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Abstract. We have interpreted an integrated vertical incidence to wide-angle seismic data set to develop a
consistent migrated seismic reflection image and seismic velocity model of the Brooks Range fold and thrust
belt in north central Alaska. The common midpoint (CMP) reflection data image the principal structures
comprising the Brooks Range: the Endicott Mountains allochthon (EMA), the crustal scale Doonerak duplex,
the master detachment, a 1.0-1.5 s thick zone of lower crustal reflectivity just above the crust-mantle bound-
ary, and a complex crustal root. The master detachment separates the crust into units which have been up-
lifted and deformed in the fold and thrust belt from those which have not. Least squares inversion of both
reflection and refraction travel time data produced a velocity model consistent with the CMP image of the
Brooks Range as well as with the Bouguer gravity data. The different layers comprising the seismic velocity
model correlate well with the principal structural elements identified in the seismic reflection data, and
seismic velocities in the model compare favorably to petrophysical data from Brooks Range rock samples.
Maximum crustal thickness in the Brooks Range is 49 km, at an asymmetric root located under the EMA. At
the root we observe an offset in the lower crustal reflectivity and two deep zones of reflections north of the
root. We interpret these as a Moho offset of some 5 km near the range front, which in our favored interpreta-
tion resulted from subduction of the Brooks Range lower crust northward beneath the North Slope. A mantle

reflective zone which we interpret as the subducted lower crust can be traced to depths as great as 65 km.
Above this zone at considerably shallower depth is the original North Slope Moho. Proximity of the conti-
nental subduction zone to the crustal scale Doonerak duplex suggests that the development of the fold and
thrust belt has been at least partially controlled by the lower crust/mantle subduction.

Introduction

In the last decade the Trans-Alaska Lithospheric Inves-
tigation Program (TALI) has acquired detailed geological
and seismic data along a 1400 km long corridor crossing
Alaska called the Trans-Alaska Crustal Transect (TACT [See
Stone et al., 1986]). The TACT corridor extends along the
Trans-Alaska pipeline from the Gulf of Alaska through the
various allochthonous terranes comprising southern, central,
-and northern Alaska, including the Brooks Range and asso-
ciated terranes in northern Alaska. The transect ends on the
North Slope over what is believed to be the proto-North
American craton (Figure 1). TACT is unique in that it ex-
tends from an active convergent margin where the Pacific
plate is subducting beneath southern Alaska to a rifted pas-
sive margin forming the northern edge of the North Ameri-
can craton at the Arctic Ocean.

In this paper we describe the interpretation of the verti-
cal incidence to wide-aperture seismic profile crossing the
Brooks Range fold and thrust belt, as well as the Ruby ter-

rane and the Yukon-Koyukuk basin to the south and the
Colville basin and North Slope to the north (Figure 1). Pre-
liminary interpretations of the seismic reflection and wide-
aperture data including balanced and partially balanced cross

sections have been reported previously [Levander et al., 1994,

Fuis et al., 1995; Wissinger, 1995]. ‘A series of detailed bal-
anced cross sections have been derived from the reflection
data [Wissinger, 1995; Wissinger et al., 1997]. Here we re-
view the principal seismic findings already published and
present a new seismic velocity model and gravity models for
the Brooks Range. The seismic velocity model is compared
to laboratory measured velocities made on Brooks Range
rocks. We also present and interpret new common midpoint
(CMP) reflection data showing upper mantle vertical-inci-
dence reflections beneath the northern Brooks Range and
Colville basin.
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Geologic Overview and Previous Seismic
Results

The Brooks Range, one of the northernmost elements
of the North American Cordillera, is a Jurassic-Recent aged,
east-west trending, north vergent fold and thrust belt located
in north central Alaska (Figure 1). An excellent review of
the development of the fold and thrust belt is given by Blythe
etal., [1996] which we summarize here. In the Jurassic, the
southern edge of the Alaskan North American craton was a
passive continental margin. In the Late Jurassic (prior to
160 Ma) through Early Cretaceous this passive margin was
shortened by collision with an island arc, forming the Brooks
Range and its corresponding foredeep, the Colville basin.
Remnants of this island arc, which were accreted to the south-
ern Alaska margin by 130-100 Ma, are now found in the
Yukon-Koyukuk basin on the southern flank of the Brooks
Range. The southern part of the range experienced variable
and debated amounts of extension in the period 130-90 Ma
[Gottschalk and Oldow, 1988; Miller and Hudson, 1991; Till
et al., 1993]. In our study area, along the TACT transect,
extension appears to be relatively minor. Significant ele-
ments of the Brooks Range were again shortened in the Ter-
tiary between 60 Ma and 25 Ma, possibly resulting from low-
angle subduction of the Kula plate along the north dipping
southern Alaska subduction zone.

The Brooks Range is largely composed of deformed pas-
sive margin sediments of mid-Paleozoic age that have been
overthrust by ophiolitic rocks of the Angayucham terrane,
during the collision of the Koyukuk arc [Mull, 1982]. Meta-
morphic grade increases from north to south from relatively
undeformed rocks in the Colville basin and foreland to
greenschist and higher facies in the schist belt located in the
southern part of the range. The assemblages of the Brooks
Range and North Slope are subdivided into a number of major
thrust-bounded terranes and subterranes based on similari-
ties in structure, stratigraphy, and/or metamorphism (Figure
1). Different nomenclatures are in use to describe these ter-
ranes, one by a number of researchers including Jores et al.
[1987] and Moore et al. [1994] and one by Oldow et al.
[1987]. The latter is more in keeping with traditional con-
cepts developed for fold and thrust belts, whereas the former
is more in keeping with the terrane accretion concepts de-
veloped for western North America, with the result that some
ditferences exist in the intent of the definitions. We summa-
rize the nomenclatures in Table 1. Here we describe the rock
units crossed by our seismic line from north to south. (1)
The Colville basin is the Jurassic-Recent foreland succes-
sion composed of foredeep sediments shed from the rising
Brooks Range. (2) The Endicott Mountains allochthon
(EMA) is a Devonian-Mississippian succession of clastics,
volcaniclastics, conglomerates and carbonates. (3) The
Doonerak window exposes the Doonerak duplex and related
thrust structures, consisting of lower Paleozoic to Triassic
south dipping imbricates composed of phyllite, argillite, and

