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Seismic refraction data were collected along a 320-km-long ‘“Transect’ line in southern Alaska,
crossing the Prince William, Chugach, Peninsular, and Wrangellia terranes, and along several shorter
lines within individual terranes. Velocity structure in the upper crust (less than 9-km depth) differs
among the four terranes. In contrast, layers in the middle crust (9- to 25-km depth) in some cases
extend across projected terrane boundaries. The following observations can be made: (1) An
intermediate-velocity layer (6.4 km/s) at 9-km depth extends across the deep projection of the suture
between the Chugach and Peninsular terranes, suggesting that the northern Chugach and southern
Peninsular terranes are detached and rest on a deeper terrane of unknown origin. (2) The top of a
gently north dipping sequence of low- and high-velocity layers (5.7-7.8 km/s), more than 10 km thick,
extends from near the surface in the southern Chugach terrane to more than 20-km depth beneath the
southern Peninsular terrane. This sequence, truncated by the suture between the Prince William and
Chugach terranes, is interpreted to be an underplated ‘‘terrane™ made up of fragments of the Kula
plate and its sedimentary overburden that were accreted during subduction in the late Mesozoic and/or
early Tertiary, during or between times of accretion of the Prince William and Chugach terranes. (3)
A thick crustal “‘root™’, with a laminated sequence at its top, extends from a depth of 19 km to as much
as 57 km beneath the northern Peninsular and Wrangellia terranes. This root extends across the deep
projection of the suture between the Peninsular and Wrangellia terranes, although resolution of this
apparent crosscutting relationship is relatively poor, This root may represent tectonically or, possibly,
magmatically emplaced rocks. The lower crust beneath the Prince William, Chugach, and southern
Peninsular terranes includes a north dipping, 3- to 8-km-thick section of subducting oceanic crust.

INTRODUCTION

Southern Alaska, like much of western North America, is
believed to be a composite of crustal fragments, or terranes,
of various rock compositions, ages, and origins [Jones et al.,
1977, 1982, 1984; Coney et al., 1980; Csejtey et al., 1982,
Nokleberg et al., 1985; Plafker, 1987; Plafker et al., 1989].
Although the terrane concept has proved useful in elucidat-
ing the tectonic history of western North America, there are
many unanswered questions concerning the process of ac-
cretion that require knowledge of the subsurface. These
include the following: (1) How deep do terranes extend? (2)
Are terranes accreted by underplating as well as by over-
thrusting and strike-slip faulting? (3) Do different types of
crust (oceanic, island arc, continental, accretionary prism)
accrete in characteristic ways?: (4) What percentage of
accreted rock is constituted by the several different types of
crust listed above? (5) What happens to terranes after
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accretion? (6) What is the role of the Moho in terrane
accretion? Alaska is an important place in which to attempt
to answer these questions because terrane accretion is
occurring at present [Bruns, 1985; Plafker, 1987], and nu-
merous, diverse terranes which were accreted in the late
Mesozoic and Cenozoic have boundaries that have not been
obscured by intrusion or metamorphism. We address a
number of these questions in this paper and in the sequel to
this paper [Fuis and Plafker, this issue].

Until recently, the deep structure of accreted terranes has
been poorly known. A goal of the Trans-Alaska Crustal
Transect (TACT) program is to elucidate the process of
terrane accretion in Alaska by coordinated geological and
geophysical studies. A major component of the TACT pro-
gram is the collection and analysis of seismic refraction/
wide-angle reflection profiles. In 1984 and 1985, we collected
a number of such profiles to examine in three dimensions
many of the terranes of southern Alaska (Figure 1 and Table
1). In this paper we report the analyses of four 130-km-long
profiles that examine the crustal structure of the Prince
William, Chugach, Peninsular, and Wrangellia terranes.
Three of these profiles compose a north-south transect
across these terranes from near the Pacific coast to the
Alaska Range; these lines are referred to collectively as the
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Map of south-central Alaska showing tectonostratigraphic terranes [Jones et al., 1984], suture zones,

Fig. 1.
volcanoes, depth contours on tops of Aleutian and Wrangell Wadati-Benioff zones [Stephens et al., 1984; Page et al.,

19891, and TACT seismic refraction lines (double lines). Refraction lines are labeled CG, Chugach; CP, Cordova Peak;

GH, Glenn Highway; MG; Montague; NRH, North Richardson Highway; SRH, South Richardson Highway; and TOK,
shot points. Offset shots are linked by double-dashed lines. The diagonally lined segments of refraction lines are panels

Tok Highway. Lines CP, SRH, and NRH are referred to collectively in this report as the Transect line. Large dots are
in the fence diagram of Figure 20. TACT reflection data shown in this report (RFL) are indicated by a bracket.
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TABLE 1. Seismic Refraction and Seismic Reflection Lines in Southern Alaska in 1984, 1985,
and 1986, Terranes Examined, and References to Data and Data Analysis
Terrane Parallel Profile Perpendicular Profile
Wrangellia NRH (2, 7, 17) and TOK (3, 15)
Peninsular GH (1, 4, 16) SRH (2, 5, 9, 10, 17),
NRH(2, 7, 17), and RFL (13)
Chugach CG (1, 4,5,9, 10, SRH (2, 5,9, 19, 17),
11, 14, 17) CP (3, 6, 17), and RFL (12, 13)
Prince William MG @3, 8) CP@3,6,17)

Lines approximately parallel and perpendicular to structural grain are distinguished (Figure 1).
Abbreviations for line names are CG, Chugach; CP, Cordova Peak; GH, Glenn Highway; MG,
Montague; NRH, North Richardson Highway; SRH, South Richardson Highway; and TOK, Tok
Highway. The Transect line referred to in this paper includes lines CP, SRH, and NRH. RFL refers
to reflection data collected along the South Richardson Highway line. References for data are (1) Daley
et al. [1985], (2) Meador et al. [1986], (3) Wilson et al. {1987], and (4) Wilson [1987]; and for data
analysis are (5) Page et al. [1986], (6) Fuis and Ambos [1986], (7) Colburn and Fuis [1986], (8) Taber
et al. [1986], (9) Fuis et al. [1987], (10) McMechan and Fuis [1987], (11) Wolf and Levander [1989], (12)
Fisher et al. [1989], (13) Brocher et al. [1989a], (14) Flueh et al. [1989], (15) Goodwin et al. [1989], (16)
E. L. Ambos et al. (submitted manuscript, 1988), and (17) this paper.

Transect line. A fourth line, referred to as the Chugach line,
extends eastward from near Valdez along the axis of the
coastal Chugach Mountains and examines the Chugach
terrane parallel to its structural grain (Figures 1 and 2). For
three-dimensional control on the crustal structure of the
Prince William, Peninsular, and Wrangellia terranes, we rely
on the analyses by Taber et al. [1986], E. L. Ambos et al.
(Seismic refraction measurements within the Peninsular ter-
rane, south central Alaska, submitted to Journal of Geo-
physical Research, 1988), and Goodwin et al. [1989], respec-
tively (Figure 1 and Table 1).

The data and models discussed in this report are the most
complex and unusual of any in our experience. The data
include not only complex refractions, with lateral variations
in traveltime and amplitude, but also numerous clear sec-
ondary arrivals, some of which are primary reflections and
some of which are peg-leg or free-surface multiples. Fortu-
nately, the data are of good quality; most arrivals are clearly
separated from each other; and the complexity can be
modeled. The models include strong lateral and vertical
velocity changes, including pronounced low-velocity zones
and anomalously high-velocity, mantle-like refractors at
relatively shallow levels in the crust. In addition, there is
abundant complementary data to aid in constraining the
models, including detailed surface geologic mapping, verti-
cal incidence reflection data, laboratory rock velocity mea-
surements, and gravity, aeromagnetic, and magnetotelluric
data. The reader must be aware, however, that our models
are far from unique, particularly for the middle and lower
crust, given the complexity of both data and models. We
have produced several alternate models for deep features in
an attempt to quantify uncertainties.

GEOLOGIC SETTING

Terranes in southern Alaska generally form arcuate belts
of rock of differing composition, age, and origin (Figure 1)
[Jones et al., 1984]. Most are deformed around the Alaska
orocline [Carey, 1958). Present arc volcanism and Wadati-
Benioff zone seismicity trends change near the axis of this
orocline, just west of TACT corridor [Stephens et al., 1984,
Page et al., 1989]. Seismicity defines a shallowly dipping
Aleutian Wadati-Benioff zone to the west of the axis and a

moderately dipping Wrangell Wadati-Benioff zone to the
east (Figure 1).

In this section we present brief descriptions of the geology
of the Prince William, Chugach, Peninsular, and Wrangellia
terranes. More details are given by Winkler and Plafker
[1981], Winkler et al. [1981], Plafker et al. [1985, 1989], and
Nokleberg et al. [1985, 1986, 1989].

The Prince William terrane is composed of the Orca
Group, an accreted deep-sea fan complex interbedded with
oceanic volcanic rocks (tholeiitic basalt) and minor pelagic
deposits [Winkler and Plafker, 1981, Plafker et al., 1986). Its
age is Paleocene and early through middle Eocene. It is
complexly folded and faulted and lightly metamorphosed in
most places (zeolite), although near 50 Ma granitic plutons it
is locally highly metamorphosed (amphibolite facies) [Hud-
son and Plafker, 1982; Sisson et al., 1989]. The suture
between the Prince William and Chugach terranes is the
moderately to steeply north dipping Contact fault, which,
near our transect, experienced only reverse movement
[Nokleberg et al., 1989] and which is intruded by 50 Ma
granitic plutons (Figure 2).

The Chugach terrane is an accretionary prism consisting
of three fault-bounded, highly deformed sequences of marine
sedimentary and volcanic rocks that range in metamorphic
facies from zeolite to greenschist and blueschist along our
transect (Figure 2) [Plafker et al., 1977, 1989]. The se-
quences range in age from Late Cretaceous in the south to
Early Jurassic or older in the north. The southern sequence
is foliated flysch and greenstone (Valdez Group) that is
isoclinally folded (south vergence) and locally refolded
(north vergence) [Nokleberg et al., 1989]. Greenstone (mafic
metatuff and metabasalt) predominates in the structurally
lowest part of the Valdez Group. Metamorphic grade in-
creases from west to east in the Valdez Group: lower
greenschist facies at shot point 17 (Figure 2), upper green-
schist facies (garnet to cordierite zone) at shot point 20, and
amphibolite facies at shot point 21 [Hudson and Plafker,
1982; Sisson et al., 1989]. The northern two sequences of the
Chugach terrane are melange (McHugh Complex) and minor
glaucophanitic greenschist-blueschist (schists of Liberty
Creek and Iceberg Lake). The Chugach terrane is separated
from the Peninsular and Wrangellia terranes to the north by
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Fig. 2. Simplified geologic map of the Chugach Mountains and Copper River basin, southern Alaska, showing the
seismic refraction lines discussed in this paper (abbreviations same as in Figure 1; shot point numbers are given). The

geologic base map is taken from Plafker et al. [1989].

the Border Ranges fault system, which had a history of
movement from the Jurassic to the early Tertiary. This fault
system and the northern Chugach terrane are intruded by 50
Ma granitic dikes.

The Peninsular terrane is part of a Mesozoic island arc that

was built on a basement of metasedimentary and metavol-
canic rocks (now scantily exposed) [Burns, 1985; Plafker et
al., 1989]. From south to north, the Peninsular terrane
consists of the Tonsina ultramafic-mafic suite (Early or
Middle Jurassic) [Winkler et al., 1981; DeBari and Coleman,
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1989], the Nelchina River Gabbronorite (Early or Middle
Jurassic) [Burns, 1982, 1985; Plafker et al., 1989], and the
Talkeetna Formation (Lower Jurassic), consisting of andes-
itic and lesser basaltic volcaniclastic and marine sedimentary
rocks [Winkler et al., 1981; Plafker et al., 1989]. The Tonsina
ultramafic-mafic suite and the Nelchina River Gabbronorite
are part of a belt of ultramafic and mafic rocks extending
westward along the south margin of the Peninsular terrane
referred to as the Border Ranges ultramafic-mafic assem-
blage (BRUMA) [see Plafker et al., 1989]. The ultramafic
rocks crystallized at high pressures (as much as 1100 MPa
[DeBari and Coleman, 1989]), suggesting that they have
been exhumed from deep crustal levels (as much as 35 km).
The Tonsina suite and the lower-pressure Nelchina River
Gabbronorite, which crystallized at 400?7-700 MPa (S. De-
Bari, oral communication, 1988), have closer affinities to
island arc rocks than to mid-ocean ridge rocks. In other parts
of the BRUMA, nearly coeval intermediate plutonic rocks
make up 40% of the outcrops [Burns, 1985]. Intermediate
plutonic rocks also intrude the Talkeetna Formation, and it
is extensively faulted and folded. Mesozoic and Cenozoic
sedimentary rocks overlie the Talkeetna Formation in the
Copper River basin.

The Wrangellia terrane was formed primarily in an island
arc setting in the Late Paleozoic and Mesozoic, although an
episode of rifting is recorded in the Late Triassic [Jones ef
al., 1977; Nokleberg et al., 1985]. The terrane is divided by
the Chitina fault system into a southern area and a northern,
or “‘type’’, area (Figure 2) [Nokleberg et al., 1986; Plafker et
al., 1989]. The southern area comprises chiefly metavolcanic
and metasedimentary rocks of lower greenschist to lower
amphibolite facies intruded by intermediate to felsic granitic
rocks of Middle Pennsylvanian and Late Jurassic age. The
“type” Wrangellia terrane consists of Pennsylvanian and Per-
mian volcanic and sedimentary rocks, the Triassic Nikolai
Greenstone, and Mesozoic sedimentary rocks. Paleomagnetic
studies of the Nikolai Greenstone indicate at least 29° of
northward movement since the Triassic [Hillhouse and
Gromme, 1984]. The suture between the Peninsular and
Wrangellia terranes is the West Fork fault system [Nokleberg
et al., 1986]. '

The composite Peninsular-Wrangellia terrane collided
with North America in the mid-Cretaceous based on (1) age
of thrusting of the composite terrane over mid- and older
Cretaceous flysch deposits in a region northwest of our study
area [Csejtey et al., 1982] and (2) metamorphism and defor-
mation in the Wrangellia terrane in the study area [MacKe-
vett, 1978; Silberman et al., 1981].

Previous GEOPHYSICAL WORK

Few controlled-source seismic studies have been carried
out in southern and central Alaska. Hales and Asada [1966]
determined a crustal thickness of 46-53 km and an average
crustal velocity of 6.8 km/s in southern Alaska, using data
collected by Tatel and Tuve [1956] from a shot in College
Fiord, 75 km west of Valdez (Figure 1). Hanson et al. [1968]
suggested a south dipping Moho in the region of central
Alaska between Fairbanks and the Alaska Range, using a
series of unreversed quarry shots in the Alaska Range.
Estimated Moho depths ranged from 32 km at Fairbanks to
47 km in the Alaska Range. Shallow structure has been
addressed by the oil industry; seismic reflection data (4-s
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total two-way travel time) and sonic logging in exploratory
oil wells have characterized the upper few kilometers of
sedimentary rocks in the Copper River basin [Alaska Geo-
logical Society, 1970; R. Shafer, written communication,
1985; E. L. Ambos et al., submitted manuscript, 1988]. For
studies of seismic refraction and seismic reflection data
collected in southern Alaska in the period 1984-1986 under
the TACT program, the reader is referred to Table 1.

