938 3.975 3.738 3.546 3.562 3.578 3.617 3.708
600 3.954 4.001 3.749 3.578 3.590 3.597 3.635 3.729
800 3.963 4.016 3.755 3.600 3.610 3.611 3.648 3.743
1000 3.969 4.026 3.759 3.618 3.625 3.622 3.658 3.754
V,/V; Ratio (Mean Values)
10 1.390 1.560 1.656 1.718 1.707 1.708 1.674 1.631
50 1.720 1.912 1.712 1.737 1.747 1.724 1.683 1.748
100 1.638 1.722 1.718 1.741 1.753 1.727 1.687 1.712
200 1.603 1.645 1.719 1.741 1.752 1.732 1.696 1.698
400 1.580 1.581 1.724 1.742 1.753 1.743 1.705 1.690
600 1.575 1.560 1.728 1.743 1.755 1.751 1.711 1.689
800 1.576 1.561 1.731 1.744 1.756 1.756 1.714 1.691
1000 1.578 1.564 1.734 1.745 1.758 1.760 1.717 1.694
Poisson’s Ratio (Mean Values)
10 —0.036 0.151 0.213 0.244 0.239 0.239 0.223 0.182
50 0.245 0.312 0.241 0.252 0.257 0.247 0.227 0.254
100 0.203 0.246 0.244 0.254 0.259 0.248 0.229 0.240
200 0.181 0.207 0.244 0.254 0.259 0.250 0.233 0.233
400 0.166 0.167 0.247 0.254 0.259 0.255 0.238 0.226
600 0.162 0.151 0.248 0.255 0.260 0.258 0.241 0.225
800 0.163 0.152 0.250 0.255 0.260 0.260 0.242 0.226
1000 0.164 0.154 0.251 0.255 0.261 0.262 0.243 0.227
Density 2645 2633 2751 2703 2761 2735 2680 2701
(kg/m?)

Brocher et al. (1991); N. 1. Christensen (unpublished data, 2003).
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unlikely to cause this large lvz width, due to the close cor-
respondence between the shape of the gravity anomaly (Fig.
8A), and the geometry of the 6 km/sec isocontour (Fig. 8B).
We do not attribute the lowering of the compressional-wave
velocities in this zone as being related to shear heating re-
sulting from earthquake rupture because temperature coef-
ficients of —0.5to —0.6 X 10~ km/sec/C° for typical rock
types in the shallow crust (Christensen, 1979) would require
temperatures along the shallow fault zone to be elevated by
several hundred C°.

Our tomography model from the TACT 1987 line loses
resolution at depths more than 6 km (Fig. 6B). Thus, we
cannot rule out the possibility that a narrow (<500 m wide)
Ivz lies along the near vertical fault to greater depth.