volcanic rocks of the Devonian-Jurassic passive margin. (4)
The Skajit allochthon [Oldow et al., 1987] or Hammond
subterrane [Moore and Mull, 1989] is a structurally complex
assemblage of metamorphosed Cambrian-Devonian clastics
and carbonates. (5) The schist belt [Oldow et al., 1987] or
Coldfoot subterrane [Moore et al., 1992] is a highly deformed
quartz-mica schist which has undergone greenschist, am-
phibolite, and blueschist facies metamorphism [Gottschalk,
1987]. (6) The Rosie Creek allochthon [Oldow et al., 1987]
or Slate Creek subterrane [Moore et al., 1992] is a low grade
metamorphic assemblage composed of Cambrian-Silurian
clastic and carbonate rocks. (7) The southernmost terrane of
the Brooks Range proper in our study area is the Angayucham
terrane, obducted Devonian to mid-Jurassic ophiolitic rocks.
South of the Brooks Range are (8) the Yukon-Koyukuk ba-
sin, a triangular lowland containing a structural high of vol-
canic rocks flanked by 5-8 km of mid-Cretaceous-Recent
terrigenous sediments [Box and Patton, 1985], and (9) the
Ruby terrane, a linear uplift trending diagonally across cen-
tral Alaska composed of Paleozoic continental and island
arc rocks and Cretaceous plutons.

The seismic reflection data from the Brooks Range sur-
vey have provided a link between surface mapping and the
structure of the upper and middle crust, through identifica-
tion of major crustal units and detachment faults which per-
mitted reconstructions of the development of the fold and
thrust belt (Figure 2) [Levander et al., 1994; Fuis et al., 1995;
Wissinger, 1995; Blythe et al., 1996; Wissinger et al., 1997].
‘We reference the seismic reflection data and the velocity
model (described in the next two sections) to model coordi-
nates, denoted by KM, with 0 KM at the Arctic Circle. The
preservation of stratigraphy and the manner and degree of
deformation strongly affect seismic reflection character.
Where stratigraphy is well preserved and rocks deformed by
brittle failure and folding, such as in the EMA and the
Doonerak duplex (180-295 KM), the seismic reflection sec-
tion contains long bright, continuous reflections. In con-
trast, where no recognizable stratigraphy exists and the rocks
appear to be ductilely deformed, as in the schist belt
[Gottschalk, 1990], seismic reflections are short, weak, and
chaotic (160-180 KM). This is likely a result of multiscaled
fabrics and seismic velocity and lithologic heterogeneity [see
Levander et al., 1994].

In the seismic reflection data, we have interpreted the
bottom of a continuous series of reflections in the crust as
the basal decollement at upper/midcrustal depths in the north-
ernmostrange (~12 km) which deepens to lowercrustal depths
(~28 km) beneath the schist belt (170-295 KM, Figure 2; see
also Figure 2 of Levander et al. [1994]. Our interpretation
of the seismic reflection packages above the decollement
suggests that the northern Brooks Range has formed from
the emplacement of relatively thin thrust sheets above this
detachment [Wissinger, 1995]. These thrust sheets are gen-
erally thinner in the northern than in the southern part of the
range, nowhere exceeding 10 km, and have aspect ratios
greater than 3 (horizontal/vertical).
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Table 1. Nomenclatures Used

Geologic
Provinces
foreland belt

Terranes and
Subterranes
Colville basin

Lithotectonic
Assemblages
1, Colville basin

2, Endicott Mnts. Endicott Mnts. crestal belt
allochthon subterrane
3, Doonerak window North Slope central belt
' subterrane
4, Skajit allochthon =~ Hammond central belt
: subterrane
5, schist belt Coldfoot schist belt
¢ subterrane
6, Rosie Creek Slate Creek and phyllite belt
allochthon/phyllite’ Prospect Creek
belt subterranes
7, Angayucham Angayucham greenstone
terrane terrane belt
8, Yukon-Koyukuk Yukon-Koyukuk Yukon-
depression basin Koyukuk
basin

9, Ruby terrane Ruby terrane Ruby terrane
Lithotectonic assemblages from Oldow et al. [1987];
terranes and subterranes from Jones et al. [1987] and
Moore et al. [1994]; and geologic provinces from 7ill et al.
[1988] and Moore et al. [1994]. -

An important seismic observation is the 1.0to 1.5 s thick
complex zone of reflections in the lower crust beneath most
of the Brooks Range (from 130 to 265 KM), the base of
which we interpret to be the Moho (Figure 2), this has been
confirmed by analysis of the wide-angle seismic data de-
scribed below. We also observe an apparent offset in these
reflections from the Moho of 2.0 s (~6-10 ki) beneath the
EMA near the northern range front (275 KM). To the north
(275-295 KM), the lower crustal reflections are ~3.0 s thick.
Here also we interpret the base of the reflectivity as the Moho.
The reflection section shows an asymmetric crustal root near
the northern range front beneath the EMA.

Estimates of shortening across the entire range from bal-
anced cross sections using the 1990 reflection data are 500
to 600 km, if one includes the metamorphic belts in the south-
ern Brooks Range in the reconstructions (Plate 1) [see
Wissinger, 1995; Wissinger et al., 1997]. Shortening based
on the preserved stratigraphy in the EMA and North Slope is
125-150 km [Oldow et al., 1987; Wissinger, 1995; Wissinger
et al., 1997; Blythe et al., 1996].