Gravity and aeromagnetic data have heretofore provided
the clearest definition of structural features in southern
Alaska. Woollard et al. [1960], using their own gravity data
and the seismic data of Tatel and Tuve [1956], interpreted the
crust north of Prince William Sound to have a relatively high
density and a thickness of 49-53 km. Aeromagnetic maps of
the Copper River basin [Andreason et al., 1938] and
Chugach Mountains [U.S. Geological Survey, 1979] indicate
strong east-west trending magnetic anomalies corresponding
to (1) metavolcanic rocks in the structurally lowest part of
the Chugach terrane, (2) the BRUMA, and (3) the West Fork
fault system. A detailed gravity map of Alaska [Barnes,
1977] indicates gravity anomalies for these same features.
Potential field data have been used to model these three
features [Burns, 1982; Campbell and Barnes, 1985; Camp-
bell, 1987], and some of these results are used in this study.

Seismicity studies in southern Alaska delineate the
Wrangell Wadati-Benioff zone (Figure 1) [Stephens et al.,
1984; Page et al., 1989] and provide the best estimate of the
depth of the current plate interface in the region.

DaTA COLLECTION AND ANALYSIS

The four lines described in this paper include the Cordova
Peak, South Richardson Highway, North Richardson High-
way, and Chugach lines (Figure 1 and Table 1). The first
three compose what is referred to as the Transect line. The
Chugach line and the part of the Transect line south of about
shot point (SP) 12 (Figure 2) were deployed by helicopter
across rugged terrain ranging in elevation from 2 to 1800 m.
Average station spacing for the Transect and Chugach lines
was 1.1 km, and average shot point spacing ranged from 22
km for the Transect line to 45 km for the Chugach line. Offset
shots on the Transect line were arranged to provide reversed
coverage of the deep crust and mantle from the southern
Chugach Mountains to the Copper River basin. For logistical
reasons, the Chugach line recorded only one offset shot (SP21,
Figure 2), providing unreversed coverage of deep crust and
mantle under the east end of the recording interval. Shots
ranged in size from 450 to 2730 kg of explosive and were
detonated in drill holes (0.2 m in diameter and 40-55 m deep),
lakes (15 m deep), and, in one instance, the Gulf of Alaska.

The seismographs are portable cassette tape recorders
with three independent amplifiers (low, medium, and high
gain) and programmable turn-on and turn-off; the sensor is a
vertical, 2-Hz seismometer [Blank et al., 1979; Healy et al.,
1982]. Data on the cassette tapes were digitized at a 5-ms
sampling interval and are displayed in a number of reports
(Table 1). Normal timing errors for a given trace on a record
section are estimated to be on the order of 0.02 s, with rare
instances of errors as large as 0.1 s. Seismograph location
errors are estimated to be of the order of 50 m, with the
worst errors being approximately 100 m.

Current methods of analyzing seismic refraction data are
described by Meissner [1986} and by Mooney [1989]. Our
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data analysis proceeded along the following lines. First, a
two dimensional starting model, obtained chiefly from one-
dimensional models for each shot point, was iteratively
modified using an interactive two-dimensional ray-tracing
program [Luetgert, 1988], based on geometrical ray theory
described by Cerveny et al. [1977], until agreement within
0.05 s between predicted and observed travel time branches
was achieved. Some mismatches of as much as 0.15 s still
persist, however. We attempted to match branch termina-
tions and cusps to within 5-km range, but mismatches of
10-15 km are still seen. Second, synthetic record sections
were calculated using the ray-density method of McMechan
and Mooney [1980], and model velocity gradients were
further refined, if necessary, to achieve closer agreement
with the observed amplitude distributions. Finally, major
features in the models were perturbed, one after another, in
order to obtain estimates of uncertainty (in depth and
velocity) for each feature. These estimates are crudely 80%
confidence limits. In this process, three alternate models
were created that fit the data nearly as well as the preferred
models. These models are presented in this report in an
attempt to quantify uncertainties.

The Transect line was initially modeled in several over-
lapping segments. Models for each-of these segments in-
volved as many as 50 iterations. The model for the Transect
line as a whole required nearly 200 additional iterations,
including perturbations and the creation of alternate models
(as discussed above). The model for the Chugach line
required over 100 iterations.

Except as noted in the figure captions and appendices, we
have routinely calculated all possible refractions, postcritical
reflections, and distal precritical reflections that can be
generated by our model from each shot point. In addition,
we have calculated free-surface multiples from the few shot
points where these arrivals are predicted (in regions of high
near-surface velocity gradient), and we have also calculated
postcritical peg-leg multiples for three strong low-velocity
zones. Amplitudes for peg-leg multiples may not be well
predicted, however, using ray theory. For clarity in our
diagrams below, we have not routinely calculated reflections
from negative velocity steps, because amplitudes for these
reflections are considerably lower than postcritical reflec-
tions from positive steps, and they are generally masked by
such postcritical reflections.

Analysis of the Chugach line included calculation of
synthetic record sections using the reflectivity method
[Fuchs and Mueller, 1971]. This method, designed for one-
dimensional media, could be used for the middle and upper
crust of the eastern Chugach line, which is relatively free of
two-dimensional complexity (see below). The results of
reflectivity modeling are used in this paper but are discussed
by Flueh et al. [1989].

None of the models discussed below are unique. The
presence of lateral velocity changes and low-velocity zones
(LVZs) leads to trade-offs between velocity and boundary
depth. Additional uncertainties arise from the identification
and correlation of observed phases in the record sections.
We estimate from the numerous models attempted that
velocities are accurate to 2 or 3% except within LVZs,
where they are more poorly known. Depths to boundaries
are estimated to be accurate to 5-10%. Below LVZs, bound-
ary depths are somewhat less certain. Choosing the type of
velocity boundary to be used in a given location (for exam-
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ple, a step in velocity versus a high velocity gradient)
accounts for much of the variability possible in this type of
forward modeling. We have chosen the types of boundaries
that seem to provide the best matches to secondary arrivals
in our record sections, but in some cases, alternate models
are equally plausible. Because of these uncertainties in
modeling, we describe in some detail in Appendices A and B
our reasons for modeling each major feature as we do. Model
uncertainties for each feature are also estimated in the
appendices. In spite of the inherent uncertainties in this type
of forward modeling, the method is robust in that the basic
configuration of velocity contours will not change on reanal-
ysis if identification of the most important arrivals is correct
[see Blundell, 1984].

TRANSECT LINE

Models A, B, and C

Model A (Figures 3 and 4a) is the preferred model for the
Transect line. Model B (Figure 4b) is an alternate model for
the middle crust beneath the Chugach and southern Penin-
sular terranes, and model C (Figure 4¢) is an alternate model
for the lower crust of the whole Transect line. We shall
describe the features of these models from the surface
downward and then examine salient features of the data
(Figures 5-10) that constrain the models. For a layer-by-
layer discussion of model constraints and uncertaintics and
for additional data recorded along the Transect line, the
reader is referred to Appendix A.

Upper crust (0- to 9-km depth). The surficial layer, layer
1 (1.8-3 km/s), corresponds to unconsolidated glaciofluvial
deposits. Layer 2 corresponds to near-surface bedrock
(weathered with open cracks; 4.2-5.2 km/s) except in the
Copper River basin where it corresponds to consolidated
Mesozoic and Cenozoic sedimentary rocks (2.8-4.6 km/s).
Layer 1 is thickest in the Copper River basin and patchy
elsewhere. Layer 2 has a poorly constrained velocity and
thickness, both of which can in most places be traded off
against each other (see Appendix A). In the Chugach Moun-
tains, where it corresponds to bedrock, layer 2 is probably
gradational into layer 3. In the Copper River basin the
velocity and thickness of layer 2 is better controlled, espe-
cially in the northern Copper River basin (north of SP7)
where well control and cross-line control (Glenn and Tok
Highway lines, Figure 1 and Table 1) are available.

In the Prince William terrane, ‘‘basement” (fayers 3 and 5)
ranges in velocity from 5.2 to 6.0 km/s to 9-km depth.
Velocities increase somewhat toward the north boundary of
the terrane, the Contact fault (Figure 3). Orca Group flysch
intruded by a few granitic plutons crops out along this part of
the Transect line. The central and northern Chugach terrane
is similarly underlain by ‘‘basement’” (layers 3, 5, and 6)
velocity of 5.5 to 6.0 km/s to 9-km depth. Valdez Group
metaflysch and the McHugh complex (volcanic and sedimen-
tary rocks and melange) crop out along the Transect line in
this region. In the southern Chugach terrane, layers 3 and 6
terminate at or near a gently north dipping sequence of
layers of low and high velocity (layers 7-12), and layer 5
thins and increases in velocity. The high-velocity (6.2-km/s)
segment of layer 5 corresponds closely to outcrops of
metabasalt.

Basement in the Peninsular terrane (layers 3, 4, and 6) has
a velocity of 5.2-6.2 km/s. Wells penetrating to basement in
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Fig. 4. (a) Model A superposed on vertical incidence reflection data that has been depth-converted using model A
velocities. Note the close correspondence between layers 8 and 11 (LVZs) and reflection bands 1 and 2. (b) Model B,
alternate model for the north dipping sequence, superposed on vertical incidence reflection data that has been
depth-corrected using model B velocities. Layer 8 is faster (6.2 km/s) and thicker (4 km) than in model A. Layer
correspondence with reflection bands is not as striking. () Model C, alternate model for the lower crust of the Transect
line. Layers 13, 13’, and 14 are uniformly 6.4-6.6 km/s throughout the mode!l. The location of Figures 4a and 4b is
indicated in Figure 1 (RFL). Layer numbers are indicated in Figures 4a—4c. The format of Figtire 4c is similar to that
of Figure 3.
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the Copper River basin indicate that at least its upper part is
the Talkeetna Formation and possibly intrusive granitic
rocks [Alaska Geological Society, 1970]. In the south part of
the Peninsular terrane, corresponding to outcrops of the
Border Ranges ultramafic-mafic assemblage (BRUMA), is a
prism-shaped body with velocities of 6.0-6.2 km/s (body 4).
A weak, low-velocity zone (LVZ, layer 6) is present in the
lower part of the upper crust in both the Chugach and
southern Peninsular terranes but appears to be absent in the
northern Peninsular terrane. This LVZ is likewise absent in
the central and northern parts of the Peninsular terrane on
the Glenn and Tok Highway lines (Figure 1) [Goodwin et al.,
1989; E. L. Ambos et al., submitted manuscript, 1988].

A preliminary model of the upper crust of the Wrangellia
terrane [Colburn and Fuis, 1986; R. H. Colburn and G. S.
Fuis, unpublished model, 1988] has been included in the
model in order that the deep crust and mantle beneath the
Copper River basin may be modeled. The rudiments of that
model include (1) velocities of about 6.0 km/s near the
surface (6.35 km/s near the surface at the West Fork fault
system), (2) a 6.5 km/s layer at about 3-km depth, overlain by
a weak LVZ, and (3) a 6.65 km/s layer at about 8-km depth,
overlain by a laterally discontinuous, weak L.VZ (not present
near the West Fork fault system in Figure 3).

Layer 7'. A layer of intermediate velocity (6.3-6.5 km/s;
layer 7') underlies the northern Chugach, Peninsular, and
Wrangellia terranes (Figure 3). It extends without resolvable
offset across the region beneath the Border Ranges fault
system and perhaps also across the region of the West Fork
fault system. In the northern Chugach and southern Penin-
sular terranes, its top is a clearly defined reflector that is
accentuated in the data because of the overlying LVZ. In the
northern Peninsular and Wrangellia terranes its top is not as
clearly or uniquely defined, because layers above have
similar or even higher velocities. This layer is truncated on
the south by an LVZ of the north dipping sequence (layer 8).

North dipping layers in the upper and middle crust. The
sequence of north dipping layers in the upper and middle
crust beneath the Chugach and southern Peninsular terranes
is controlled by data from the Transect and Chugach lines,
which intersect at SP19, and by vertical incidence reflection

(continued)

data [Fisher et al., 1989], which provides resolution between
about SP11 and SP12 (Figures 3 and 4). The vertical inci-
dence reflection data were used primarily to constrain the
dips of interfaces.

Model A (Figure 3), or an alternate model, model B, to be
discussed below, both produce better fits to the refraction/
wide-angle reflection data for this sequence than did the
models of Page et al. [1986] and Fuis et al. [1987]. The
improvement came about from a recorrelation of layers
beneath the central and southern Chugach terrane that was
indicated by the vertical incidence reflection data.

The three high-velocity layers in the sequence (layers 7,
10, and 12) are separated by low-velocity zones (LVZs;
layers 8/9 and 11). Layer 7 is traceable to within 2 km of the
surface as a 6.8 km/s layer. If projected to the surface, it
would correspond to the outcrops of metabasalt in the
southern Chugach terrane. Layer 10 is clearly traceable for
over 100 km as a high-velocity layer (7.2-7.5 km/s), from
5-km depth near the Contact fault to 25-km depth beneath
the southern Peninsular terrane. Layer 12 is also traceable as
a high-velocity layer (7.7 km/s) from near the Contact fault to
a point beneath Mount Billy Mitchell, where it apparently
decreases in velocity and becomes unresolvable in the LVZ
created by layer 10 above. Layers 8/9 and 11 in this sequence
are LVZs whose velocities are established indirectly using
data from both the Transect and Chugach lines. We model
considerable lateral velocity variation in layer 8/9, with a
velocity as low as 5.7 km/s beneath the central and northern
Chugach terrane. Layer 11 is modeled with an average
velocity of 6.75 km/s.

In an alternate model for this north dipping sequence,
model B (Figure 4b), layer 8/9 has a uniform velocity of 6.2
km/s, layer 10 is everywhere 1 km deeper than in ' model A,
and layers 10 and 12 extend as far southward as points
vertically beneath the trace of the Contact fault. This model
fits the data from SP38 northward better than model A and
fits other data somewhat worse than model A.

In model A, LLVZs 8 and 11 correspond well with vertical
incidence reflection bands 1 and 2, respectively, and high-
velocity layers 10 and 12, with the thin, reflection-poor
regions between bands 1, 2, and 3 (Figure 4a). In model B
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) Fig. 5. Transect line: (@) Synthetic and (b) observed record sections and (c) ray diagram for model A from shot point 8 (SP8). Shot point
is located at 0-km range. North is to the right. Synthetic seismograms in Figure Sa were calculated with the ray-density method of

McMechan and Mooney [1980]. The record section in Figure 5b is trace-normalized, and travel times are reduced by distance/6 (km/s).

Calculated travel times from model A (Figure 3) are superposed on the record section: solid lines are primary reflections and refractions;

dashed lines are multiple reflections and refractions; the dotted line is a reflection from the top the major north dipping LVZ (layer 8); layer

numbers are indicated for each branch; pound symbols indicate reflections: one symbol for a precritical reflection, two symbols for a
postcritical reflection. Multiples are labeled ““PP*” and ““PPP”’ for free-surface multiple refractions and “M8/9-1"” and “M8/9-2”, for

leg multiples representing 1 and 2 reverberations in layers 8 and 9 combined. A question mark following a label indicates

example, for peg-

these questioned arrivals, such as “PmP#”’, have

small predicted a'mplitudes, as can be seen by referring to Figure 5a). Large solid circles in Figure 5b are critical reflections corresponding
to subsurface points in Figure 5¢, also indicated by large solid circles. For comparison with PmP and Pn predicted by model A, PmP and

Pn for model C are indicated by a line with open circles; a solid circle indicates the critical reflection. Differing apparent velocities for the
prominent secondary arrival (10##) in this figure and in the reversing record section from SP12 (Figure 6) indicate a northward dip for layer

10, and a delay of this arrival from first arrivals indicates a major overlying LVZ (layer 8).

the predicted branch does not correspond to clear arrivals in the data. (In most cases,
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the correlation is not so clean. Models A and B have
somewhat different geologic interpretations, as discussed
below.