The spatial location of this broad Ivz coincides with that
of the electrically high conductivity unit, C2, reported by
Fisher et al. (2004). Fisher et al. (2004) argued that the C2
anomaly images the Denali fault zone as a nearly vertical
structure down to 30-km depth (Fig. 7). Altogether, these
observations suggest that the Denali fault zone can be geo-
physically imaged throughout much of the crust and that it
is nearly vertical. These geophysical lows are centered on
the Hines Creek fault strand of the Denali fault zone. Inver-
sion of GPS data for the coseismic slip from the Denali fault
earthquake is also consistent with a slip on a high-angle,
85°-dipping fault (Hreinsdottir ez al., 2003). We are unaware
of any other seismic lines crossing the Denali fault zone in
other places to which our model can be compared.
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Table 6
Laboratory Measurements of Yukon-Tanana Terrane Rocks Located North of TACT 1987 Line
Press (MPa) TA-42 TA-47 TA-45 TA-46 TA-44 TA-43 TA-56 TA-57 Average
P-Wave Velocity (km/sec, Mean Values)
10 5.139 5.739 5.985 5.344 4.810 5.155 5.346 4.401 5.240
50 5.534 5.868 6.082 5.609 5.196 5.477 5.730 4917 5.552
100 5.731 5.932 6.132 5.738 5.397 5.628 5.886 5.194 5.705
200 5.894 6.003 6.191 5.862 5.602 5.764 6.026 5.436 5.847
400 6.019 6.075 6.260 5.976 5.786 5.887 6.160 5.611 5.972
600 6.084 6.115 6.304 6.039 5.882 5.957 6.235 5.697 6.039
800 6.129 6.142 6.335 6.083 5.949 6.006 6.289 5.758 6.086
1000 6.164 6.162 6.359 6.117 6.002 6.043 6.331 5.806 6.123
S-Wave Velocity (km/sec, Mean Values)
10 3.079 3.497 3.520 3.170 2.810 3.267 3.063 2.749 3.144
50 3.286 3.562 3.554 3.301 3.041 3.452 3222 3.074 3312
100 3.394 3.594 3.576 3.376 3.171 3.551 3.306 3.254 3.403
200 3.479 3.619 3.603 3.440 3.306 3.639 3.386 3.429 3.488
400 3.534 3.637 3.629 3.482 3.423 3.704 3.452 3.567 3.554
600 3.561 3.646 3.643 3.500 3.479 3.735 3.485 3.636 3.586
800 3.580 3.652 3.653 3512 3516 3.756 3.508 3.683 3.608
1000 3.595 3.657 3.659 3.521 3.544 3.773 3.525 3.721 3.624
V,/V, Ratio (Mean Values)
10 1.669 1.641 1.700 1.686 1.712 1.578 1.745 1.601 1.667
50 1.684 1.647 1.711 1.699 1.709 1.587 1.778 1.600 1.677
100 1.689 1.651 1.715 1.700 1.702 1.585 1.780 1.596 1.677
200 1.694 1.659 1.718 1.704 1.694 1.584 1.780 1.585 1.677
400 1.703 1.670 1.725 1.716 1.690 1.589 1.784 1.573 1.681
600 1.709 1.677 1.730 1.725 1.691 1.595 1.789 1.567 1.685
800 1.712 1.682 1.734 1.732 1.692 1.599 1.793 1.563 1.688
1000 1.715 1.685 1.738 1.737 1.694 1.602 1.796 1.560 1.691
Poisson’s Ratio (Mean Values)
10 0.220 0.205 0.236 0.229 0.241 0.164 0.256 0.180 0.216
50 0.228 0.208 0.241 0.235 0.240 0.170 0.269 0.179 0.221
100 0.230 0.210 0.242 0.235 0.236 0.169 0.270 0.177 0.221
200 0.233 0.215 0.244 0.237 0.233 0.169 0.269 0.170 0.221
400 0.237 0.221 0.247 0.243 0.231 0.172 0.271 0.161 0.223
600 0.239 0.224 0.249 0.247 0.231 0.176 0.273 0.156 0.225
800 0.241 0.227 0.251 0.250 0.232 0.179 0.274 0.154 0.226
1000 0.242 0.228 0.253 0.252 0.232 0.181 0.275 0.151 0.227
Density 2644 2624 2768 2641 2633 2615 2755 2531 2651

(kg/m?®)

Beaudoin et al. (1992); N. 1. Christensen (unpublished data, 2003).

Subsurface Geometry of Thrust Faults

Maps of aftershocks of the 2002 Denali fault earthquake
show that relatively few aftershocks occurred in the imme-
diate vicinity of the Richardson Highway (Fig. 1B). For that
reason we have plotted cross sections of the aftershocks not
only along the Richardson Highway, but also to the west and
east of the highway where the aftershock sequence was more
vigorous (Fig. 9). The cross section width is 20 km, that is
to say, 10 km on each side of the section. Along and to the
east of the highway, these cross sections define a shallow,
north-dipping plane of aftershocks between depths of 7 km
and the surface. Along the Richardson Highway these after-
shocks define a plane dipping about 26° to the north,

bounded on the north by the Denali fault zone (Fig. 9). Thus
they appear to be associated with a shallow, north-dipping
thrust fault that ruptures the surface, most likely the
McCallum Creek—Slate Creek fault.