Seismic Data

The 1990 seismic experiment was designed to obtain both a
reflection image and a crustal velocity profile from the sur-
face to the base of the crust [Murphy et al., 1993; Levander
etal., 1994; Fuis et al., 1995]. Details of the processing of
the seismic reflection data are given elsewhere [Levander et
al., 1994; Wissinger, 1995]. Here we schematically describe
the seismic reflection data processing and the interplay be-
tween the reflection processing and the travel time velocity
inversion. We first produced a brute stack near-vertical re-
flection image, and a seismic velocity model from inversion
of Pg travel times. We next used the preliminary velocity
model to restack the seismic data to form a clearer image of
the principal structures of the range, and to construct line
drawing depth migrations (Plate 1) [Raynaud, 1988; Holliger
and Kissling, 1991]. The most prominent reflections we in-
terpret as likely seismic velocity boundaries, which we use
as a priori information for assigning boundaries in the travel
time inversion for the entire crust (Figure 4a). The final ve-
locity model was then used to remigrate the seismic reflec-
tion data. The data set has been used in a consistent manner
to develop a unified reflection image and seismic velocity
model.. We note that the reflection and refraction images
provide complementary pictures of the crust: The reflection
image is a high-frequency backscatter image of impedance
contrasts in the crust, whereas the velocity model is a
smoother image derived from transmitted and reflected en-
ergy.

‘We have used travel times from Pg, PmP, and Pn phases
and reflection travel times from numerous intracrustal near-
vertical and wide-angle reflections from 42 shot records to
develop the velocity model. The field data were densely re-
corded in five overlapping and abutting deployments of 700
vertical component seismic channels, with channels nomi-
nally spaced at 100 m. A number of shot points were fired
into more than one deployment, forming continuous shot
records with offsets as great as 212 km (Figure 3a-3d). Most
of the long offset shot records show strong PmP reflections
that can be traced with confidence from near vertical inci-
dence to large offsets, thus spanning the precritical and
postcritical ranges (Figure 3a-3d). Two of the shots pro-
duced clear Pr arrivals at offsets greater than 150 km. Many
more travel times are available for each phase than were used
in the inversions. We identified no intracrustal refraction
events other than Pg.

Determining the across strike crustal velocity structure
of the fold and thrust belt using ray tracing can be difficult
due to rapid vertical and lateral spatial velocity variation.
The a priori data provided by the migrated CMP section pro-
vided interface control points to stabilize the inversion across
the structurally complex folded belt. We used the two-di-
mensional ray-based method of Zelt and Smith [1992] to in-
vert the travel time picks. Inversion of the data was per-
formed layer by layer from top to bottom, simultaneously
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incorporating both reflection and refraction travel times.
During each inversion iteration, both the values of velocity
and depth nodes were allowed to vary. We emphasize that
we included reflection travel times from all major intracrustal
boundaries in the seismic velocity inversion (Figures 4a and
4b, Plate 2). The underlying assumption in the velocity model
we have developed is that the principal structural elements
of the range identified by prominent reflections are also layer
boundaries of the seismic velocity model.

Velocity Model and Interpretation

The eight-layer velocity model derived from the travel
time inversion is shown in Figures 4a and 4b. A plot of the
velocity and depth node parameterization is given in Figure
4b. The model was parameterized with two velocity and
depth nodes per shot point interval in the shallowest layers,
with the number of nodes decreasing with depth. Velocity
model resolution is described in the appendix. The seismic
boundaries identified utilizing the seismic reflection data are
the tops of layers 2, 3,4, 5, 6, 7, and 8 as shown in Figures
4aand 5.

The ray diagrams and travel time fits used in the inver-
sion for seismic velocities and boundary depths are shown
in Figures 5a-5i. Velocity depth profiles at a number of lo-
cations in the velocity model are compared to laboratory mea-
surements of seismic velocity made on Brooks Range rock
samples in Figure 6. The rock physics data used in this pa-
per are summarized in Table 2. Several of the layers repre-
sent more than one terrane and have large lateral variations
in velocity. Some layers are continuous across terrane bound-
aries as a consequence of the model parameterization in which
a minimal number of layers are used to represent the veloc-
ity structure. This is an inherent problem with using ray-
based methods to model wave propagation in complex struc-
tures. All lithotectonic assemblages exposed at the surface
have other assemblages beneath them, expected from the
stacking of thrust sheets during formation of the fold and
thrust belt. Velocity depth functions are interpreted in terms
of petrophysical measurements made in lithologies from the
different terranes.

In the crust above layer 6, approximately 4300 Pg travel
times from 42 shot gathers were inverted for seismic veloc-
ity to depths of at most 15 km. Turning rays penetrated lay-
ers 1, 2, 3, and 5 (Figures 5a and 5b), but not layer 4 at the
south end of the study area, nor layer 6. Following inversion
for first arrivals, reflection times were inverted with refrac-
tion times to fix the velocity model boundaries correspond-
ing to the tops of layers 2-6 (Figures 5c-5f). Pg phases were
weighted more heavily (£50 ms) than shallow to intermedi-
ate crustal reflections (%150 ms) in the inversions. Travel
time fits for the Pg arrivals are shown in Figures 5a and 5b.
Dense Pg ray coverage provided good velocity constraint
from the surface to approximately 10 km depth throughout
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the range (layers 1-3 and 5) with velocities in the center of
the Brooks Range known to 20.05 to £0.10 km/s (Figures 5a
and 5b). Travel time residuals for inversions for each layers
are given in Table 3. The structure of the middle and lower
crust and upper mantle is known from inversion of 600 travel
times of precritical and postcritical PmP phases from six shots
and 30 Pn travel times from two large offset shots. Veloci-
ties are known to £0.20 km/s. The travel time residual for
the lower crust is 0.19 s, while that for the upper manile Pn
phases is 0.20 s.