Lamination in the middle crust of the northern Copper
River basin. The middle crust, between 19- and 28-km
depth in the northern Copper River basin, consists of sub-
horizontal high-velocity layers (6.7 and 6.9 km/s; layers 10’
and 12'; Figure 3) and a sandwiched LVZ (layer 11'). These
layers are constrained in depth and velocity by data on both
the Transect line and the Glenn and Tok Highway cross
lines: however, these data are much sparser than data for the
north dipping sequence, and consequently, these layers are
more poorly constrained. This laminated sequences can not
be clearly correlated to the north dipping sequence, hence
the blank zone between them in the model (Figure 3).

Lower crust and mantle. In the south half of the model,
beneath the Prince William, Chugach, and southern Penin-
sular terranes, the lower crust consists of two layers (layers
13 and 14) separated by a boundary marking the top of the
Wrangell Wadati-Benioff zone. This boundary is inferred to
be ‘the megathrust between the Northern American and
Pacific plates [Page et al., 1989]. In model A (Figure 3), both
layers show marked lateral velocity changes (from 6.1to 7.2
km/s on average for layers 13 and 6.4 to 7.4 km/s for layer
14), although these changes are poorly constrained. Mantle
velocity, modeled at 7.8 km/s, is weakly constrained by
modeling of amplitudes to be between 7.5 and 8.0 km/s (see
Appendix A). No clear Pn arrivals constrain this velocity.

In the north half of the model, lower crustal layer 13’ is

“thick (16-26 km), and it velocity, modeled as 6.85 kmys, is

poorly constrained. Moho dips gently (7°) southward to a
maximum depth of 57 km beneath the southern Copper River
basin. Mantle velocity, modeled as 8.3 km/s, appears to be
between 8.0 and 8.5 km/s, in contrast to the subducting
mantle to the south. Pn arrivals do constrain this velocity.
Much of the lower crust is poorly resolved, because it falls
within LVZs created by high-velocity layers in the middle
crust. In fact, a significantly different alternate model, model
C (Figure 4c), is permissible which fits most of the refraction
data as well as model A (Figure 3). Model C differs from
model A in that layers 13 and 13’ have everywhere a velocity
of 6.4-6.5 km/s, and layer 14 has a velocity of 6.5-6.6 km/s.
Layer 14 is thicker (8 km) and also appears to thin north-
ward, although such thinning is not well resolved in either
models A or C. Because layer 13 is faster in the southern
quarter of the model and slower in the north half of the
model compared to model A, the Moho is corresponding
deeper and shallower in those regions, respectively. In the
intervening region, between Mount Billy Mitchell and the
southern Copper River basin, the Moho is deeper than in
model A owing to use of a different phase correlation.

Major Model Constraints in the Data

Constraints for major features in the upper crust and in the
north dipping sequence beneath the Chugach and southern
Peninsular terranes are best illustrated in record sections
from SP8 and SP12 (Figures 5b and 6b). The primary
constraints for the lower crust and Moho are record sections
from SP37 and SP11 (Figures 7b and 8b) for the region
beneath the Prince William and southern Chugach terranes
and record sections from SP19 and SP1 (Figures 95 and 10b)
for the region farther north. The remaining record sections
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Fig. 7. Transect line: SP37. Format is the same as for Figure 3, but true relative amplitudes are shown. In Figure
7a, traces are scaled by distance; in Figure 75, by distance raised to the power 1.5 (to compensate for scattering and
attenuation). PmP from the subducting mantle (layer 15) is prominent. An unmodeled reflection (RFL?) is indicated;
this feature might also be a diffraction from layers 10 or 12 beneath the Chugach terrane. A duplicate travel time curve
(DUPE) is generated about 1 s after the lake explosion by collapse of the column of water raised by the explosion.

for the Transect line (except those for the North Richardson
Highway line) are presented in Appendix A.

In the record section for SP8 (Figure 5b), travel time
branches with relatively low apparent velocities (2.5-4.8
km/s) define asymmetric travel time curves about the shot
point, indicating an increasing thickness of low-velocity
rocks (layers 1 and 2) northward into the Copper River
basin. An average velocity for ‘‘basement’” near 6 km/s is
seen south of the shot point between ranges of about 15 and
50 km, but basement arrivals become abruptly weak beyond
40-km range. Two branches of clear secondary arrivals are
seen. The first, from layer 7, has an apparent velocity of
about 6.4 km/s, is strongest between ranges of about 40 and
50 km, and is delayed from first arrivals by as much as 0.4 s
(Figure 5b, ““7'#, **T'##"’; quotation marks enclose labels
seen on figures; the pound signs indicate precritical (#) and
postcritical (##) reflections from the top of the given layer).

The second, from layer 10, is the most prominent feature on
the record section and is strongest between about 50- and
90-km range (Figure 56 *“10#,” “10##’; see also Figure
A3). This branch is delayed from first arrivals at ranges
beyond 75 km by as much 0.6 s, suggesting the presence of
amajor LVZ (layers 8 and 9) above layer 10. High-amplitude
first arrivals, interpreted as refractions from layer 10, have a
very high apparent velocity beyond 90-km range and become
weak beyond 110-km range (Figure 5b, “107). Echelon
branches of high-amplitude secondary arrivals are scen
between ranges of 100 and 140 km. These have travel times
appropriate for peg-leg multiples within layers 8 and 9
(Figure 5h, **M8/9-1""). (Note that ““M8/9-1 denotes 1
reverberation within layers 8 and 9 combined; ‘*M8/9-2”
denotes 2 reverberations; etc.) High-amplitude but some-
what incoherent secondary arrivals are seen beyond 140-km
range that have appropriate travel times for PmP. The
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primary constraints for PmP, however, are seen on record
sections from other shot points. Note that there are no clear
arrivals along the PmP branch predicted by the alternate
model, model C (Figure 4c).

The data from SP12 northward (Figure 6b) reverse some of
the data from SP8. These, too, display a prominent band of
secondary energy (between ranges of 20 and 100 km), from
layer 10, that is significantly delayed from earlier branches.
Differences between this record section and that from SP8
include (1) higher-velocity first-arrival branches near the
shot point, (2) a basement branch with an apparent velocity
less than 6 km/s, a drop in amplitudes beyond 37 km, but
clear arrivals to 70-km range, (3) a weaker analog of the layer-7’
reflection, and (4) generally-lower apparent velocities for the
prominent band of secondary arrivals from layer 10.

The data from SP12 southward are quite asymmetric with
respect to the data to the north. Between ranges of about 35
and 60 km, one sees two prominent echelon arrival branches
with high apparent velocities and low reduced travel times
(0-0.7 s). The first branch is interpreted as a superposition of
reflections and refractions from layers 7 and 10 (Figure 65,
77,1077, ““104##°°) and the second, reflections and refrac-
tions from layer 12 (Figure 6b, “*127°, “‘12##”). Weak
secondary arrivals are seen beyond 80-km range at 2-2.5 s
reduced travel time that are consistent with PmP.

The Moho is best constrained by data from SP37 and SP11
(Figures 76 and 8b). From SP37, PmP is clearly traceable
northward from 60-km range to the end of the record section,
with large amplitudes beginning at about 85 km. Clear onset
of PmP begins southward from SP11 at 90-km range and
persists to the end of the record section, with large ampli-
tudes beginning at 110-km range. However, a later branch of
arrivals, predicted by the alternate model, model C, can also
be observed (best seen on a normalized record secction, not
shown). The apparent velocity of PmP approaches a rela-
tively low value near the ends of the record sections from
both SP37 and SP11, implying a relatively low velocity for
the layer immediately above the Moho (layer 14) in the
region where these reflections bottom (between SP38 and
Mount Billy Mitchell, Figure 3). We have modeled layer 14
with a velocity of about 6.4 km/s in this region.

Record sections from SP19 and SP1 constrain the middle
and lower crust of the Copper River basin and Moho north of
about SP11 (Figures 3, 95, and 105). From SP19 northward,
clear, low-amplitude first arrivals with an average apparent
velocity near 7 km/s are seen from 125- to 220-km range and
become faint at greater ranges (Figure 94, <10 diff.””). These
have been modeled as diffractions from layer 10 (see Figure
9¢), although alternative explanations are possible. Two
branches of secondary arrivals are clearly visible: one, with
a low apparent velocity (near 6 km/s) is seen at 2 s and 100-
to 120-km range (Figure 95, “PmP-1#"); the second, with a
high apparent velocity (more than 8.5 km/s), is seen from
140- to 220-km range and is 2.5-4.5 s later than first arrivals
(Figure 9b, “*“PmP-2""). The first is modeled as a precritical
reflection from Moho near the sharp elbow in the subducting
plate (see Figures 3 and 9¢). The second is modeled as
energy that refracts or reflects from the steeply dipping
segment of the subducting plate, beneath the interval, SP11
to SP8, and reflects a second time from the south dipping
Moho beneath the Copper River basin (see Figures 3 and 9¢
and Appendix A). Model A succeeds in matching the first
branch and the distal part of the second branch. The alter-
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native model, model C, cannot explain the first branch but
can explain the entire second branch more simply as PmP
from the subducting plate (see Figure 9d).

From the reversing shot point, SP1, a series of echelon
arrival branches with high apparent velocities (more than 8
km/s) are seen in the range interval 100200 km (Figure 105,
10", ““12", and ““M11’-1""). These arrivals, together with
similar arrivals on the Glenn/Tok Highway cross line of
Goodwin et al. [1989] and E. L. Ambos et al. (submitted
manuscript, 1988), document the existence of layering in the
middle crust beneath the Copper River basin (layers 10’, 11',
12’, Figure 3). In addition, strong secondary arrivals with a
high apparent velocity (more than 8.5 km/s) are seen at 0.5 to
—0.5 s and 195- to 230-km range. Weak first arrivals seem to
extend this branch to the end of the record section, and a
short branch of second arrivals at 3 s and 140- to 150-km
range may represent the initiation of this branch. We inter-
pret this branch to be combination of Pn and PmP (Figure
105). Both models A and C explain this branch equally well.

Comparison of Model A With High-Resolution Velocity
Models and Reflection Data in the Copper River Basin

Reflection data collected in the Copper River basin by the
oil industry (R. Shafer, written communication, 1985) and by
the U.S. Geological Survey [Brocher et al., 1989a] have
been used to construct a composite high-resolution velocity
model that we can compare with model A (Figure 11). The
south two-thirds of this composite model (Figure 11, coor-
dinates 70-135 km) are taken chiefly from Brocher et al.
[1989a], and the north third (Figure 11, coordinates 135-150
km) is taken chiefly from Colburn and Fuis [1986, also
unpublished modeling, 1988]. The composite high-resolution
model makes use of common shot gathers, stacked sections,
and a sonic log from an exploration oil well near SP7.

Layer boundaries in model A and in the high-resolution
model generally agree within 0.2-0.3 km in the northmost
Chugach Mountains (Figure 11, coordinates 70-95 km) but
diverge in the southern Copper River basin (coordinates
95-135 km). Shallow layer boundaries agree well at SP8, as
they should; however, the high-resolution model incorpo-
rates an extra layer of relatively low velocity (2.3-3.2 km/s)
and indicates considerably shallower basement (as much as
2 km shallower) in the Copper River basin. Unfortunately,
reversed coverage of the basement was not obtainable from
the common shot gathers that were used, hence the question
marks on that boundary. The apparent discrepancy in base-
ment depth between the models results primarily from
inclusion of the 2.3-3.2 km/s layer in the high-resolution
model; both models produce similar travel time delays for
basement arrivals in the Copper River basin.

Two sets of prominent reflections can be seen in the
Copper River basin north of coordinate 110 km (Figure 11).
The upper set is seen at approximately 1 km below sea level.
North of SP7, the base of this set cooresponds to a velocity
boundary, 3.0-4.5 km/s, in the high-resolution model. South
of SP7, this set may correlate with a velocity boundary,
3.2-3.6 km/s (Figure 11, coordinates 112-120 km). The
deeper set of reflections corresponds in the high-resolution
model to a velocity boundary, 4.6-5.2 km/s. This set of
reflections has been identified in the well near SP7 as the top
of the Talkeetna Formation (chiefly andesite flows and
related sedimentary rocks). A sonic log from the well indi-
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Fig. 11. Comparison of model A with high-resolution seismic refraction and reflection results from the Copper

River basin. Solid light boundaries from 70-127 km are from Brocher et al. [1989a]. Dashed light lines are from model
A (Figure 3). Solid heavy lines are reflections interpreted from oil industry data supplied by R. Shafer (written
communication, 1985) that were converted from time to depth sections using refraction velocities. Light numbers are
refraction velocities (in km/s). Heavy italic numbers in parentheses are layer numbers for model A. The distance
coordinate system is similar to that of Figure 3 but is expanded to follow the roads from 70 to 127 km. Between SP8
and SP7, a shallower basin depth (3 km versus 5 km) is predicted by the high-resolution results than by our model A.
Outcrops south of SP8 and well data near SP7 sugggest that 5.1 km/s basement beneath the Copper River basin is the

Talkeetna Formation (see text).

cates a 5.2 km/s average interval velocity for the Talkeetna
Formation. A similar interval velocity is documented for the
Talkeetna Formation in another exploration well about 10
km to the northwest (E. L. Ambos et al., submitted manu-
script, 1988). The apparent fault shown at about coordinate
95 km in the high-resolution model brings the Talkeetna
Formation to the surface, where its model velocity is again
5.1 km/s.

To summarize, the high-resolution model contains three
layers above basement, with velocities (1) less than 2 km/s,
(2) roughly 2-3 km/s, and (3) 4-4.5 km/s. Basement has a
velocity of 5.1-5.2 km/s at its top. Prominent reflections are
seen in some places between the second and third layers and
at the top of basement, which is identified as the Talkeetna
Formation. In the northmost Chugach Mountians, model A
agrees with the high-resolution model, but in the southern
Copper River basin, it differs from this model in lacking an
extra layer (2.3-3.2 km/s) and in having a greater basement
depth.

CHUGACH LINE

Model CGH

We shall describe the model for the Chugach line (model
CGH, Figure 125) and then examine salient features in the
data (Figures 13-16) that constrain the model. For a layer-
by-layer discussion of model constraints and uncertainties
the reader is referred to Appendix B.

Upper crust (layers 1-5). In model CGH, layers are
numbered to be consistent with the models of the Transect
Line (models A-C, Figures 3 and 4). Layers 1 and 2 are

surficial layers. Layers 3 and 5 are ‘‘basement.”” Layers 7,
10, and 12A/12B are high-velocity layers, and layers 9 and
11A/11B are intervening LVZs.