Our velocity model images a similar shallowly north-
dipping Donnelly Dome—Granite Mountain thrust fault (Fig.
6A). This fault, marking the northern boundary of the Alaska
Range, is a north side upthrust having a major (20-60 m
high) north-facing escarpment in late Wisconsin deposits
(Hudson and Weber, 1977). We infer that this fault is
bounded to the south by the Denali fault zone.

The north-dipping McCallum Creek—Slate Creek and
south-dipping Donnelly Dome—Granite Mountain faults
(Rose, 1967; Hudson and Weber, 1977) appear to define a
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Figure 9.  Aftershocks of the 2002 Denali fault

earthquake plotted as plus symbols for three sections
crossing the Denali fault (locations of sections pro-
vided in Fig. 1B). Sections D and E, respectively lo-
cated west and east of the Richardson Highway, are
from Ratchkovski et al. (2003). Section R is located
along the Richardson Highway.

large flower structure (Harding, 1985) associated with the
Denali fault zone. Rose (1967) mapped a narrow, thin
(~300 m), fault-bounded block of Tertiary sedimentary
rocks within the Slate Creek fault zone, which he identified
as a right-lateral fault with a steep northward dip. The north-
dipping Broxson Gulch thrust and the south-dipping Hines
Creek fault probably represent additional thrust faults in this
larger flower structure. Within our study area, the Broxson
Gulch thrust is mapped as a narrow zone of imbricate thrusts
dipping northward between 5° and 40° (Stout and Chase,
1980). The right-lateral strike-slip Hines Creek fault dips
steeply southward and has evidence for a significant thrust
component (Nokleberg et al., 1989). Presumably these
thrusts merge downward at depth, forming a narrower fault
system at depth than is observed at the surface.

Relationships among Seismic Velocity, Electrical
Resistivity, and Seismic Reflectivity in the
Middle Crust

There are a number of intriguing relationships between
the velocity, resistivity, and reflectivity models. The upper
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boundaries of highly electrically resistive units, R1 and R4,
identified by Fisher et al. (2004), correspond to P-wave ve-
locities greater than 6 km/sec (Figs. 6B, 7). Whereas the
isolated resistive unit R3 lies nearly entirely within the
6.5 * 0.1 km/sec layer between 10 and 20 km depth, unit
R1 is not confined to any velocity layer but extends verti-
cally across layer boundaries (Fig. 7). The midcrustal set of
reflections north of the Denali fault zone (Fig. 6, feature B);
(see Fisher et al., 2004) lies almost entirely within the
6.5 * 0.1 km/sec layer between 10 and 20 km depth. The
truncation of the B reflectivity at or near 20-km depth is
associated with a decrease in P-wave velocity from 6.5 to
6.4 km/sec (Fig. 7).

Composition of the Middle and Lower Crust

Average crustal velocities in the Alaska Range at 10- to
40-km depths are relatively low in comparison to typical
continental crust (Christensen and Mooney, 1995), between
6.4 and 6.5 km/sec (Fig. 7). These refraction velocities are
comparable to laboratory measurements of compressional-
wave velocity (Tables 4-8) measured for many suites of
samples along the TACT line (Fig. 10). These measurements
indicate that on average, velocities decrease northward along
the TACT line, with the highest velocities being found in the
metamorphic complex of Gulkana River and the Wrangellia
terrane (Table 4). Rocks in the southernmost part of the
Yukon-Tanana terrane have intermediate velocities (Table
5) and rocks in the central and northern Yukon-Tanana ter-
rane are the most felsic and have the lowest velocities (Table
6). Table 8 presents measurements for samples from west of
the transect of the Kahiltna Formation, proposed to have
been thrust beneath the Yukon-Tanana terrane (Stanley et
al., 1990). Tables 4-6 also summarize the shear-wave ve-
locities, V,/V;, and Poisson’s ratios of these samples.