In addition to the turning rays and reflections, in several
layers we also observe numerous internal reflections too com-
plicated to model as many individual layers. Reflections
internal to a layer were inverted as “floating reflectors.” Float-
ing reflectors are ray theoretically positioned within the layer
following the inversion for velocity [Zelt and Forsythe, 1994]
and provide a means of modeling reflections which result
from local impedance contrasts rather than bulk velocity
contrasts without increasing the number of velocity layers in
the model. ‘In layer 5 we have modeled 10 floating reflec-
tors as “ramp and flat” structures (Figures 4a and 5g). Simi-
larly, we have modeled the top of the reflective zone above
the Moho and one reflection from beneath the Moho, as float-
ing reflectors, as shown in Figures 4a and 5i.

Interpretation

As in previous interpretations of the seismic reflection
data [Levander et al., 1994; Fuis et al., 1995; Wissinger,
1995], we interpret a number of the prominent reflections in
the CMP section as directly associated with boundaries of
lithotectonic assemblages. These reflection events corre-
spond to the reflection travel times we have used to position
layer boundaries in the seismic velocity model (Figure 4a).
Specifically, we interpret (1) the base of layer 2 from 238 to
310 KM as the base of the EMA, (2) the top of layer 5 as the
top of the Doonerak duplex, and (3) the top of layer 6 as the
location of a basal decollement (Figure 4a). The detach-
ment is poorly imaged beneath the schist belt, likely result-
ing from the small velocity contrast between the rocks of
layers 5 and 6 in the southern part of the range. Further,
from both the near-vertical and the wide-angle PmP reflec-
tion data, we interpret the bottom of layer 6 as the Moho
(Figures 2 and 3a-3d). A 1.0-1.5 s zone of high reflectivity
is apparent in the lowermost crust south of the crustal root at
265 KM, whereas north of 265 KM the lower crustal
reflectivity is 3.0 s thick. We discuss the velocity structure
layer by layer from the shallow crust to the upper mantle.

Colville Basin

Layer 1, the shallowest layer, corresponds to the sedi-
ments of the Colville basin, the alluvial and glacial deposits
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Table 2. Laboratory Velocities

67.41°N, 150.27°W

Density, P Velocity at Pressure, MPa

Samples g/cm3 10 50 100 200 400 600 800 1000

A-T71 average - schist (schist belt)

66.355°N, 150.080°W 2.765 5.507 | 6.001 | 6.226 | 6.375 | 6.475 |- 6.531 | 6.571 | 6.602

TA-71 A axis 2.750 4.168 | 4979 | 5.344 | 5573 | 5720 | 5.802 | 5.861 | 5.907

TA-71 B ax?s 2.746 6.036 | 6382 | 6.544 | 6.657 | 6.735 | 6.778 | 6.808 | 6.831

TA-71 C axis 2799 | 6319 | 6.642 | 6.790 | 6.895 | 6.971 | 7.014 | 7.044 | 7.068

TA-72 average - marble (Skajit)

67.856°N, 148.822°W 2.691 6.047 | 6314 | 6463 | 6.575 | 6.632 | 6.656 | 6.672 | 6.685

TA-73 average - phyllite (EMA)

67.95°N, 149.77°W 2.739 5.514 | 5835 | 5991 | 6.125 | 6.223 | 6.293 | 6.335 | 6.369

TA-74 average - conglomerate (EMA)

68.13°N, 149.49°W 2.664 5610 | 5793 | 5.874 | 5957 ] 6.042 | 6.091 | 6.127 | 6.154

TA-75 average - phyllite (EMA)

68.15°N, 149.44°W 2.736 5.659 | 5.785 | 5.840 | 5.905 | 5.981 | 6.027 | 6.060 | 6.085

TA-76 average - conglomerate (EMA)

68.32°N, 129.35°W 2.609 5.038 | 5446 | 5.653 | 5.821 | 5.940 | 6.003 | 6.047 | 6.082

TA-77 average - quanziie (North Slope)

68.13°N, 149 46°W 2.808 5.616 | 5980 | 6.136 | 6.252 | 6.347 | 6.402 | 6.441 | 6.472

TA-79 average - marble (Skajit)

67.58°N, 149.58°W 2.654 5.484 | 6.063 | 6370 | 6.592 | 6.712 | 6.764 | 6.800 | 6.828

TA-80 average - schist (schist belt)

67.28°N, 150.26°W 2.657 4901 | 5393 | 5.666 | 5910 | 6.086 | 6.171 | 6.230 | 6.277

TA-80 A axis 2.659 4.057 | 4711 | 5.077 | 5418 | 5672 | 5.800 | 5.889 | 5.958

TA-80 B EXJ:S 2.654 5411 | 5796 | 6.007 | 6.187 | 6.306 | 6.362 | 6.401 | 6.431

TA-80 C axis 2.652 | 5.409 | 6.163 | 6512 | 6.702 { 6.783 | 6.822 | 6.850 | 6.871

TA-82 average - limestone (EMA)

67.92°N, 150.58°W 2.656 5395 | 5786 | 5980 | 6.141 | 6.258 | 6.319 | 6.361 | 6.394

TA-83 average - phyllite (Doonerak) )

67.90°N, 150.59°W v 2.684 5.623 | 5789 | 5.865 | 5.950 | 6.050 | 6.115 | 6.163 | 6.200

TA-84 average - greenstone (Doonerak)

67.906°N, 150.594°W 2.943 6.417 | 6.577 | 6.653 | 6.736 | 6.820 | 6.867 | 6.899 | 6.992

TA-88 average - limestone (North Slope)

68.44°N, 149 34°W 2.621 5.(?76 5.669 | 5987 | 6.223 | 6.355 | 6.417 | 6.460 | 6.494
| TA-89 average - argillite (North Slope)