Layers 1 and 2 represent unconsolidated glaciofluvial
deposits and surficial bedrock, respectively. Layer 1 (1.8-1.9
km/s) is present in significant thickness only in a basin near
Valdez (Figure 125). Layer 2, as on the Transect line, has a
poorly constrained velocity (4.2-5.0 km/s) and thickness,
both of which can be traded off against each other. In many
places, layer 2 is probably gradational into layer 3, although
it is modeled as a discrete layer. ‘‘Basement’” (layers 3 and
5) changes in average velocity, velocity gradient, and thick-
ness from west to east (Figure 1256). Between SP17 and
SP18, layer 3 is 6.1 km/s at its top with a low gradient (less
than 0.1/s), but east of SP18, it is 5.6 km/s at its top with a
higher gradient that increases progressively eastward (to a
maximum of 0.34/s at SP20). Layer 5, on the other hand, has
a fairly uniform velocity throughout the model (6.4-6.6 km/s)
but thins markedly, from 6 km in the west to 1.5 km in the
east. Like layer 3, the velocity gradient in layer 5 increases
eastward. In fact, there is no clear evidence in the data
(reflections) to indicate that the top of layer 5 is a sharp
boundary. The average velocity of layers 3 and 5 on the
Chugach line is everywhere higher than on the Transect line.
This difference is consistent with laboratory measurements
of anisotopy within the metaflysch of the Chugach terrane
(Table 2; see interpretation and discussion section below).

Layers 7-12. On the Transect ling, layers 7-12 compose
a north dipping sequence. On the Chugach line between
SP19 and SP20 these layers are subhorizontal. West of SP19,
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Fig. 12. (a) Observed and predicted Bouguer gravity profiles along the Chugach line. Observed data were kindly
supplied by D. L. Barnes (written communication, 1986). Predicted curve 1 was calculated using a 22‘—dirnensional
gravity algorithm and the following layer densities (in g/em?): layer 1, 2.35; layer 3, 2.67-2.70 (depending on average
velocity); layer 5, 2.75 (see Table 2); layer 7, 3.00; layer 9, 2.75; layer 10, 3.10; layer 11A, 3.00; layer L1B, 2.80; layers
12A and 12B, 3.15. Layer extensions in and out of the page are consistent with Figure 3 (see Appendix B). Predicted
curve 2 was calculated in the same way, but layers 7, 10, and 11A all had a density of 2.92 g/cm3. () Model CGH,
velocity model for the Chugach line (see Figure 1 for location). Format is the same as for Figure 3. Layers are numbered
as on the Transect line, but layers 11 and 12 are subdivided (see text). Layers 7-12 constitute the gently north dipping
sequence on the Transect line and are interpreted as sedimentary and metasedimentary rocks interlayered with
fragments of oceanic crust and mantle of the Kula plate. The gravity mimics the shape of layer 7, and a linkage between
the two is inferred (see text). A drastic change in velocity structure is required between SP20 and SP21 in layers above
15-km depth, but the details of the structure that we show at SP21 are speculative. The lower crust and Moho are
controlled only on the Transect line. (In layer 12A, heavy lines are bottoming points not for reflections, as at the tops
of other layers, but for rays turning sharply in a high velocity gradient.)

35

some layers dip west (layer 7), some dip west then east
(layers 11B, 12A, and 12B), and some thicken and then pinch
out (layers 9, 10, and 11A). Layer 7 has a velocity (6.9-7.1
km/s) that is marginally higher than that on the Transect line.
Layers 10 and 12 have velocities similar to those on the
Transect line, at least near the junction with that line, but a
high gradient has been included in the upper part of layer 12

(sublayer 12A) to be consistent with the results of Flueh et
al. [1989]. Velocities in the L.VZs (layers 9 and 11) were
modified from Flueh et al. [1989]. The latter velocity details
are accurate only for the region east of about SP19, where
the study by Flueh et al. [1989] was concentrated, and are
less certain to the west.

Lower crust and mantle. Lower crust and mantle in
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model CGH are taken without modification from model A of
the Transect line. Unfortunately, the high velocity of layer
12 and velocity changes eastward of SP20 prevent percepti-
ble energy from layers 1315 from reaching the surface from
any of the shotpoints.

Major Model Constraints in the Data

Unlike data recorded on the Transect line (e.g., Figures 5b
and 6b), the data from SP17 through SP20 on the Chugach
line are grossly similar (Figures 13-16). Superposing first-
arrival picks for all shot points out to 60 km, the scatter does
not exceed about 0.3 s. Generally high apparent velocities
(near 6 km/s) are seen near the shot points, due to the lack of
unconsolidated sedimentary rocks along the line. First arriv-
als with apparent velocitics between 6.4 and 7.2 km/s are
seen between ranges of about 20 and 50-60 km, and echelon
secondary arrivals with somewhat higher apparent velocities
are seen beginning at ranges as little as 20 km. From all shot
points but SP17, the first clear secondary arrival begins at 30-
to 40-km range and is delayed from first arrivals by only a
few tenths of a second (Figures 13-16, 107, “10##”).
From all shot points a prominent secondary arrival, inferred
to be a reflection, begins at 50- to 70-km range and is delayed
from first arrivals by 0.6-0.7 s (Figures 13-16, ““12A”’). From

SP20, a low-amplitude branch, inferred to be a refraction,
emerges from this prominent branch with a high apparent
velocity (7.7 km/s; Figure 165, ““12B”’). A similar arrival is
seen less clearly from SP17 (Figure 135, “12B”’). The large
delay of branch ““12A”" from the first arrivals suggests the
presence of a major LVZ (layer 11). Beginning at 70- to
90-km range from all shot points is a third prominent echelon
arrival delayed from the second one by 0.5-0.6 s (Figures 13,
14, and 16, ““M11B-1"). Studies by Flueh et al. [1989]
indicate that this arrival is a peg-leg multiple generated in
layer 11 (specifically, layer 11B). Additional echelon arrivals
are seen at greater ranges and are interpreted as successive
reverberations within layer 11.

When examined in detail, the data differ significantly from
shot point to shot point both in the apparent velocity of first
arrivals and in travel times and amplitudes of secondary
arrivals. One of the most important differences is the fact
that a strong secondary arrival beginning at about 20 km for
SP17 and also SP18 westward (Figures 135 and 14a, “‘7#")
is not seen for other shot points. For SP18 eastward, a
similar phase begins at 10- to 15-km range, giving the data
from SP18 a distinctly asymmetrical appearance and sug-
gesting marked eastward shoaling of a reflector (layer 7;
Figure 14a, “7#). Another important difference is the
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greater range of onset (10 km greater) for the strong “12A™
secondary arrival for SP17, SP18, and SP19 westward com-
pared to SP19 castward and SP20 (Figures 13-16). This
difference is seen most clearly in the marked asymmetry in
the record section for SP19 (Figure 156) and suggests a
greater depth for layer 12 west of SP19 than east of SP19.
Thus, in spite of the gross data similarity among the several
shot points, there is clear evidence for lateral velocity
changes along the Chugach line.

An offset shot for the Chugach line at SP21 (Figure 2)
provided unreversed coverage of deep layers in the Chugach
Mountains. The data from SP21 (Figure 17), like the data
from other shot points, are characterized by echelon arrival
branches that begin with strong secondary arrivals, continue
as weak first arrivals, and disappear at greater ranges. The
branches are delayed from one another by large fractions of
a second (0.45 s on average) and have high apparent veloc-
ities of 7.1-8.3 km/s (Figure 174, ““12B”’, “M11B-1"’ through
““M11B-4""). The latest clear branch on the record section
begins at about 130-km range and is continuous over a larger
range interval (100 km) than earlier branches (Figure 174,
“PL”).

The velocity in all layers above 15-km depth must de-
crease strongly from SP20 to SP21 (Figure 12b). If the
velocity structure at SP20 were projected eastward with no
change, arrivals from SP21 would be 0.7-1.0 s early com-
pared to the data. This conclusion is surprising given the
increase in metamorphic grade eastward from SP20. Without
data in the interval between SP20 and SP21, we can only
constrain the structure in broad terms. The reader is referred
to Appendix B for a detailed discussion of the structure near
SP21.

The latest phase seen from SP21 (Figure 17a, ““P; ) is not
PmP or Pn but is interpreted as an upper mantle reflection
possibly from the base of the subducting lithosphere. Inter-
estingly enough, PmP is not visible in the data, nor is more
than a short branch segment predicted. A westward increase
in the velocity of layer 12 between SP21 and SP20 (Figure
12b) creates a waveguide whose top is layer 12 and whose
base is the Moho (Figure 175). Little energy leaks out of this
waveguide; PmP and Pn are in most places reflected post-
critically downward from the base of layer 12. Thus the weak
peg-leg multiples (““M11B-1"’, etc.) are not overprinted and
obscured by these phases. On the other hand, energy from
the reflector within the mantle, represented by the “P,”’
branch, arrives at the base of layer 12 at steeper angles than
PmP and Prn and is not trapped in the waveguide. (See also
the discussion by Flueh et al. [1989].)

Multiples

Branches ““M11B-1"’, etc., seen from most shot points and
best displayed from SP21, are interpreted as peg-leg multi-
ples generated in the second LVZ, layer 11 (specifically
sublayer 11B), as stated above. Peg-leg multiples generated
in the first LVZ, layer 9, are so early in time on the Chugach
line, in contrast to the Transect line, that they are largely
obscured by primary phases (see for example Figures 156
and 1656, ““M9-17").

In an earlier interpretation [Page et al., 1986; Fuis et al.,
1987] that has now been abandoned, branches “M11B-1"",
etc., were interpreted as primary reflections from succes-
sively deeper layers, below layer 12. Although ray theory
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permitted the earlier interpretations, Flueh et al. [1989] have
shown using the reflectivity method that high-velocity re-
fractions from each such layer would persist to much larger
ranges and earlier travel times than seen in the data.

Gravity Ridge: A Link to Layer 7

The Chugach line lies largely on the crest of an east-west
trending Bouguer gravity high with a maximum relief of
50-60 mGal and a maximum width of about 50 km [Barnes,
1977]. This ridge terminates at about Valdez, with a small
prong extending southwestward, so that SP17 is off the
ridge. The gravity profile along the Chugach line (Figure
12 @) mimics the shape of layer 7 and thus (1) supports the
configuration of this layer in model CGH and (2) suggests
layer 7 is primarily responsible for the gravity ridge. On the
Transect line, layer 7 projects to the surface at outcrops of
metabasalt. These outcrops and the gravity ridge along the
southern Chugach terrane are coextensive for 650 km east-
ward from our transect, further confirming the link of layer 7
to the gravity ridge. The greatest relief on the gravity profile
along the Chugach line occurs between SP18 and SP19, over
a region where layers 7-12 are thickest, suggesting that
deeper layers in this sequence are also weakly linked to the
gravity ridge. The gravity profile predicted from our velocity
model (Figure 12b) matches the observed profile as closely
as 5 mGal for an appropriate choice of layer densities (see
Figure 12; Appendix B).

Comparison With the Model of Wolf and Levander [1989]

There is agreement between our model CGH and that of
Wolf and Levander [1989] on the existence of 3 high velocity
layers beneath the Chugach Mountains (our layers 7, 10, and
12; their layers 3, 5, and 7), which are separated by L.VZs of
varying definition. Velocities agree well (generally within
+0.05 km/s) for the upper two layers, but their deepest layer
is 0.3-0.4 km/s slower than ours. The configuration of the
layers differs more or less significantly between the models,
however. The layers of Wolf and Levander [1989] are largely
horizontal with a trough-shaped deepening (by about 2 km)
of the second and third layers east of SP19. In contrast,
model CGH shows a marked deeping of the uppermost layer
(layer 7) and a trough-shaped depression of the deepest layer
(layer 12) west of SP19. Wolf and Levander [1989] accom-
plish travel time matches for the upper-layer arrivals west of
SP19 by introducing a westward velocity decrease in this
layer. They explain the prominent phase we have termed
“7#°’ from SP17 (Figure 13) as a reflection from the base of
this layer, but unfortunately predicted amplitudes are too
small compared to first arrivals to strongly support this
interpretation. In support of their proposed trough-shaped
deepening of the lower layers east of SP19, they have
explained the prominent phases we have termed “‘12A”
(Figures 15 and 16) with reflections from the base of the
middle layer. Again, predicted amplitudes are too small
compared to other phases to support this configuration.

INTERPRETATION AND DISCUSSION

Interpretation of the compositions of the many layers in
our models depends on conversion of modeled compres-
sional wave seismic velocities to rock types. Since this
conversion is nonunique, particularly in the absence of such
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data as shear wave velocities, densities, or magnetic prop-
erties, surface and drill hole geologic information must be
used. We shall discuss shallow layers (layers 3-5) briefly in
each terrane, from south to north, and then speculate on the
compositions of deeper layers.

Shallow Layers

Prince William terrane. In the Prince William terrane
along the Transect line, Orca Group rocks, consisting of
deformed and lightly metamorphosed flysch (zeolite to lower
greenschist facies), are exposed. A large body of tholeiitic
basalt (10 km wide in plan view) is exposed a few kilometers
west of the line between SP37 and SP38 (Winkler and Plafker
[1981]; not shown in Figure 2), and a large granitic pluton is
parallel to and a few kilometers east of the line (Figure 2).
Model velocity-depth curves for the Prince William terrane
best match preliminary laboratory velocity data for flysch,
granite, and metagraywacke but are a bit slow for tholeiitic
basalt (Figure 18a). Velocity anisotropy in flysch of the Orca
Group is not as marked in laboratory measurements or in
model refraction velocities as it is in metaflysch of the
Chugach terrane (see below). Velocities reported by Taber
et al. [1986] on the Montague line, parallel to the structural
grain in the Prince William terrane and at an angle of about
55° to the Transect line (Figure 1), are similar to velocities
reported in this study near SP37.

Chugach terrane. The Valdez Group metaflysch (phyl-
lite and metagraywacke) of the Chugach terrane crops out
along the Transect line between SP11 and SP19 and along the
entire Chugach line (Figure 2). Foliation planes strike gen-
erally east-west and dip steeply. A model velocity-depth
curve for the Transect line at SP12 matches well laboratory
velocity curves for phyllite and metagraywacke that were
obtained from measurements perpendicular to foliation
planes (a direction, Table 2; Figure 186). On the other hand,
a model velocity-depth curve for the Chugach line near SP17
best matches laboratory curves obtained from measure-
ments parallel to foliation planes (b direction, Table 2;
Figure 18¢). Thus our model velocities for the Chugach
metaflysch are consistent with laboratory results indicating
anisotropy in these rocks. Brocher et al. [1989a] have also
demonstrated anisotropy in Chugach terrane rocks using
shot gather data from reflection profiling in the vicinity of
SP12 along the Transect line.

Comparing model curves for the Transect and Chugach
lines at SP19, one observes that basement (layers 3 and 5,
Figure 184) is slower on the Transect than Chugach line, as
expected; however, the average basement velocity gradients
for both curves are higher than predicted by either set of
laboratory curves for phyllite and metagraywacke (a and b
curves, Figure 184), indicating a probable change in compo-
sition with depth at SP19. In a ‘‘down structure” direction
from SP19, to the south toward the outcrops of metabasalt
(Figure 2), one does indeed see an increase in metabasalt and
metatuff in the section [Winkler and Plafker, 1981].

Layer 7 projects to the surface at the outcrops of metaba-
salt in the southern Chugach terrane (Figure 3), and indeed,
preliminary laboratory velocity measurements of these me-
tabasalts match well the model velocity for layer 7. A
high-velocity segment of layer 5 intervenes between layer 7
and the outcrops. We interpret this high-velocity segment as
a zone of open cracks and weathering in the metabasalt.
Layer 7 appears to be slightly anisotropic (Figure 184d).
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(Note that the calculated depths to layers 7 and 10 are
slightly less on the Transect line than on the Chugach line
owing in part to anisotropy in the layers above them.)