Comparison of the laboratory and refraction seismic ve-
locities (Fig. 10) suggests that the midcrust along the TACT
1987 line might be composed of a wide variety of rock types.
The measurements are inconsistent, however, with a mid-
crust composed almost exclusively of Nikolai greenstones
or andesitic breccias of the Slana Spur Formation from the
Wrangellia terrane, amphibolites from the Gulkana River
complex, and phyllites and mica quartzites from the Yukon—
Tanana terrane. Nonetheless, these latter rock types could
comprise a minor fraction of the middle crust.

Compressional-wave velocities in the upper crust of the
Wrangellia terrane are higher than those in the Yukon-—
Tanana terrane (Fig. 6). Laboratory measurements (Fig. 10)
suggest that the higher upper crustal velocities in the Wran-
gellia terrane may reflect the presence of moderate (up to
30%) amounts of higher velocity andesites, amphibolites, or
greenstone units.

V,/V, ratios vary between 1.67 and 1.77 for laboratory
samples best matching our model (Fig. 10). In Table 3 we
assumed a Vp/VS ratio within this range, 1.73, to convert
measured compressional-wave to shear-wave velocities.
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Table 7
Sample Lithologies (Ordered by Increasing Latitude)
Sample Latitude Longitude Lithology Formation Terrane
TA-14 62.63361 145.460000 Amphibolite Gulkana River Complex Gulkana
TA-15 62.66028 145.475278 Amphibolite Gulkana River Complex Gulkana
TA-16 62.68361 145.445000 Metagranodiorite Gulkana River Complex Gulkana
TA-27 62.82222 145.488889 Quartz diorite Gulkana River Complex Gulkana
TA-17 62.83111 145.473333 Metaandesite Gulkana River Complex Gulkana
TA-18 62.97583 145.448611 Greenstone Nikolai Greenstone Wrangellia
TA-19 63.09000 145.618889 Greenstone Nikolai Greenstone Wrangellia
TA-22 63.31111 145.705556 Andesite breccia Slana Spur Wrangellia
TA-28 63.33611 145.694444 Metaandesite Wrangellia
TA-21 63.43333 145.788889 Mica-Quartz Schist Jarvis Creek Yukon-Tanana
TA-20 63.46139 145.791667 Mica-Quartz Schist Jarvis Creek Yukon-Tanana
TA-29 63.57972 145.861111 Mica-Quartz Schist Yukon-Tanana
TA-115 63.66389 145.841667 Mica-Quartz Schist Jarvis Creek Yukon-Tanana
TA-114 63.73611 145.877778 Mica-Quartz Schist Jarvis Creek Yukon-Tanana
TA-112 63.81111 145.783333 Tonalite gneiss Donnelly Dome Yukon-Tanana
TA-113 63.81111 145.783333 Tonalite gneiss Donnelly Dome Yukon-Tanana
TA-42 64.15833 145.858333 Augen Gneiss Yukon-Tanana
TA-47 64.26111 146.130556 Gneiss Yukon—Tanana
TA-45 64.34167 146.852778 Andesite Yukon-Tanana
TA-46 64.34444 146.825000 Augen Gneiss Yukon-Tanana
TA-44 64.50000 146.969444 Mica-Quartzite Yukon-Tanana
TA-43 64.73889 147.066667 Slate-Phyllite Yukon—Tanana
TA-56 65.08889 147.719444 Mica-Quartz Schist Fairbanks Schist Yukon-Tanana
TA-57 65.08889 147.719444 Mica Quartzite Fairbanks Schist Yukon-Tanana
Table 8 these properties (Fig. 11). At 100 MPa, corresponding to a

Compressional-Wave Velocity (km/sec) of Rocks of Kahiltna
Formation as a Function of Confining Pressure