68.45°N, 149.32°W 3.069 5.845 | 6.024 | 6.125 | 6.239 | 6.346 | 6.397 | 6.427 | 6.448

TA-90 average - siltstone (North Slope)

68.46°N, 149.36°W 2.642 4881 | 5162 | 5303 | 5460 | 5.662 | 5712 | 5.772 | 5.816

TA-91 average - siltstone (North Slope)

68_720N, 149'020w 2.661 4.582 5.061 5.298 5.503 5.671 5.764 5.830 5.883

oo dverage - quartz-mica schist (Doonerdk) |5 758 | 5108 | 5845 | 6.054 | 6.147 | 6207 | 6241 | 6.266 | 6285

Velocities in kilometers per second
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Table 3. Travel Time Residuals

Phase Layer Number of RMS Misfit Normalized Model Parameters
Constrained Velocity/
Observations ms %2 Boundary Nodes
Pg 1-5 6496 98 3.25 135%/ 66
Pn 7 58 124 1.70 6/-
PmP base layer 6 T 609 177 1.81 16/ 14
Reflection  floating; upper crust 2233 147 0.84 — /43
Reflection  floating; lower crust - 553 108 0.33 —/12
Reflection base layer 1 269 78 0.61 28* /12
Reflection base layer 2 1397 89 0.79 54*% /25
Reflection base layer 3 1650 123 1.46 40% /28
Reflection base layer 5 621 145 1.87 10*/ 14
Total 13886 289/214

* Pg was inverted simultaneously with reflections from the base of layers 1-5.

and the uppermost crust within the Brooks Range, and the
sediments of the Yukon-Koyukuk basin (Figures 4, 5a, 5b,
and 6 ). In the two basins the base of layer 1 was constrained
by reflections from seven shots (Figure 5b).

The Brookian and Ellesmerian (all post-Late Devonian)
sedimentary rocks above the acoustic basement are repre-
sented by layers 1 and 3 from 320 to 400 KM: mean velocity
is 4.48 +0.05 km/s, ranging from 3.76 km/s at the surface to
5.40 km/s at the base of the layer 1, and as high as 5.57 km/
s at the base of layer 3 (Figures 4 and 6). These velocities
are intermediate between sonic velocities measured in North
Slope wells which show nearly linear velocity gradients (Fig-
ure 6a) [Hawk, 1985] and the somewhat higher velocities
predicted from laboratory data (Figure 7a).

Endicott Mountains Al.lochthon

In the Brooks Range proper (EMA, Doonerak region
and metamorphic terranes) layer 1 is substantially thinner
(1.0-1.5 km thick) than in the flanking basins, with an aver-
age velocity of 4.85+0.05 km/s. Velocities in this layer agree
well with the refraction velocities observed in short-offset
(625-725 m) noise spreads shot during the 1988 pilot ex-
periment. We attribute these velocities to refractions in the
permafrost layer and the shallowmost crust [Lafond et al.,
1988].

" The EMA isrepresented by layer 2 north of the Doonerak
region (300 KM to 240 KM). Despite being a complexly
deformed thrust package, the EMA is well defined in both
the reflection image and the travel time inversion. We inter-
pret the bottom of the layer as the base of a subhorizontal
zone of reflectivity that extends from 260 KM to 300 KM
(Figures 2 and 4). Velocities of 5.60 to 5.80 20.05 km/s are

measured in the EMA and compare extremely well to labo-
ratory measurements of EMA rocks (Figure 6b). Beneath
the EMA, layer 3 occupies the region between the EMA and
the basal decollement. Reflection travel times from 12 shot
records were used to define the base of this layer (Figures 4a
and Se). Seismic velocity in layer 3 is both laterally and
vertically variable and ranges from 5.83 to 6.30 km/s (Fig-
ures 4 and 6). The ray diagrams show that the sub-EMA
layer is well sampled by turning rays from four shots. Rocks
in this region have been hypothesized to be Cretaceous
foredeep sediments incorporated along the range front dur-
ing orogenesis [Oldow et al., 1987, Wissinger, 1995], base-
ment-cored anticlinoria associated with Cenozoic compres-
sion [Wallace and Hanks, 1990, Fuis et al., 1995, Wissinger,
1995], or deeper imbricates of EMA rocks [Blythe et al.,
1996]. The rock physics data suggest that autochthonous
North Slope sedimentary rock velocities are somewhat too
low, EMA velocities are slightly too low, and Doonerak li-
thology velocities are somewhat too high compared to the
observed velocities. Therefore layer 3 could consist of (1)
only high-velocity Brookian sedimentary rocks, (2) Brookian
(post-Jurassic) sedimentary rocks which have been substan-
tially metamorphosed, (3) a mix of post-Devonian sedimen-
tary rocks and basement rocks, both involved in shortening,
or (4) additional EMA rocks. Hypotheses 1 and 2 seem un-
likely: The first would be coincidental unless unusually large
amounts of carbonates comprise most of layer 3. The sec-
ond is unlikely as rocks at similar depth in the Colville basin
have substantially lower velocities in our seismic velocity
model (a maximum of 5.57 £0.20 km/s from 320 KM to 400
KM). Basement velocities beneath the Colville basin and
subdecollement velocities are substantially higher (6.40-6.50
km/s) than in the sub-EMA rocks (5.99-6.12 km/s), suggest-
ing that layer 3 is unlikely to be composed solely of base-
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Table 4. Density Values