Peninsular terrane. The Transect, Glenn, and Tok High-
way lines cross the Peninsular terrane where it includes
sedimentary rocks of the Copper River basin (Figures 1 and
2; layers 1 and 2, Figure 3; Plafker et al. [1989]). For a
detailed discussion of these sedimentary rocks, the reader is
referred to EB. L. Ambos et al. (submitted manuscript, 1988).

Wells that penetrate to basement in the central Copper
River basin (layer 3, Figure 3) and outcrops in the southern
Copper River basin indicate that basement is, at least in its
upper part, chiefly the Talkeetna Formation (Figure 11)
[Alaska Geological Society, 1970; E. L. Ambos et al.,
submitted manuscript, 1988]. However, at least one well
encountered ‘‘syenite’ [Alaska Geological Society, 1970],
and outcrops of Jurassic granodiorite have been mapped in
the northern Copper River basin [Nokleberg et al., 1986].
Interval velocities measured in wells that penetrate the
Talkeetna Formation (5.2 km/s) and our model velocities for
the upper part of basement (5.1-5.8 km/s) are in approximate
agreement (Figures 3 and 11). However, laboratory velocity
measurements for the Talkeetna Formation are higher (6.1
km/s for andesite breccia and 6.5 km/s for andesite flow, at
100 MPa, Table 2). Thus the Talkeetna Formation in the
Copper River basin (1) consists of more clastic rocks than
lava flows, (2) is highly fractured, and/or (3) is mixed with
rocks of lower velocity. Outcrops certainly indicate that the
Talkeetna Formation is fractured [Plafker et al., 1989; Nok-
leberg et al., 1989]. In addition, the well and outcrop
information cited above indicate some admixture of granitic
rocks.

Aecromagnetic data in the Copper River basin suggest
strongly the presence of granitic rocks in the basement. A
broad but strong acromagnetic high is observed that trends
east-west and has its axis at about the latitude of shot point
7 [Godson, 1984], This feature has been modeled by making
basement in the Copper River basin highly magnetic, as
discussed by Campbell and Barnes [1985] and Campbell
[1987]. Measurements of magnetic susceptibility for rocks of
the Talkeetna Formation [Burns, 1982] indicate that this unit
could not be responsible for the aeromagnetic high. Rocks
that might produce such a high include Jurassic granitic
rocks or the BRUMA, both of which produce strong aero-
magnetic anomalies where they crop out in the northern
Chugach Mountains (compare the detailed acromagnetic
map by the U.S. Geological Survey [1979] with the geolog-
ical map by Winkler et al. [1981]. Our refraction velocities
would appear to rule out BRUMA (Table 2). Thus it would
appear that Jurassic granitic rocks are a significant compo-
nent of layer 3.

Body 4 (6.0-6.22 km/s) underlies a region of sparse out-
crops of the Nelchina River Gabbronorite (upper part of
BRUMA: Figures 3 and 11). Laboratory velocity measure-
ments are not yet available for these rocks, but a layered
gabbro of the Tonsina ultramafic-mafic suite to the south
(lower part of BRUMA) has velocities ranging from 6.4 to
7.2 km/s in a direction perpendicular to foliation and higher
velocities within the foliation (Table 2; see measurements at
10-100 MPa). Rays bottoming in body 4 would be traveling
roughly perpendicular to steeply north dipping foliation in
the BRUMA, if outcrop attitudes can be projected to depth
[see Nokleberg et al., 1989; DeBari and Coleman, 1989]. To
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Fig. 18. Comparisons of velocity-depth curves derived from refraction data (model A, see Figure 3) and laboratory
measurements for characteristic rock types.in the Prince William terrane (Figure 184) and Chugach terrane (Figures
185, 18¢, and 184) (see Table 2). In Figure 184, the model curve at SP37 is bracketed by laboratory curves for granite
or metagraywacke (TA-32B or TA-8) and ftysch (TA-36A), and the model curve at SP38 matches closely the curve for
granite or metagraywacke below 5-km depth. (Model curves are dashed where uncertain.) Both model curves are lower
in velocity, however, than the laboratory curve for basalt (TA-33C). In Figures 185 and 18¢, phyllite (TA-1) and
metagraywacke (TA-8) are highly anisotropic and are each represented by two laboratory curves, one for velocity
measured perpendicular to foliation (a direction, Table 2) and one; parallel to foliation (b direction, Table 2). The curve
at SP12 (Figure 18b) on the Transect line matches the a curve, and the curve near SP17 (Figure 18c¢) on the east-west
Chugach line matches the b curve. These results are expected because of the orientation of the two lines with respect
to foliation in the terrane. In Figure 184, model curves for the Transect line (model A, Figure 3) and the Chugach line
(model CGH, Figure 12) are compared with each other and with laboratory curves for phyllite and metagraywacke.
Layers 3, 5, and 7 of model A are systematically slower than similar layers of model CGH. In neither model does the
curve for layers 3 and 5 (‘‘basement’’) agree closely with the laboratory curves, and the high overall velocity gradient
for the combined layers 3 and 5 suggests a change in composition with depth. See text for further discussion.
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explain this important discrepancy, we postulate any of five
possibilities: (1) that the mafic and ultramafic rocks are
intruded extensively at depth by granitic rocks, (2) that
ultramafic rocks increase in proportion with depth and are
largely serpentinized, (3) that metamorphic wall rocks in-
crease in proportion with depth, (4) that the mafic and
ultramafic rocks are extensively brecciated (and altered) at
depth, and (5) that an intermediate-velocity body of rock has
been tectonically emplaced beneath the mafic and ultramafic
rocks. West of the transect, Jurassic granitic rocks that
intrude the Nelchina River Gabbronorite make up 40% of the
outcrops [Burns, 1985]. Similar intrusions are also seen
along the transect, but their proportion in outcrop is un-
known. Preliminary laboratory measurements of a sample of
one such intrusion give a velocity of 6.2 km/s, arguing
strongly for possibility 1. Also west of the transect, a
4-km-thick melange zone containing largely serpentinized
ultramafic rocks, gabbronorite, and rocks of the McHugh
Complex occurs along the south boundary of the Nelchina
River Gabbronorite [Winkler et al., 1981]. The existence of
such a melange argues for a combination of possibilities 2
and 4; however, no such zone is observed on the transect.
Furthermore, serpentinite and ultramafic rocks are relatively
minor in proportion on the transect, and rocks are not
extensively fractured or brecciated [Plafker et al., 1989].
Possibilities 3 and 5 are difficult to assess. On one hand, west
of the transect are exposed scant outcrops of metamorphic
wall rocks, into which the ultramafic and mafic rocks are
intruded [Burns, 1985]. On the other hand, exposed thrust
faults of the Border Ranges fault system [Plafker et al., 1985,
1989] certainly admit the possibility of deeper thrust faults.

Modeled thicknesses for the magnetic rocks along the
south flank of the Peninsular terrane range from 3 to 10 km,
depending on the magnetic susceptibilities used [Burns,
1982; Campbell and Barnes, 1985; Campbell, 1987]. Smaller
thicknesses result from using higher susceptibilities, which
are actually most similar to those measured in rock samples
[Burns, 1982]. Our modeled thickness for body 4 is about 5
km (Figure 3).

Wrangellia terrane. We defer to a later paper discussion
relating outcrop in the Wrangellia terrane to our velocity
model for the Transect line. The reader is referred to
Goodwin et al. [1989] for such a discussion for the Tok
Highway line. Our model of the Wrangellia terrane is used in
this paper merely as a means to investigating deep structure
beneath the Copper River basin.

Deeper Layers

Layer6. Layer 6 (Figure 3) is analogous to upper-crustal
LVZs that have been interpreted at depths ranging from 8 to
15 km in a number of locations around the world that include
the U.S. Basin and Range province, the Alpine foreland
basin and Rhinegraben region of southern Germany, and the
Canadian shield (e.g., Landisman et al., 1971; Berry and
Mair, 1977]. Commonly, the velocity in the layer above the
LVZ is 5.9-6.2 km/s; the interpreted velocity in the LVZ is
about 5.5 km/s; and the velocity in the layer below is 6.1-6.7
km/s. Explanations for this LVZ include (1) granitic sills
[e.g., Landisman et al., 1971], (2) a zone where pore
pressure approaches lithostatic pressure [e.g., Nur and
Simmons, 1969; Christensen, 1989], (3) a zone of breccia-
tion, gouge, serpentization, or alteration associated with a
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subhorizontal fault zone, and (4) an effect of normal temper-
ature increase with depth in rocks of uniform composition
[Christensen, 1979]. Possibilities 2—4 are not, of course,
mutually exclusive. Layer 6 lies between dissimilar layers: a
heterogenous upper layer (layers 5, 4, and 3) and a homoge-
neous lower layer (layer 7°). This fact leads us to speculate
that layer 6 represents a fault zone, as in possibility (3).
Perhaps high pore pressure also contributes to the existence
of the LVZ, but the limited spacial extent of layer 6 indicates
that such a high-pressure zone cannot be a regional feature in
southern Alaska.

Layer 7'. Layer 7', of intermediate velocity (averaging
about 6.4 km/s, Figure 3), may represent one of at least three
possibilities: (1) island arc rocks (including intermediate
granitic rocks, metavolcanic rocks, metasedimentary rocks,
and minor gabbro and metagabbro) that are the roots of the
Peninsular and Wrangellia terranes, (2) metasedimentary
and metavolcanic rocks that are the continuation of the
Chugach terrane (Valdez Group rocks) beneath the Penin-
sular terrane, or (3) different rocks in different places. Island
arc rocks, such as seen as in the Sierran foothills of Califor-
nia and inferred beneath the sedimentary sequence in the
adjacent Great Valley [Saleeby, 1986], have model velocities
(6.2-6.7 km/s) spanning those of the layer in question [Spieth
et al., 1981; Colburn and Mooney, 1986; Holbrook and
Mooney, 1987]. On the other hand, Valdez Group rocks
(exclusive of metabasalt) have velocities of 5.9-6.6 km/s
(Table 2), also spanning velocities of layer 7'.

In spite of the fact that layer 7' appears continuous across
the deep projection of the Border Ranges fault system it may
indeed represent different rocks in different places, as in
possibility 3 above: it may represent Chugach terrane rocks
south of the fault and Peninsular/Wrangellia terrane rocks
north of the fault. The differing strength of the reflector at its
top in these two locations supports such an interpretation.
Unfortunately, vertical incidence reflection data failed to
resolve structure beneath the Border Ranges fault system,
and our wide-angle data do not provide a definitive picture.

Layers 7-12. The north dipping sequence, consisting of
layers 7-12 (Figure 3), is inferred to be fragments of oceanic
crust (basalt, gabbro, and metamorphosed equivalents) and
mantle interlayered with sedimentary and metasedimentary
rocks. Layer 7 correlates with metabasalt that is interbedded
and interfaulted with metaflysch of the Chugach terrane.
These rocks are interpreted to be near-trench extrusive
rocks [Plafker et al., 1989]. Thus layer 7 must be considered
part of the Chugach terrane. Lower layers (8-12), however,
are separated from layers 7 and 7' and also from each other
by major velocity discontinuities that are most likely faults.
We interpret these layers to have been tectonically under-
plated in a subduction zone. Justification for this interpreta-
tion includes the following facts:

1. The layers dip north (at about 10°), subparallel to the
top of the present Wrangell Wadati-Benioff zone, inferred to
be the top of the currently subducting plate. This parallelism
is, of course, suggestive only, as underplating occurred in
the late Mesozoic or early Tertiary and involved the conver-
gence between a different pair of plates than the current
ones.

2. The layers can be traced in our models for consider-
able distances: over 100 km in a north-south direction
(Figure 3) and over 200 km in an east-west direction (Figure
124). In addition, other evidence suggests that some of this
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sequence extends for much greater distances both to the east
and west. Outcrops of metabasalt and the gravity ridge
associated with layer 7 can both be traced 650 km eastward
from our transect. Four hundred kilometers to the south-
west, Fisher et al. [1983] see a package of strong landward
dipping reflections on a marine multichannel seismic reflec-
tion line extending from the Alaskan shelf northwestward
into Cook Inlet. The top of this package dips between 5- and
9-s two-way travel time. Nearby, in a study of earthquakes
and surface blasts on the southern Kenai Peninsula,
Stephens et al. [1987, 1990] also see evidence for a marked
velocity discontinuity at 15- to 18-km depth. If these sepa-
rate features are linked to the north dipping sequence in the
Chugach Mountains, a large areal extent for the sequence is
implied. Tt seems likely that only the subduction of an
oceanic plate and overlying sedimentary rocks could pro-
duce layers of the dimensions apparent for such a sequence.

3. Velocities of layers 8-12 are consistent with those of
sedimentary and metasedimentary rocks, oceanic crustal
fayers, and mantle. Layers 8 and 9 (5.7-6.35 km/s, Figure 3)
have velocities appropriate for sedimentary, metasedimen-
tary, and volcanic rocks, as well as numerous other rocks
(Table 2) [Christensen, 1982]. However, layer 8 has struc-
tures appropriate for sedimentary rocks. It coincides in
whole (model A) or in part (model B) with reflection band 1
(Figures 4a and 4b). Fisher et al. [1989] have interpreted a
slight obliquity of reflections within band 1 as evidence of
duplex structure within (presumably) sedimentary rocks.
Duplex structure has been documented, for example, in
sedimentary rocks accreted in the Chugach terranc om
Kodiak Island, southwest of our study area [Sample and
Moore, 1987]. Velocities in layers 8 and 9 are also appropri-
ate for the bottom part of oceanic layer 2, inferred to consist
of metabasalt and brecciated dikes [see Salisbury and Chris-
tensen, 1978].

Layer 10 (7.2-7.5 km/s, Figure 3) has velocities appropri-
ate for the bottom part of oceanic layer 3, or the so-called
“‘basal layer.’” Evidence for a ‘‘basal layer’’ is ambiguous in
most marine seismic investigations [Spudich and Orcutt,
1980], but the layer is definitely present in some exposed
ophiolite sections. Salisbury and Christensen [1978], for
example, demonstrate that the basal 2.5 km of the Bay of
Islands ophiolite complex consist of pyroxene and olivine
gabbro and troctolite having a velocity of 6.9-7.4 km/s. The
top part of oceanic layer 3, which averages about 6.8 km/s
[Shor et al., 1970; Spudich and Orcutt, 1980] is clearly
missing among layers 8, 9, and 10. (In fact, the lack of such
a layer and the juxtaposition of layers of lower and higher
velocities give rise to the exceptional reflections observed on
the Transect line.)

Layer 11 has an average velocity of about 6.75 km/s on
both the Transect and Chugach lines and could conceivably
represent oceanic layer 3 (Figures 3 and 125). On the
Chugach line, however, this layer is subdivided into a
higher-velocity upper part (11A, 6.9-7.2 km/s, Figure 125)
and a lower-velocity lower part (11B, 6.4 km/s). This subdi-
vision is poorly constrained, but it does not resemble ex-
pected structure within oceanic layer 3. Layer 11A might
indeed represent oceanic layer 3, but layer 11B might
represent metasedimentary rocks, possibly similar to
metaflysch of the Chugach terrane.