Press (MPa) TA-194B TA-194C TA-194D Mean
10 5.87 5.98 5.72 5.85

30 6.00 6.09 6.04 6.04

50 6.06 6.14 6.22 6.14

70 6.11 6.17 6.34 6.21

100 6.15 6.21 6.45 6.27
200 6.22 6.28 6.60 6.37
300 6.26 6.33 6.66 6.42
400 6.29 6.36 6.71 6.45
500 6.32 6.38 6.74 6.48
600 6.34 6.40 6.77 6.50
700 6.35 6.42 6.79 6.52
800 6.37 6.43 6.81 6.54
900 6.38 6.45 6.83 6.55
1000 6.39 6.46 6.84 6.56
Density, kg/m® 2778 2765 2960 2834

N. L. Christensen (unpublished data, 2003).

Measurements for several samples (TA-20, TA-21, TA-43,
and TA-57) yielded unusually low V,,/V, and Poisson’s ratios
(Tables 5, 6), not thought typical of these rocks, and are not
plotted on Figure 10.

At constant hydrostatic pressure, linear regression of
mean compressional-wave velocity and density for 28 sam-
ples of the Wrangellia, Yukon—-Tanana, and Kahiltna ter-
ranes (Tables 4-6, 8) define empirical relationships between

depth of about 3 km, this relationship is:
p(kg/m?) = 348 V,(km/sec) + 646. (1)

At 1000 MPa, corresponding to a depth of about 30 km, we
find:

plkgim?) = 418 V (km/sec) + 75. )

Both relationships fit the observations within a maximum
error of 100 kg/m®. The correlation coefficient is higher for
a confining pressure of 1000 MPa (R*> = 0.92) but remains
compelling at 100 MPa (R* = 0.90). This linear relationship
(Fig. 11) results in the close correspondence between the
isostatic gravity and the tomography model (Fig. 8).

Moho Geometry

Our inference of a 45- to 50-km crustal thickness near
the Denali fault (Fig. 12) agrees with other studies. TACT
seismic lines south of the Denali fault zone (Goodwin et al.,
1989; Fuis et al., 1991) demonstrate that a 45- to 50-km-
thick crust occupies a region about 180 km wide (Fig. 12).
Teleseismic receiver function analysis of broadband data re-
veals a 46- to 47-km-thick crust south of the main strand
of the Denali fault along the Parks Highway (at 149°W)
(Meyers et al., 2001; Meyers-Smith et al., 2002).

Our inference of a thin, 28-km-thick crust in the Yukon—
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Tanana terrane from Pn travel times also agrees with other
studies. Thin (28-32 km), low-velocity crust (6.1-6.4 km/
sec) beneath the Yukon-Tanana terrane (Fig. 12) was doc-
umented by Beaudoin er al. (1992) from refraction studies
centered at Delta Junction and by Searcy et al. (1996) from
teleseismic receiver function analysis near Fairbanks. Lowe
and Cassidy (1995) also reported thin crust north of the Den-
ali fault in the Yukon Territory of Canada, where the crustal
thickness was measured as 35 and 39 km at Dawson and
Whitehorse, respectively. Based on field mapping, structural
fabric analysis, and isotopic data, Pavlis et al. (1993) argued
that the Yukon—Tanana terrane underwent amagmatic exten-
sion during the mid-Cretaceous, which would explain the
thin crust there.

The geometry of the transition between the thick crust
in the Alaska Range and the thin crust beneath the Yukon—
Tanana terrane is not imaged by our analysis. We show it
as being transitional in Figure 12, but it could be more step-
like. In any case, our model provides no evidence for a steep
step in the Moho across the Denali fault zone (Fig. 12).