Terrane Seismic Measured Model 1 Model 2 Model 3
Model Density,
Layer 103 kg/m3
EMA 2 and 3 2.61-2.74 2.51-2.70 2.54-2.75 253271
Doonerak 5 2.68-2.94 2.76 2.75 2.75
Skajit* 2 2.65-2.69 2.65 2.66 2.66
Schist 2 and 3 2.66-2.77 2.76-2.78 2.75-2.76 ) 2.75-2.76
Middle Crust 6 N/A 2.76 2.75 2.75
Lower crust - N/A N/A 2.90 2.90-3.20
Upper mantle 7 and 8 N/A 3.25-3.35 3.31-3.40 3.31-3.40

ment rocks. If the rocks of layer 3 are EMA lithologies (hy-
pothesis 4), then they were overridden by a coherent thrust
sheet of additional EMA rocks whose base gives rise to the
reflection events at 5.0-6.0 km depth. We think that bal-
anced cross sections in which the EMA is thrust atop rela-
tively undeformed Brookian sedimentary rocks are incorrect
as are cross sections in which the EMA overrode deformed
basement rocks. They most likely appear to be cross sec-
tions in which combinations of post-Jurassic sedimentary
rocks, basement rocks, and other EMA units are included
[e.g., Blythe et al., 1996; Wissinger et al., 1997].

Doonerak Duplex

The Doonerak window is a basement exposure some 20
ki west of the seismic line. Along the seismic profile the
top of the Doonerak duplex, corresponding to the along strike
projection of the Doonerak window, is overlain by EMA rocks
to depths of 4.8 km (Figure 6¢). In the velocity model, layer
2 represents the EMA, and layer 5 is composed only of rocks
internal to the Doonerak duplex (110 KM to 263 KM). Ve-
Jocities in layer 5 range from 6.37 to 6.56 +0.20 km/s and
are only slightly lower than velocities observed deeper in
the crust (Figures 4 and 6). The base of layer 5 was con-
strained by reflections from eight shots. We interpret the
bottom of layer 5 as the basal decollement surface. This
layer deepens from 19 km depth at 260 KM to 28 km depth
at 110 KM (Figure 5f). Laboratory velocities in phyllite and
greenstone from the Doonerak window show velocities from
6.05 to 6.20 and 6.74 to 6.92 km/s in the appropriate depth
ranges. The average of these velocities agrees well with the
seismic observations (Figure 6¢).

Three shots illuminated a single 10 km long south dip-

ping floating reflector which we have interpreted as being
the subsurface expression of a thrust fault mapped in the
Doonerak window (Plates 1 and 2, and Figure 5g).

Skajit Allochthon and Schist Belt

In the central and southern Brooks Range, layer 2 is com-
posed of rocks of the Skajit allochthon (240 KM to 185 KM)
and the schist belt (185 KM to 160 KM). The base of the
Skajit (layer 2, Figure 6d) is defined at 3-4 km depth on the
basis of shallow reflection data [Wissinger et al., 1997]. We
have interpreted the Skajit as a relatively thin unit with seis-
mic velocity 6.10 £0.10 km/s, overlying schist belt rocks in
layer 3 (Figures 4 and 6).

In the schist belt (near 125 KM) the base of the layer 2
is defined by a variably dipping zone of discontinuous re-
flections (Figure 2). We interpret layer 3 south of the
Doonerak region as also being schist belt rocks, which lie
beneath the surface exposures of the Skajit and schist belt.
Reflections from 11 shots define the base of layer 3 south of
the Doonerak, corresponding to the top of the Doonerak du-
plex (230 KM to 135 KM) and to an unknown unit in the
southern part of the range (from 135 KM to the south). The
schist belt rocks in layers 2 and 3 increase in velocity from
5.60 to 6.17 and 6.42 to 6.45 (Figures 6e and 6f).

Seismic velocities measured in situ are comparable to
laboratory measurements of Skajit rocks and schist belt rocks
in layer 2 (Table 2) . However, neither schist belt nor Skajit
rock velocities agree with the in situ velocities measured in
layer 3; the former are too low, and the latter is too high
(Figures 6d-6f). This is possibly explained as resulting from
anisotropy in layer 3, as schist belt rocks exhibit anisotropy
of 13 to 21% in the depth range of layer 3 (Figure 6f and
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Table 2). Another possibility is that this region is more struc-
turally complex than we have modeled it.

Southern Terranes

In the Rosie Creek allochthon, Angayucham terrane,
and Yukon-Koyukuk basin the mean surface layer velocity
is 5.10 £0.05 km/s with velocities as low as 4.09 km/s at the
surface to 5.70 km/s at 2.80 km depth (Figure 4).

Seismic velocity in layer 2 in the Ruby terrane (100
KM to the south) is 5.60 £0.10 km/s. Beneath layer 2 in the
southern part of the range, layer 4 is a geologically unknown
unit. The northern boundary of layer 4 is well delineated by
a ~15 km long north dipping reflector imaged beneath the
Yukon-Koyukuk basin (140 KM to 125 KM, Figure 2). Oth-
erwise neither the geometry nor the velocity of layer 6 are
well constrained by the seismic data. We interpret the base
of the layer 4 as the continuation of the basal decollement to
the south '

The origin and significance of the north dipping
reflector at 125 KM to 140 KM at depths of 15-20 km are
unclear (Figure 2). Fuis et al. [1995] have proposed that the
reflector represents the leading edge of another crustal du-
plex which formed during Mesozoic compression. Alterna-
tively it could be associated with a north dipping backthrust
zone internal to the schist belt and southern Doonerak du-
plex.

Middle and Lower Crust

Layer 6 represents the middle and lower crust be-
neath the Colville basin and the EMA and the lower crust
beneath the crystalline terranes of the southern Brooks Range.
Velocities range from 6.22 to 6.58 £0.20 km/s. The crust
beneath the detachment shows a slow increase in average
velocity southward from the North Slope to the Brooks Range
(from 6.39 to 6.55 kmy/s; Figure 4). The base of this layer
forms an asymmetric crustal root, with a maximum depth of
49 km beneath the EMA at 265 KM. From the south the
Moho deepens with increasing dip from 35 km beneath the
Ruby terrane to 49 km beneath the EMA. From the north
the Moho deepens from 36 km beneath the North Slope to
49 km beneath the EMA.