On the Transect line, the velocity of layer 12 (7.7 = 0.3
km/s) is well constrained where it exceeds that of layer 10
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(Figure 3). Along the greater part of its length on the
Transect line, however, it can not be clearly seen in the
refraction data, although vertical incidence data suggest its
presence. On the Chugach line, this layer has a well-
constrained velocity ranging in different places from 7.7 =
0.2 to 7.8 = 0.2 km/s between SP17 and SP20, but at SP21,
its velocity must be much lower (6.6? km/s, Figure 125).
Where its velocity is 7.7 km/s, this layer is almost certainly
ultramafic rocks, possibly a fragment of oceanic mantle.
Where its velocity is lower, it may include mafic oceanic
rocks (oceanic layer 3).

In summary, because of its dip, areal extent, and layer
velocities, the part of the northern dipping sequence consist-
ing of layers 8-12 appears to be sedimentary and metasedi-
mentary rocks and fragments of oceanic crust and mantle
that were underplated during subduction.

The age and identity of the north dipping sequence (layers
7-12) can be determined as follows. The metabasalts linked
to layer 7 are interbedded with metaflysch of Late Creta-
ceous age (Campanian? and Maestrichtian [Plafker et al.,
1989]). Layers 7-12 all terminate at or north of the north
dipping Contact fault; we infer that they are truncated by this
structure. The Contact fault is intruded by 50-Ma granitic
rocks (Figure 2) [Winkler and Plafker, 1981]. Thus under-
plating of layers 8-12 occurred during the interval Late
Cretaceous to early Tertiary. The oceanic plate that was
subducting beneath Alaska during this time span was the
Kula plate [Engebretson, 1982]. It would appear, then, that
the inferred fragments of oceanic crust and mantle in the
north dipping sequence, including layers 7, 10, 12, and
possibly others, are fragments of the Kula plate [see also
Fuis and Plafker, this issue].

By its link to metabasalt of the Valdez Group, layer 7 is
part of the Chugach terrane. Layer 8 may be linked to either
the Chugach or Prince William terrane, given its low velocity
and interpreted sedimentary composition. Layers 8-12 might
be viewed as one or more separate underplated ‘‘terranes.’’
These layers are apparently fault-bounded on the south by
the Contact fault and on the top by an inferred fault (a fossil
megathrust?) at the base of layers 7 and 7’. Of course, other
layers in the sequence also appear to be separated by major
faults (fossil megathrusts?). It may be reasonable to postu-
late that layers 8—12 represent a terrane similar to both the
Chugach and Prince William terranes that was underplated,
or accreted, at a time during or between times of accretion of
those two terranes.

Layers 10'-12'. Layer 10 of the north dipping sequence
can be carried northward with certainty to a point beneath
the southern Peninsular terrane (northernmost dot on layer
10, Figure 3). Layer 10’ of the laminated sequence beneath
the northern Copper River basin can be carried southward
with certainty to the Glenn/Tok Highway line (arrowhead on
layer 10’, Figure 3). These two layers, and other layers in the
sequences of which they are a part, can not be clearly
connected, hence the blank area in model A between about
SP7 and SPS8 (Figure 3).

Layer 10’ appears to extend across the deep (vertical)
projection of the West Fork fault system, although such a
relationship must be regarded as poorly resolved, given the
uncertainties on layer boundaries here (Figure 3; Appendix
A). It is possible that layer 10’ and also deeper layers were
emplaced after strike-slip faulting between the Peninsular
and Wrangellia terranes, in the Late Jurassic to mid-
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Fig. 19. Interpretive cross section for the Chugach Mountains, showing the relationships among the Prince William,
Chugach, and underplated terranes and the subducting plate.

Cretaceous. The origins of layers 10'-12" have been linked to
the origin of layer 13’ (Fuis and Plafker [this issue]; see
discussion of layer 13’ below).

Layers 13 and 13'. Layer 13, in the south half of the
model, is partly imaged by vertical incidence data and would
appear to be underplated rocks similar to layers 8-12 above.
Reflection band 3, within layer 13, has a dip similar to bands
1 and 2, which are associated with layers 8 and 11 (Figures
4q and 4b). In model A (Figure 3) a marked velocity decrease
southward in layer 13, from 7.2 km/s beneath the northern
Chugach terrane to 6.2 km/s beneath the Prince William
terrane, would appear to indicate a marked change in com-
position that may represent a deep terrane boundary. This
terrane boundary could be an extension of the Contact fault

or could be a younger fault (Figure 19). In model C, however
(Figure 4c¢), no lateral change is modeled in layer 13, and
hence no clear terrane boundaries would appear to be
present.

Layer 13’, in the north half of the model, represents part of
a thick crustal root. Fuis and Plafker [this issue] present at
least three alternative origins for this root. In the first, the
root, including the current Moho, was derived from the
North American Continent and moved into place during or
after the underplating of layers 8-12, in the Late Cretaceous
or early Tertiary. In the second, the root consists in part of
underplated fragments similar to layers 812 but lacking in
seismic definition owing to metamorphic overprint(s) or
irregularities due to folding and/or intrusion. In a third
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interpretation, the root was created in large part by mag-
matic underplating.

Layer 14. Layer 14 is interpreted as subducting oceanic
crust. In model A (Figure 3), its velocity ranges from 6.4
(+0.3) km/s south of Mount Billy Mitchell to 7.4 (=0.3) km/s
north of Mount Billy Mitchell. North of the elbow in the
subducting plate the velocity is more uncertain. This lateral
velocity distribution is somewhat puzzling. A 6.4 km/s
velocity is too low for standard oceanic layer 3, and a 7.4
km/s velocity is too high. In model C, however (Figure 4¢),
the velocity in layer 14 averages 6.55 km/s and is constant.

Layer 14 could be the subducting Pacific plate or subduct-
ing Yakutat terrane (see discussion by Bruns [1985] and
Plakfer [1987]). The lower part of the Pacific plate has a
velocity structure similar to that of layer 14. At a point about
400 km southeast of the Transect line, the Pacific plate
consists of 2 km of sediments, 1 km of basalt (5.5 km/s), and
3.5-5 km of oceanic layer 3 (6.73 km/s) [vorn Huene et al.,
1979]. The lower part of the Yakutat terrane also has a
velocity similar to that layer 14. At a point about 100 km
southeast of the Transect line, this terrane consists of 5-7 km
of sedimentary rocks, 3-3 km of basalt, and a lower part with
a velocity of 6.4-7.2 km/s and unknown thickness [Bayer et
al., 1978].

Recent reflection and refraction data collected 50 km

south of the Transect line [Brocher et al., 1989b] will shed
more light on the interpretation of both layers 13 and 14.

SUMMARY

In this and companion studies [Taber et al., 1986; Brocher
et al., 1989qa; Fisher et al., 1989; Flueh et al., 1989; Goodwin
etal., 1989; E. L. Ambos et al., submitted manuscript, 1988]
we have used seismic refraction and reflection data to
examine in three dimensions the Prince William, Chugach,
Peninsular, and Wrangellia terranes of southern Alaska
(Figures 3, 4, 11, 12, and 20). The velocity structure of the
upper crust (less than 9-km depth) is different from terrane to
terrane. In contrast, the middle and lower crust contains
several layers that extend across deeply projected terrane
boundaries.

Upper Crust

In the Prince William terrane, laboratory and model
refraction velocities indicate the Transect line is underlain to
at least 5-km depth by flysch and metaflysch (Orca Group) or
granitic rocks but not by significant amounts of tholeiitic
basalt (Figure 18a). Laboratory velocity measurements indi-
cate no marked velocity anisotropy in the flysch and neither
do model refraction velocities on the Transect and Montague
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lines, which are at an angle of about 55° to one another. In
the Chugach terrane, laboratory and model refraction veloc-
ities are consistent with an upper crust of metabasalt in the
south and metaflysch in the central part of the terrane. The
McHugh Complex (basalt and minor sedimentary rocks and
melange), in the north part of the terrane, can not be
distinguished from Valdez Group metaflysch on the basis of
velocity. Velocity anisotropy (as much as 10%) within the
Valdez Group metaflysch is confirmed by both laboratory
and model refraction velocities.

Mesozoic and Cenozoic sedimentary rocks in the Copper
River basin are as much as 3-5 km deep. The Lower Jurassic
Talkeetna Formation apparently forms the upper part of
“‘basement”” (5.2-6.2 km/s, layer 3) beneath the basin and is
exposed to the south in the Chugach Mountains. A magnetic
component to this basement might include Jurassic granitic
rocks.

On the north flank of the Chugach mountains, the Penin-
sular terrane contains a body with velocities, 6.0-6.22 km/s,
that extends from near the surface to about 5-kmi depth and
correlates with outcrops of the BRUMA. The shape of this
body is deduced in part from models of aeromagnetic data.
As the modeled velocities for this body are significantly
lower than expected for rocks of the BRUMA, this body
may be extensively intruded at depth by intermediate plu-
tonic rocks, although other explanations are also plausible.
The BRUMA is believed to be the uplifted base of the
Peninsular terrane.

Deeper Crust

A strong reflector at the top of an intermediate-velocity
layer (6.4 km/s, layer 7', Figure 3) at 9-km depth extends
beneath the deep projection of the Border Ranges fault
system, between the Peninsular and Chugach terranes. This
relationship suggests that the upper parts of the Peninsular
and Chugach terranes are detached, although an alternate
explanation, involving no detachment, is possible. We have
postulated that layer 7' is either the roots of the Peninsular
and Wrangellia terranes (island arc rocks) or the roots of the
Chugach terrane (metaflysch). An LVZ above this layer in
some places (layer 6) may be a fault zone.

A north dipping high-velocity layer (6.8-7.1 km/s, layer 7,
Figuire 3), projects to the surface at outcrops of metabasalt in
the basal part of the Chugach terrane. Laboratory velocity
measurements of the metabasalt at 100-200 MPa match the
model refraction velocities for this layer. The metabasalt is
interbedded and interfaulted with Chugach terrane
metaflysch, of Late Cretaceous age, and is inferred to be
oceanic crust of the Kula plate. Layer 7 is linked to a gravity
ridge in the southern Chugach terrane that, together with
outcrops of the metabasalt, persists for over 650 km east-
ward from our transect. Layers beneath layer 7 also dip
north, have a wide inferred areal extent, and have alternating
low and high velocities (5.7-7.8 km/s, layers 8-12). Promi-
nent bands of vertical incidence reflections correlate in part
or in whole with the LVZs in this sequence. These layers are
inferred to be tectonically underplated sedimentary and
metasedimentary rocks and fragments of oceanic crust and
mantle of the Kula plate. The underplating occurred during
the Late Cretaceous and/or early Tertiary.

In the middle crust of the northern Peninsular and
Wrangellia terranes, a laminated sequence (6.37-6.9 km/s,
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layers 10’-12’, Figure 3) appears to extend across the deep
(vertical) projection of the West Fork fault system, between
the Peninsular and Wrangellia terranes, although a crosscut-
ting relationship can not be clearly resolved. This sequence
may have been emplaced after strike-slip faulting between
the Peninsular and Wrangellia terranes.

Details of velocity structure in the lower crust of the four
terranes we have examined are uncertain, because high-
velocity layers in the middle crust largely mask observations
of the lower crust. Lower crust beneath the Prince William,
Chugach, and southern Peninsular terranes is divided into
two layers by the top of the north dipping Wrangell Wadati-
Benioff zone, inferred to be the current megathrust, but this
layer division is distinguishable only in vertical incidence
reflection data. The upper layer (layer 13, Figure 3) exhibits
a prominent reflection band similar to those observed in
layers 8-12 and, like those layers, probably represents
tectonically underplated rocks. The lower layer (layer 14,
Figure 3) is interpreted to be subducting oceanic crust. Its
velocity is variable (6.4-7.4 km/s) but poorly resolved, and
its thickness is 3-8 km. The Moho of the subducting plate is
clearly seen. Lower crust beneath the northern Peninsular
and Wrangellia terranes (6.85? km/s, layer 13’, Figure 3)
extends from about 28-km depth, the base of the laminated
sequence (layers 10'=12’), to a south dipping Moho at 45- to
57-km depth. Layers 10’13’ constitute a ‘‘root’” that ap-
pears to abut the underplated oceanic lithospheric fragments
to the south. This root consists of (1) lower crust from the
North American continent that moved into place during or
after tectonic underplating, (2) underplated rocks that have
lost the clear seismic layering visible in the south, or (3)
magmatically underplated rocks.

Our interpretation of the crust of southern Alaska indi-
cates that tectonic underplating has played a major role in
the process of accretion and continent formation.

APPENDIX A

The following is a layer-by-layer discussion of the con-
straints for models A, B, and C (Figures 3 and 4). The reader
will need to refer to Figures 3-10 as well as supplementary
Figures AI1-AS. .

Layers 1 and 2

Two distinctly different surficial layers (layers 1 and 2) are
recognized in model A (Figure 3). Layer 1 (1.85-2.85 km/s)
corresponds to glaciofluvial cover in both the Copper River
basin and Chugach Mountains (thin patches in the latter).
Layer 2 (2.8-5.2 km/s) corresponds in the Chugach Moun-
tains to cracked and weathered bedrock and in the Copper
River basin to Mesozoic sedimentary rocks. The best con-
straints on velocity and thickness of layer 1 are first and
second arrivals from SP7, SP8, and SP9 (Figures 56, A2, and
A4b), and the best constraints on the velocity and thickness
of layer 2 are first arrivals from SP11, SP12, and SP19
(Figures 6b, 8b, and 9b). The maximum thickness of layer 2
is nearly 3 km beneath Mount Billy Mitchell, but thickness
and velocity can be traded off in modeling this layer between
shotpoints. Layer 2 in the Copper River basin has a moder-
ate velocity gradient that is controlled not only by the curved
first arrival branches but also by free-surface multiple refrac-
tions (Figures 56 and A4b, ““PP”’, ““PPP’’). Although this
layer would appear to be well modeled, at least to about
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7 (true amplitude). These data constrain layers 10 and 12 near their
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3-km depth where penetration by multiple refractions pro-
vides a check, modeling by Brocher et al. [19894], using shot
point gathers from vertical incidence reflection data, indi-
cates a subdivision of this layer into two layers and a lesser
overall thickness than in our model (see discussion in text).
Thus we indicate a relatively large uncertainty in basin depth
in the south part of the Copper River basin.

Layers 3—6 (“‘Basement’’)

Layers 3-6 are referred to collectively as ‘“‘basement.”’
Layer 3 is well sampled by reversing travel paths throughout
model A, and layer 4, restricted in extent, is also well
sampled (Figures 3, 5¢-9¢, and Adc). On the other hand,
layer 5 is well sampled only in the Chugach terrane between
about SP19 and SP9 (Figures 6c¢, 8¢, and 9¢). In the Prince
William terrane, only the top kilometer or so of layer 5 has
reversed coverage (Figures 7¢ and 9¢). Layer 6, an LVZ in
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the Chugach and southern Peninsular terranes, is, of course,
not sampled directly, but its boundaries and velocities are
adjusted to provide travel time and amplitude matches to the
data for arrivals from layers above and below.

Trial-and-error modeling of travel times indicates the
average velocity within layer 3 is certain to about 0.1 km/s in
the Chugach terrane and perhaps to 0.2 km/s in the Prince
William and Peninsular terranes. The gradient, on the other
hand, is poorly known but was adjusted to produce appro-
priately large amplitudes to ranges of 3040 km from most
shot points (e.g., compare Figures 5a and 5b and 6a and 65).