A number of different origins for the large crustal thick-

ness beneath the Alaska Range are proposed. Fuis and Plaf-
ker (1991) suggested three different means of forming the
thick crust beneath the Peninsular and Wrangellia terranes,
including (1) Cretaceous overthrusting of North America by
the Peninsular-Wrangellia terrane, (2) late Cretaceous-early
Tertiary tectonic underplating of the Peninsular-Wrangellia
terrane by accretionary rocks and oceanic crust during the
rapid subduction of the Kula plate, and (3) Cretaceous or
possibly Tertiary magmatic underplating of the crust of the
Peninsular-Wrangellia terrane by a cryptic arc. Plafker et al.
(1989) proposed a fourth alternative: underthrusting of the
Kluane arc beneath the Alaska Range during the collision of
the Wrangellia and Yukon—Tanana terranes.

In any case, one-dimensional forward modeling indi-
cates that the 50-km thick crust beneath the Denali fault
produces large amplitude PmP wide-angle reflections from
surface sources at ranges between 130 and 350 km. En-
hancement of strong ground motions by SmS wide-angle re-
flections from surface sources is expected only in this dis-
tance range, which includes the distances to Fairbanks and
Anchorage. In qualitative terms, the general southward dip
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of the Moho (Fig. 12) would defocus SmS arrivals from the
Denali fault traveling toward Anchorage and would focus
SmS arrivals from the Denali fault traveling toward Fair-
banks. Although a detailed test of this hypothesis lies outside
the scope of the present study, we note that in agreement
with this prediction, peak accelerations observed in An-
chorage are nearly 5 times smaller than those in Fairbanks
(Frankel, 2005), even though Anchorage is only 1.25 and
1.66 times as far from the three earthquake subevents as
Fairbanks. Perhaps crustal defocusing, in addition to direc-
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tivity and source complexity effects, accounts for some of
this apparent discrepancy.

Summary

We report crustal-scale compressional- and shear-wave
velocity models for the Denali fault from TACT seismic data
acquired in 1986 and 1987. We interpret a low velocity zone
in the upper crust along the Denali fault zone as a broad
zone of fault damage associated with the Denali fault zone
and nearby thrust faults. This broad low-velocity zone is
associated with an isostatic gravity low that closely corre-
sponds with the geometry of the 6 km/sec isocontour. Our
seismic model, gravity data, and magnetotelluric data image
the Denali fault zone as a near vertical structure to a depth
of at least 30 km (Fisher et al., 2004). Weak wide-angle
reflections are consistent with the absence of significant ve-
locity contrasts across the Denali fault zone below 10 km
depth. The average compressional-wave velocity of the crust
is low relative to normal continental crust, below 6.5 km/
sec, consistent with laboratory measurements of rock sam-
ples from along our transect. The inferred 50-km crustal
thickness beneath the Denali fault zone is transitional be-
tween thicker crust beneath the Wrangellia terrane to the
south and extended Yukon—Tanana terrane crust to the north:
our model provides no evidence for an abrupt step in Moho
thickness across the fault zone.

The TACT seismic reflection and refraction lines, as well
as Denali fault earthquake aftershocks, provide evidence for
thrust faulting within a flower structure (e.g., Harding,
1985), including the McCallum-Slate Creek and Donnelly
Dome-Granite Mountain thrust faults, located on opposite
sides of the Denali fault zone. Aftershocks of the Denali fault
earthquake in the vicinity of our seismic lines appear to de-
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Figure 12. Compilation of compressional-wave velocity models near the Denali

fault. Our model is shown in the middle panel. Models by Fuis et al. (1991) and
Beaudoin ez al. (1992) illustrate northward thinning of the crust beneath the Denali

fault. Format as for Figure 7.
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fine a shallow, low-angle, south-dipping fault that is trun-
cated at depth by the nearly vertical Denali fault zone.

Data Sources

SEG-Y formatted versions of the TACT 1987 common
receiver gathers are available on a single 92-Mbyte 8-mm

tape from the IRIS Data Management Center (www.iris.edu/
about/PASSCAL/regions/AK. htm#2000-035).
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