The CMP data show a 1.0 to 2.0 s zone of reflectivity
above the Moho south of the root zone (Figures 2 and 4). A
similar but thicker (~3.0 s) reflective zone is observed north
of the crustal root (290 KM to 340 KM) and is offset from
the southern zone by 1.5 to 2.0 s (~5.0-6.5 km). We have
modeled the top of the reflective zones as two floating re-
flectors, one to the south of the crustal root and one to the
north (Platel). We interpret the base of each reflective zone
as the Moho and the top of it (the position of the floating
reflectors) as the top of the lowermost crust. The southern

floating reflector is 4.0 to 5.0 km above the Moho, the north-
ern floating reflector is 8.0 to 9.0 km above the Moho.

Mantle Velocities and Reflections

Upper mantle velocity in layer 7 is known beneath
the range south of the crustal root from a limited number of
Pn arrivals from two shots. Upper mantle velocities range
from 7.99 to 8.12 £0.20 km/s (Figure 4). The velocity in
mantle layer 8 is poorly constrained by transmitted Pr arriv-
als which turn in layer 7. The velocities in this layer range
from 7.90 to 8.11 £0.20 km/s.

The near-offset to wide-angle PmP phases from four
shots sampling the crustal root zone show a prominent double
event (Figures 2, 3d, 4a, and 7a). We have modeled the shal-
lower event as a PmP reflection from the Moho; we interpret
the deeper event as a reflection from an interface within the
mantle north of the crustal root, shown in the velocity model
as the top of layer 7 north of the crustal root. A low-fold
CMP section of these reflections made from three near-off-
set (£35 km) shots is shown in Figure 7b. This mantle re-
flection zone is 1.5 to 2.0 s thick, appears to be continuous
with the lower crustal reflectivity south of the crustal root,
and dips to the north at about 15°. We have modeled the top
of the Moho reflectivity as a floating reflector, which lies 4
to 5 km above the top of layer 7. We believe this zone of
reflections is a continuation of the reflectivity above the Moho
seen dipping into the root zone from the south. We interpret
the reflective zone in the mantle as a slab of subducted lower
crustal rocks. The geometry suggests a continental subduc-
tion zone, in which the lower crust and upper mantle seen
south of the crustal root are subducted northward beneath
the lithosphere under the Colville basin and North Slope. In
this interpretation the base of the reflections represents the
Moho of the descending plate. We discuss this more fully
below.

Gravity Models

The Brooks Range and southern Colville basin are
characterized by an asymmetric gravity low while the south-
ern Brooks Range and Yukon-Koyukuk basin are character-
ized by a gravity high [Nunn et al., 1987; Grantz et al., 1991]
(Figure 8). This positive-negative gravity couple is charac-
teristic of many orogens. The negative anomalies correspond
to anomalously thick regions of crust that are associated with
the deflection of the crust-mantle boundary or crustal roots.
The positive anomalies are typically generated from the sub-
surface loading of allochthonous material, such as obduc-
tion of oceanic crust [Karner and Wazts, 1983]. In the Brooks
Range, minimum gravity anomalies are recorded beneath the
EMA (-161 m@Gal, 265 KM) and maximum anomalies be-
neath the Angayucham terrane and Yukon-Koyukuk basin (2
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m@Gal, 175 KM). Previous work has characterized the anoma-
lies as resulting from flexural loading of the Arctic Alaskan
crust from sediment infill and obduction of crustal blocks to
the south [Nunn et al., 1987; Hawk, 1985]; and from a south-
ward vergence of subducted slabs beneath a rifted fragment
of North America [Grantz et al., 1991]. These studies did
not have seismic reflection/refraction data available to con-
strain the subsurface geometry.

The seismic velocity model described above was
used to model gravity data recorded along the trend of the
seismic experiment [Grantz et al., 1991; B. Morin and J.
Cady, unpublished data, personal communication, 1995] (Fig-
ure 8). The gravity data were sampled at 5 km intervals along
the Dalton Highway, the route of the seismic experiment
(148°-151° west longitude, 65°-70° north latitude). Gravity
values were reduced with a density of 2.67 g/cm3. The com-
plete Bouguer gravity values are accurateto 0.1 mGal. Grav-
ity anomalies were calculated by holding the boundaries of
the velocity model fixed and inverting for density values.
Starting density values were obtained from the Nafé-Drake
empirical curve [Ludwig et al., 1970]. All final density val-
ues resulting from the inversions are within the scatter asso-
ciated with the data from which the Nafé-Drake relation was
derived. The inversions also produced densities which com-
pare well with laboratory measurements of density from hand
samples (Tables 2 and 4).

Three gravity models were computed. In the first,
the layered velocity model was divided into 16 isodensity
polygons, with a uniform density mantle. In the second and
third models the zoneé of reflectivity in the mantle north of
the crustal root was assigned a starting density value appro-
priate for intermediate or mafic lower crustal rocks. In the
second model the inverted density in the lower crustal sub-
duction zone was 2.90 g/cm3, a reasonable value for inter-
mediate composition lower crustal rocks (Figure 8b). The
geometry of the third model was identical to the second;
however, we assumed a gabbroic lower crust which under-
goes at least partial phase transition to eclogite as it subducts
(Figure 8¢). This model produced a subduction layer den-
sity of 3.20 g/cm3, not appreciably different from the mantle
density in layers 7 and 8 (3.31-3.40 g/cm?). The asymmetry
of the gravity minimum is largely controlled by the geom-
etry of the crust-mantle boundary and to a lesser degree by
the Doonerak duplex. The inversions are relatively insensi-
tive to the density in the subduction layer.