The geometry of the prism-shaped body beneath outcrops
of BRUMA, body 4, is constrained in part by modeling of
magnetic data [Campbell and Barnes, 1985; Campbell,
1987]. The south dipping upper interface of this body is well
constrained to about 2-km depth. The north dipping upper
interface was modified in this study to a steeper dip than in
the model of Campbell and Barnes [1985] in order to better
separate higher-velocity rocks (6.0-6.22 km/s) beneath the
BRUMA outcrops from lower-velocity basement rocks to
the north beneath the Copper River basin. BRUMA out-
crops are associated, at least near their northern boundary,
with localized early arrivals on all record sections (e.g.,
Figure 56, 20-km range south; Figure 6b, 60-km range
north). The lower interface of body 4 was added in this study
to truncate first arrivals beyond about 50 km from SP8
southward and SP11 northward (Figures 3a, 36, 5¢, 8a, 8b,
and 8¢). The velocity of this body is certain to within about
0.1 km/s, as numerous travel paths crisscross within it. The
initial trial velocity was 6.5 km/s; the final velocity, 6.0-6.2
km/s, is surprisingly low, given laboratory velocities for the
BRUMA (Table 2). ,

The average velocity of layer 5 is certain to within 0.15-0.2
s within the Chugach terrane but is more poorly known in the
Prince William terrane. The reduced gradient in this layer
produces the decrease in amplitude of first arrivals observed
for most shotpoints beyond a range of 30-35 km (e.g.,
compare Figures 6a and 6b).

Thickness and velocity of layer 6 can be traded off to
produce the total observed delay of about 0.4 s from SP8 and
SP12 between refractions from layer S and reflections from
layer 7' (Figures 5b and 6b). The top of layer 6 rises
northward between SP12 and SP9 in order to truncate first
arrivals from SP12 at 65-km range. Although layer 6 is
modeled in two sublayers beneath body 4, with velocities of
6.2 and 5.8-5.9 kmy/s, only an average velocity of about 6.0
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km/s, slightly higher than that for the rest of the layer, is
certain. The travel times of reflections recorded beyond
ranges of 35 km for SP8 southward and SP11 northward
constrain this average velocity in this area (Figures 554 and
8b, ““T'#° and “7'##°°). Layer 6 is not seen in the northern
Peninsular terrane on the Glenn and Tok Highway lines
[Goodwin et al., 1989; E. L. Ambos et al., submitted
manuscript, 1988] and must therefore terminate somewhere
in the vicinity of SP7 (Figure 3). The southward termination
of layer 6, near SP12, is well constrained by data from the
Transect line.

Layer 7'

Reflections documenting the shape of the upper surface of
layer 7' are seen clearly southward from SP7, SP8, and SP24
(Figures 5b, A4b, and AS5Sb) and northward for SP11 and
SP12 (Figures 6b and 85), and bottoming points are shown
on model A (Figure 3). Relative amplitudes are well pre-
dicted for reflections that bottom beneath the Peninsular
terrane (e.g., Figures Sa and 8a), but predicted amplitudes
are somewhat too large compared to the data for reflections
that bottom beneath the Chugach terrane (e.g., Figure 6a).
There would appear to be some unmodeled change in
character of this reflector from the Peninsular to the
Chugach terrane. In addition, there would appear to be some
unmodeled reflectors in layer 6 beneath the region of the
Border Ranges fault system that produce arrivals at 35- to
40-km range north of SP11 and 0.2 s ahead of the reflection
from layer 7’ (Figure 8b).

Refractions that document the velocity of layer 7' are seen
clearly from SP7, SP8, and SP24 southward (Figures 5b,
A4b, and A5b) and ambiguously from SP12 and SP19 north-
ward (Figures 6b and 9b). The phases are weak for SP12 and
not clearly separated from other phases for SP19, where
travel time curves are bunched together. An error estimate
for the velocity of layer 7' based on trial-and-error fitting of
travel time curvés to the data is =0.1 km/s. The velocity at
the base of the layer is not constrained by refractions that
bottom there (Figure 3) and is probably uncertain by =0.2 s.

The average velocity of layer 7’ beneath the northern
Peninsular and Wrangellia terranes is constrained primarily
by the combined Glenn and Tok Highway lines to be 6.35 *

0.15 km/s (Figure 20) [Goodwin et al., 1989]. Since layer 7’
beneath Wrangellia falls within an LVZ, its features cannot
be known directly, but its velocity has been - adjusted to
produce the correct traveltimes, amplitudes, and points of
critical reflection for arrivals from layer 10’ (Figure 105).

Layers 7-12 (North Dipping Sequence)

Reflections that document the upper surface of layer 7 are
seen clearly from SP12 southward but are not clearly sepa-
rated from other phases for SP19 northward (Figures 65 and
9b, *‘7#" and ‘“7#4#°°). This layer has an average velocity of
6.8 km/s beneath SP19 and the southern flank of Mount Billy
Mitchell that is constrained within about +0.1 km/s.- by first
arrivals from SP12 and SP19 (Figures 6b and 95, “*7’"). The
layer decreases in velocity both downdip and updip of this
interval by about 0.4 km/s. The downdip decrease, certain to
about *0.2 km/s, is required by first arrivals at ranges
beyond about 30 km from SP19 northward (Figure 95, “*7").
The updip decrease and the local LVZ just north of the
Contact fault are less certain and are required to match the
complex travel time curves from SP19 southward and SP38
northward (Figures 96 and Alb, ‘7).

Layer 8, part of a major LVZ (Figure 3), hasa velocity and
thickness adjusted to produce the observed delay of 0.6-0.7
s- between reflections from layer 10 and refractions from
layer 7. This delay is best observed at.75- to 90-km range
southward from SP8 (Figure 56). Model A (Figure 4a)
produces this delay with a 3-km-thick LVZ, of velocity 5.7
km/s, and the alternate model, model B (Figure 44), pro-
duces this delay with a 4-km-thick LVZ, of velocity 6.2
kni/s. In both models A and B a slight decrease in the delay
produced by layer 8 for shot points north of SP8 is modeled
by a northward increase in LVZ velocity (see Figures A4b
and ASh).

Points of critical reflection from layer 10 are shifted away
from shotpoints by amounts ranging from 0 to 5 km for
model B, compared to model A, owing largely to the greater
depth of layer 10 in model B. For most shot points, model A
predicts points of critical reflection at or near the onset of
regions of large amplitudes that commonly extend for 15-20
km, and model B predicts points of critical reflection within
these regions. For a complete theory of wave propagation in
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which the effects of finite frequencies are taken to account,
a peak in reflection amplitudes is expected at a point more
distant from the source than for the ray theory used herein
[Cerveny et al., 1977]. For example, for 5-10 Hz energy,
similar to that of our signal, the predicted amplitude peak for
layer 10 reflections is expected 10-15 km farther than the ray
theory peak [see Flueh et al., 1989]. Examining true-
amplitude data from SP8 southward (Figure A3), we see that
model A predicts the observed amplitude peak, at 70-75 km,
marginally better than model B.

Layer 9, also part of the major LVZ, has a model velocity
(6.2-6.3 km/s) similar to that determined by Flueh et al.
[1989] from peg-leg multiples in this layer on the Chugach
line. Similar multiples generated on the Transect line from
SPR southward agree well in travel time with observed
echelon branches of large-amplitude arrivals at 0.5-1.0 s and
100-140 km (Figure 5b, *“M8/9-1"" and ‘“M8/9-2”"). (Note that
*“M8/9-1"" indicates one reverberation within layers 8 and 9
combined; ““M8/9-2"" indicates two reverberations.) Large
observed amplitudes do not, however, persist along the
entire predicted travel time curves; they are seen only at the
distal ends. A similar phenomenon has been confirmed by
Flueh et al. [1989]. Another possible example of this phe-
nomenon is seen in the data from SP11 southward. Large-

amplitude arrivals at 0.2-0.4 s and 70-100 km occur along a
distal projection of the travel time curve for M8/9-2 (Figure
8b). Agreement in travel time between predicted and ob-
served peg-leg multiples from SP8 and SP11 indicates that
the velocity for layer 9 is well determined, as the majority of
the travel path for the observed multiples, at the distal ends
of the travel time curves, is in layer 9. In contrast, from SP19
northward and SP12 northward, no clear arrivals can be seen
along the predicted traveltimes curves for peg-leg multiples
(or even distal projections of these curves; Figures 6b and
9b, <“M8/9-17"’, etc.). v

The boundary between layers & and 9 was placed so as to
explain an apparent precritical reflection that is observed to
be slightly earlier than the one from the top of layer 10
(Figure 6b, “‘9#”’). This boundary corresponds to reflections
in the southern part of band 1 of the vertical incidence data
that converge upon reflections at the base of the band
(Figure 4a). Fisher et al. [1989] interpreted such convergent
reflections as evidence of duplex structure in band 1.

Wide-angle reflections constraining the upper surface of
layer 10 have bottoming points from just north of the Contact
fault to a point beneath the southern Peninsular terrane; this
boundary is well controlled over a distance of more than 100
km (Figure 3). As indicated above, however, the depth to
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this boundary is uncertain by at least 1 km (compare models
A and B; Figures 4a and 4b). Although we have modeled
lateral velocity variation within layer 10, this variation is
barely resolved in both models A and B. In model A (Figure
3), we show a velocity of 7.5 km/s over a 20-km segment of
the layer northward from Mount Billy Mitchell, and 7.2 km/s
north and south of this segment. In model B (Figure 4b), the
velocity is 7.2 km/s south of Mount Billy Mitchell but 7.5
km/s everywhere north of Mount Billy Mitchell. Trial and
error perturbations of these velocity distributions indicate
permissible velocity ranges of £0.1 km/s for the higher-
velocity segments and *=0.2 km/s for the lower-velocity
segments in both models. Primary constraints are first arriv-
als from SP8 and SP19 (Figures 55 and 9b, *“10”’). Note that
a 7.2 km/s velocity is required in layer 10 beneath SP19 in
order to be consistent with the results of Flueh et al. {1989]
and our own results from modeling the Chugach line. The
southern termination of layer 10 can not be more precisely
determined than some point in an interval 0-15 km north of
the Contact fault, given the fact that models A and B differ
on this feature (see text). In model A, aithough bottoming
points for reflections from layer 10 can be traced to within 5
km of the fault, high velocity in this layer (7.2 km/s) must
terminate at least 10 (£5) km north of the fault. In model B,
high velocity in layer 10 is permissible all the way to the
fault. The northern termination of layer 10 and the relation-
ship of this layer to the subhorizontal layers 10’ and 12’
beneath the northern Copper River basin are unknown.
The velocity gradient in layer 10 is uncertain but was
adjusted to produce the correct relative amplitudes for
refractions from all shotpoints (e.g., compare Figures Sa and
5b, <“10”’). The thickness of the layer was reduced in
successive steps to a final value near | km in order to
truncate refractions as near to observed locations as possi-

ble. For example, observed refractions from SP19 northward
and SP8 southward are truncated at about 90 and 110 km,
respectively, and predicted refractions are truncated at 104
and 103 km, respectively (Figures 5b and 95, *10’"). Note
that oscillations are permitted in the lower boundary of this
layer, but the layer must be as thin as about 1 (+0.5) km in
at least a few key places in order to cut off rays and thereby
truncate refractions as observed.

The velocities of layers 11 and 12 and the depth of layer 12
are relatively poorly constrained by Transect line data and
have been adjusted to be consistent, to the extent possible,
with models of Chugach line data by Flueh et al. [1989] and
this study. Uncertainties in velocity and depth for layers 11
and 12 are greater than for layers 8/9 and 10, because (1) they
are deeper, (2) layer 12 has only a short (30 km) high-velocity
segment (7.7-7.8 km/s), and (3) layer 12 appears to dip
westward as well as northward (Figures 3 and 125). We
estimate the uncertainty in the average velocity of these
layers to be £0.3 km/s and uncertainty in the depth to layer
12 to be =2 km.

The southern termination of layer 12, like that of layer 10,
lies in an interval 0—15 km north of the Contact fault, given
the fact that models A and B differ on this feature (see text).
Bottoming points for reflections from the top of this layer
can be traced to within 10 km of the fault, but high velocity
in the layer (7.8 km/s) may extend all the way to the fault
(model B) as long as (1) the layer is thin (less than about 1
km) or (2) the velocity gradient is high (greater than 0.05-
0.1/s). If the latter conditions are not met, a first-arrival
branch from SP11 would extend well beyond observed first
arrivals to excessively early travel times (see Figure 8b).
Even model A, where layer 12 terminates 10 km north of the
fault, has this problem, but predicted amplitudes for the
excessively early arrivals are small and are permitted by the
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data (compare Figures 8a and 8b, “12’). The northern
extent of layer 12 is certain only to the subsurface point of
critical reflection from SP11 southward, beneath Mount Billy
Mitchell (Figure 3). For shot points north of SP11, arrivals
from layer 12 are either not present or are masked by the
reflection from layer 10. If the blank region below band 2 in
the vertical incidence reflection data can be interpreted as
evidence of layer 12, then this layer would appear to extend
northward to at least SP11 (Figures 3 and 4a). We were
forced to reduce the velocity of this layer to 7.0 km/s in this
region, however, in order that Pn arrivals from SP1, ob-
served clearly to at least 230-km range (Figure 105), could
penetrate the north dipping sequence. (If layer 12 had a 7.7
km/s velocity in this region, Prn would be reflected down-
ward postcritically from the base of the layer).

The velocity gradient and thickness of layer 12 are uncer-
tain except at' the southern termination of the layer as
outlined above.

Layers 10'-12' (Midcrustal Layers in the Northern
Copper River Basin)

Layer 10’ is best constrained in velocity on the combined
Glenn and Tok Highway lines to be 6.75 = 0.15 km/s (Figure
20) [Goodwin et al., 1989]. On the Transect line, arrivals
from this layer from SP1 are clear, but arrivals from the
reversing direction, from SP7 and SP8, are emergent or were
not recorded at the proper range. There is weak evidence for
at least one deeper layer (layer 12’) on the combined Glenn
and Tok Highway lines and on the Transect line, at a depth
of about 25 km. The velocity of layer 12’ is uncertain, but the
apparent point of critical reflection, about 150 km from shot
point 1, is best matched using a velocity that is only slightly
increased (by 0.2 km/s) from that of layer 10’. An LVZ (6.3?
km/s, layer 11’) is included to produce the observed delay
(0.4-0.5 s) between the layer 12’ reflection and the layer 10’
refraction; however, the evidence for this feature is not
compelling. Arrivals following those from layer 12’ are
explained as peg-leg multiples generated in the LVZ (Figure
10b, “M11'-17).

Layers 13, 13', and 14 (Lower Crust)

The velocities of layers 13 and 13 are poorly constrained.
In fact, two significantly different models of these layers,
models A and C (Figures 3 and 4c¢), are permissible, but
these alternate models also require different phase correla-
tions. The velocity of layer 14, the subducting crust, is
somewhat better constrained, at least in the region south of
Mount Billy Mitchell, by the tails of the PmP branches from
SP37 and SP11 (Figures 7b and 8b). However, this layer,
too, is subject to an alternate interpretation in model C
(Figure 4c). Together layers 13, 13', and 14 produce the big
delays (1.5-3.5 s) between PmP and refractions (or diffrac-
tions) from midcrustal layers (Figures 7-10).

In the south half of model A, considerable lateral velocity
variation is interpreted in layer 13 (Figure 3). Average layer
velocity increases from 6.1 km/s near the Pacific coast to 6.5
km/s beneath Mount Billy Mitchell, jumps to 7.2 km/s (on
average) beneath Mount Billy Mitchell, and remains con-
stant to some poorly defined point beneath the Copper River
basin. This landward increase in velocity is required if one
assumes that the Moho is subparallel to the top of the
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Wrangell Wadati-Benioff zone, as defined by Page et al.
[1989]. If this assumption is relaxed, then other structures
are possible, as trade-off is permitted between Moho depth
and layer 13/14 velocity. If one assumes instead that the
velocity of layer 13 is constant, say 6.4 km/s, then Moho is
subhorizontal beneath the Chugach Mountains, and the
subducting crust (layer 14) tapers to 0-km thickness beneath
about SP11. If one further drops the requirement that the
phase ‘““PmP-1#"" from SP19 northward be fitted (Figure 95),
then model C is permitted. In model C the subducting crust
is 8-10 km thick beneath the Chugach Mountains, although
thinning is required farther north, beneath the Copper River
basin. In the north halves of models A and C, layer 13’ is
modeled as an LVZ in an attempt to reproduce the observed
truncation of layer 12’ refractions beyond about 185 km from
SP1 (Figure 105, ““12"”"), (Refractions are indeed truncated
at the proper locations, but, unfortunately, predicted wide-
angle reflections from the top of this layer persist into the
observed shadow (Figure 106, ““12'##7?"), indicating that
further tailoring of the upper interface of layer 12 is warrant-
ed.) In model A, layer 13’ was arbitrarily assigned an
average velocity (6.85 km/s), only slightly less than that
inferred for layer 12’ (6.9 km/s). A lower average velocity
(6.45 km/s in model C) is also permitted, but Moho must be
elevated compared to model A (Figure 4c¢).

The top of layer 14 is defined by the top of earthquakes in
the Wrangell Wadati-Benioff zone and is equated to the
megathrust between the Pacific and North American plates
[Page et al., 1989]. Between SP11 and SP12 this interface
coincides with band 4 in the vertical incidence reflection
data. Owing to the finite thickness of this band and errors in
earthquake location, this interface has an estimated uncer-
tainty in depth of a few kilometers. In the region south of
Mount Billy Mitchell, the velocity of layer 14 is determined,
within perhaps +0.3 km/s for both models A and C, to be 6.4
km/s, from the asymptotic PmP velocities observed from
SP37 and SP11 (Figures 7b and 8b). In the region north of
Mount Billy Mitchell, a velocity of 7.4 (+0.3) km/s is
required in model A to fit PmP travel times from SP19, SP8,
and SP24 (Figures 5b, 9b, and ASb). North of the elbow in
this layer, relatively high velocities are also required in order
to transmit energy northward for the “PmP-2"’ phase (Fig-
ure 95 and 9c, see below). In the region north of Mount Billy
Mitchell, velocities in model C are poorly determined.

Layers 15 and 15' (Mantle)

The large-amplitude phases beginning at 2-2.5 s and 80- to
100-km range from SP37, SP19 northward, and SP11 south-
ward are all modeled as reflections from layer 15, or mantle
of the subducting plate (Figures 7-9, “PmP”’, “‘PmP-1#"",;
see note below). In addition, the large-amplitude phases
beginning at 3-4 s and 140-km range from SP19 northward
and SP1 southward are modeled as reflections from layer
15’, or mantle of the North American plate (Figures 9b and
10b, ““PmP-2"", “PmP-1##""). (Note that for SP19 and SP1,
“PmP-1"" indicates a simple mantle reflection, from either
layers 15 or 15', and is egivalent to “‘PmP”. “‘PmP-2”
indicates a complex ray path that includes travel through the
steeply dipping part of layer 14 and reflection from layer 15'.)
In model C, on the other hand, the later large-amplitude
phase from SP19 (‘‘PmP-2"") is modeled as a reflection from
Moho of the subducting plate, thus making the subducting
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Moho several kilometers deeper than in model A (Figure
4c). The earlier large-amplitude phase from SP19 (PmP-
1#”’) is not explained in model C, as stated above.

In the south halves of both models A and C, layer 15 dips
northward, although its depth is uncertain by 3-5 km,
depending on velocities assumed for layers 13, 13’, and 14.
No Pnr arrivals are clearly observed, but mantle velocity is
estimated from the positions of points of critical reflection
and from the strength of reflections to be in the range 7.5-8.0
km/s (see Figures 7a and 8a).

In the north halves of both models A and C, layer 15’ dips
southward (7°), and its depth differs by about 3 km between
the two models because of differing model velocities for
layer 13’. The maximum Moho depth is 57 km, beneath the
southern Copper River basin. Mantle velocity is constrained
by reversing refractions and/or diffractions and by the ap-
parent position of points of critical reflection from SP19 and
SP1 (Figures 9 and 10). The permissible range for Pn is
estimated to be 8.0-8.5 km/s. In model C, mantle refractions
weakly constrain a tapering of the subducting crust beneath
the southern Copper River basin (Figure 9d).

Atleast two problems with our modelling of mantle phases
should be mentioned. (1) Predicted reflections from layers 15
and 15’ (considering only simple reflections, “‘PmP’’ and
“PmP-1"") are larger than those observed for all shot points
except SP37 (e.g., compare Figures 7a and 7b and 8a and
8h). (2) “PmP-2" arrivals are influenced strongly by small
structural details in the steeply dipping part of layer 14. For
problem 1 the Moho may be a more complex boundary than
the simple velocity step in our model (Figure 3). For problem
2, asymptotic ray theory generally predicts more pro-
nounced foci and shadows than are observed, since dif-
fracted energy is not included.

APPENDIX B

The following is a layer by layer discussion of constraints
for model CGH (Figure 125). The reader will need to refer to
Figures 12-17.

Layers 1 and 2

Layers 1 and 2 (Figure 12b) represent unconsolidated
glaciofluvial deposits and surficial bedrock, respectively.
The only location where layer 1 attains significant thickness
is a basin just east of Valdez. The layer velocity (1.8-1.9
km/s) was not determinable from Chugach line data but was
assumed to be similar to the velocities for this material
determined by E. L. Ambos et al. (submitted manuscript,
1988), although glaciofluvial deposits in the Copper River
basin may differ somewhat. The velocity of layer 2 (cracked
and weathered bedrock) is poorly constrained by Chugach
line data but somewhat better constrained by Transect line
data (see above). The thickness of this layer is adjusted to
produce the appropriate local delays in the travel time
curves; however, a trade-off between velocity and thickness
is permissible in locations away from shot points.

Layers 3 and 5 (‘‘Basement’’)

Layer 3 changes in velocity and velocity gradient from
west to east. Between SP17 and SP18 it is 6.1 km/s at its top
with a low gradient (less than 0.1/s, but east of SP18 it is 5.6
km/s at its top with a high gradient (about 0.17/s) that
increases progressively eastward (to about 0.34/s at SP20).
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The eastward decrease in velocity is a well-resolved feature
and is reflected in the a progressive eastward decrease in
apparent velocities in the range interval 5-10 km from each
shotpoint. The eastward increase in gradient is indicated by
the onset of free surface multiple refractions at SP19 (Figure
15b, ““PP’’). These multiple refractions are seen from SP19
eastward, but geometric irregularities in the surficial layers
immediately west of SP19 suppress multiples in that direc-
tion. Similar irregularities (not modeled) near SP20 either
suppress these multiples from SP20, or the gradient is not as
high as modeled in that region.

Layer 5 has fairly uniform velocity throughout the model,
6.4 (£0.1) km/s at its top and 6.6 (=0.15) km/s at its base,
except in the model coordinate interval 47-65 km, where its
top is 0.2 km/s faster. (Errors are estimated from trial-and-
error modeling, as in Appendix A). Layer thickness, on the
other hand, changes dramatically, from 6.5 km in the west to
1.5 km in the east. The consequent eastward increase in
velocity gradient is apparent in an eastward increase in
amplitude and decrease in branch length for layer 5 refrac-
tions; these features are well reproduced in synthetic record
sections (compare Figures 13a and 136 and 15a and 155,
“5"). In its eastward increasing velocity gradient, this layer
mimics layer 3. In fact, there are no clear reflections in the
data to indicate that layers 3 and 5 are separate layers. The
difference in average velocity of layers 3 and 5 between the
Chugach and Transect lines (0.2-0.3 km/s, Figure 184) is
fairly well resolved and is consistent with laboratory deter-
minations of anisotropy for metaflysch of the Chugach
terrane (see Table 2, text).

Layers 7-12

In the region between SP17 and SP19, strong reflections,
both precritical and postcritical, outline the top surface of
layer 7 (Figures 136 and 14a, *‘7#’; Figure 15b, “‘7##”). In
the region between SP19 and SP20, reflections from the top
of the layer are not clearly separated from other arrivals.
Reversed refractions from all shot points determine the
velocity of this layer (6.9-7.1 km/s) quite accruately (0.1
km/s) in the region east of about Valdez. The velocity
gradient (0.05/s) and thickness (2 km) appear to be modeled
approximately correctly as amplitudes and branch termina-
tions match the data fairly closely (compare Figures 13a and
135, 15a and 15b, and 16a and 1656, *“7°"). The difference in
velocity of layer 7 between the Chugach and Transect lines
(about 0.2 km/s, Figure 18d) is marginally resolved. Thick-
nesses agree well, within error.

The velocity of layer 9 was adopted from reflectivity
modeling by Flueh et al. [1989] and the thickness of the layer
was adjusted to produce the small delay (0.2-0.3 s) between
refractions from layer 7 and reflections from layer 10. From
SP17, there are no clear reflections from layer 10, and the
refractions from layers 7 and 10 are nearly continuous,
leading to our interpretation that layer 9 pinches out before
reaching SP17 (Figure 125).

Strong reflections from all but SP17 outline the top of layer
10 (Figures 14-16, ““10#”" and ‘*10##’). Trial-and-error
modeling on the Transect line indicates the top of this layer
is no more accurately known than about 1 km (compare
Figures 4a and 4b). Reversed refractions from all shot points
on the Chugach line determine the velocity of this layer (7.2
km/s) quite accurately (=0.1 km/s) over its entire extent. The
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velocity gradient (0.02/s) and thickness (1 km) were adjusted
to produce the correct amplitudes and branch terminations,
although a short interval of focused energy from SP17 (80- to
90-km range) does not match the data well (compare Figures
13a and 13b and 16a and 16b, *“10°"). The velocity and
thickness of layer 10 agrees well with that determined on the
Transect line (Figure 184d).

The average velocity of layer 11 (about 6.7 km/s) is a bit
higher than that determined from reflectivity modeling by
Flueh et al. [1989]. Layer 11 was subdivided in an attempt to
more closely match peg-leg multiple travel times observed
from SP17. Reverberations within layer 11B come closer to
matching in traveltime the observed arrivals at 85- to 100-km
range from SP17 than reverberations within the entire layer
(Figure 13b, compare ““M11B-1"" and “M11A/B-1""). Ampli-
tudes and range intervals over which multiples are strongest
are not necessarily well predicted using ray theory (Figures
13a and 16a). Velocity details of layer 11 await further
testing using a finite element algorithm.

Reflections from the top of layer 12 from SP17, SP18, and
SP19 westward occur at about 10-km greater range than for
SP19 eastward and SP20 (Figures 13-16, ““12A”’) requiring
that layer 12 deepen in the west half of the model. (If layer 12
were flat, the reflections from SP17, SP18, and SP19 west-
ward would be 0.3 s too early.) Trial-and-error modeling on
both the Chugach and Transect lines indicates that the top of
layer 12 is no more accurately known that 1-2 km. Refrac-
tions from this layer, seen clearly from SP20 and ambigu-
ously from SP17 (Figures 135 and 165, “‘12B"’"), determine
the layer velocity to be 7.7 = 0.2 km/s in the west part of the
model and 7.8 + 0.2 km/s in east part (Figure 125). A zero
velocity gradient is required between SP19 and SP20 to
produce the observed low amplitude of the refraction from
SP20 (Figures 16a and 165, ‘“12B”"). In fact, Flueh et al.
[1989] model a negative velocity gradient in the lower half of
layer 12 in this region to reproduce the observed amplitudes.

Layers 13—15 (Lower Crust and Mantle)

Velocities and depths of layers 13-15 were adopted from
the Transect line, as no clear arrivals from these deeper
layers are observed on the Chugach line. The reader is
referred to the text for a discussion of these deeper layers
and also a discussion of a “‘Pp.”’ reflection from within the
upper mantle,

Gravity Model

Predicted gravity for model CGH was calculated using a
21-dimensional algorithm and average densities for each
layer taken from the velocity-density data of J. E. Nafe from
Dobrin [1976] (predicted curve 1, Figure 12 4). By reducing
densities of layers 7 (3.00 g/cm3), 10 (3.10 g/em?), and 11B
(3.00 g/cm®) t0 2.92 g/cm?, the agreement with the observed
data can be brought to within about 5 mGals (predicted curve
2, Figure 12a). The predicted gravity curves are not too
sensitive to layer dimensions in and out of the plane of the
model; these dimensions have been chosen to be consistent
with model A (Figure 3). For example, layer 7 in the gravity
model extends 25 km northward (into the page, Figure 1254)
and 20 km southward (out of the page, Figure 125). Reduc-
ing both dimensions by 10 km reduces the predicted gravity
by less than 3 mGal. Increasing both dimensions by 80 km
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increases the predicted gravity by less than 3 mGal. Lesser
effects are seen by changing dimensions of layers 10 and
11B, as only 5-10 mGal of the total relief of the gravity ridge
(3040 mGal) is due to those layers.

Velocity Structure at SP21

As discussed in the text, the velocity of all layers above
about 15-km depth must decrease in velocity eastward from
SP20 to SP21 in order to produce the observed traveltimes
(Figure 17a). Without data from the interval between SP20
and SP21, the structure can only be constrained in broad
terms. These constraints are as follows: (1) a delay of about
0.7 s is required near SP21; (2) a strong LVZ (layer 11) is
required to produce the peg-leg multiples seen from SP21; (3)
the rocks at the surface at SP21 are felsic gneisses of
amphibolite grade; (4) a detailed gravity map of the Chugach
Mountains (D. F. Barnes, written communication, 1986)
indicates that SP21 is north of the gravity ridge that charac-
terizes most of the Chugach line (Figure 124). We have
chosen a structure at SP21 (Figure 125, ‘“*SP21”’°) in which
the upper crust, to 7-km depth, has a velocity as low as
reasonable for felsic crystalline rocks (constraint 3; see, for
example, Birch [1960]) in order to achieve the required delay
(constraint 1), In order to create an LVZ (constraint 2) we
added a “‘lid’” between depths of about 7 and 9 km (layer 10,
6.4 km/s) and an LVZ (layer 11, 5.8 km/s) between depths of
9 and 11.5 km. Notably absent is layer 7, which is linked to
the gravity ridge (constraint 4; see text). The structure that
we have chosen for SP21 produces an acceptable fit to the
data (Figure 17a) but is, of course, poorly constrained. At
least one group of alternate models was attempted and
rejected: models in which the velocity of the layer 12
remained constant between SP20 and SP21 but the layer
dipped eastward.
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