Discussion

We have presented seismic velocity and gravity
models which are consistent with each other, and with the
seismic reflection images of the Brooks Range. Although
the velocity model consists of layers in which different ele-
ments of a layer correspond to lithotectonic assemblages with
different lithologies, metamorphic grades, and/or

deformational histories, the velocity parameterization in the
layers defined above the basal detachment is dense enough
to associate different seismic velocities with different assem-
blages. We note that direct comparison of laboratory mea-
surements to the average velocities measured in situ is inex-
act unless the relative volumes of different lithologies in each
unit (i.e., velocity probability density functions) are known
for the different Brooks Range terranes. In most cases these
are not available. In some cases the geologic mapping does
not differentiate units having substantially different labora-
tory velocities. Without a velocity or lithology probability
density function, it is difficult to construct an average as-
semblage velocity from the rock physics data which is mean-
ingful at the scale sampled in the seismic experiment [e.g.,
Levander et al., 1994; Rudnick and Fountain, 1995].

Whole Crustal Structure

Mean crustal velocity in the Brooks Range is 6.34
+0.31 km/s, comparable to, but slightly less than, both the
worldwide average for continental crust of 6.45 +0.23 km/s
[Christensen and Mooney, 1995] and the average for Meso-
zoic-Cenozoic contractional orogenic belts of 6.39 +0.15 km/
s [Rudnick and Fountain, 1995]. Maximum crustal thick-
ness in the Brooks Range is only slightly less than average
for similar age mountain belts, being 49 km as compared to
52.4 +13 [Rudnick and Fountain, 1995] and is roughly 25%
greater than global averages for continental crust (39 £8.52
km [Christensen and Mooney, 1995]). The velocity depth
profiles (Figure 6) as well as the two-dimensional velocity
model (Plate 2 and Figure 4a) emphasize the lateral and ver-
tical velocity heterogeneity measured in the crust above the
detachment. The steep near surface velocity gradients cause
rays to turn at shallow depths relative to the whole crust
(above 15 km compared to 49 km). The velocity of the
subdetachment crust is close to 6.55 km/s beneath most of
the Brooks Range and terranes to the south, decreasing to
6.39 km/s beneath the North Slope. These velocities are
consistent with felsic to intermediate composition amphibo-
lite and granulite facies gneisses [Rudnick and Fountain, .
1995; Christensen and Mooney, 1995].

Doonerak delex and Southern Metamorphic
Subterranes

The Doonerak duplex is a major crustal feature ~150
km long, 15 km thick, and as deep as 28 km. In our interpre-
tation of the seismic data, its base is coincident with the master
detachment over its entire length. Recognition of the master
detachment is based largely upon the reflection data; there is
little resolvable velocity contrast between the Doonerak du-
plex and the underlying rocks, i.e., between the base of layer
5 and the top of layer 6. This is not surprising, as these pre-
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Mississippian rocks originally formed the basement of the
late Paleozoic-early Mesozoic Arctic Alaska passive mar-
gin. There are also a number of 5 to 15 km long, south dip-
ping reflections imaged within the Doonerak duplex and
modeled as floating reflectors. These reflections are inter-
preted as faults and shear zones within the duplex. Based on
K-Ar and apatite fission track age dating, the duplex is be-
lieved to have formed late in the development of the range,
with uplift occurring as late as 24 Ma [O’Sullivan et al., 1996;
Blythe et al., 1996]. Volumetrically, the Doonerak duplex
constitutes ~19% of the total Brooks Range crust and ~37%
of the crust above the detachment. As such, it is the largest
single structure in the folded belt.

The Skajit allochthon, schist belt, and Rosie Creek
allochthon are volumetrically small constituents of the Brooks
Range folded belt, together comprising less of the range than
the Doonerak duplex. Different balanced cross sections pre-
dict different volumes and configurations of schist belt rocks
[Wissinger, 1995; Wissinger et al., 1997]. The only serious
disagreement between the velocity model and the laboratory
seismic velocity data occurs in the part of layer 3 interpreted
as schist belt rocks. The average velocities from laboratory
measurements are lower than those measured in the refrac-
tion model. Layer 3 has been well sampled by turning rays,
therefore we conclude that (1) the highly anisotropic schist
belt rocks have been sampled by the refraction experiment
in the fast direction, (2) the lab samples from the schist belt
do not adequately represent schist belt rocks, or (3) our in-
terpretation of schist belts rocks comprising layer 3 is incor-
rect. We feel that any of these scenarios is equally likely.

Subdetachment Crust And Mantle

The crust below the master detachment is relatively
transparent to depths of 4 to 9 km above the Moho. In con-
trast, the lowermost 4-5 km of the crust are highly reflective
across the entire range south of the crustal root. The lower
8-9 km of the crust are highly reflective north of the crustal
root. The lower crustal reflectivity exhibits a prominent 5-6
km break at the crustal rodt beneath the EMA. In our refrac-
tion/wide-angle reflection modeling, we used PmP phases
to determine the average middle and lower crustal velocity
and north dipping Moho geometry along the southern two
thirds of the profile. In the northern part of the range, PmP
arrivals were used to constrain the asymmetric geometry of
the Moho across the root zone and the structure of the sub-
Moho structure.

The upper mantle event aligns well with the north
dipping zone of Moho reflections imaged across the south-
ern two thirds of the profile, thus forming a continuous band
of reflections that extends 200 km, from 32 km depth be-
neath the Ruby terrane in the south to ~65 km depth beneath
the Colville basin. The constant thickness of the lower crustal
reflective zone beneath the range south of the root and in the

upper mantle argues that they form a single continuous fea-
ture. North of the root zone, this reflective zone is overlain
by the shallower south dipping reflections identified as Moho.
‘We interpret the reflections as a “double Moho™ beneath the
range front (Figures 2, 4, 5i, and 7) resulting from delamina-
tion of the lowermost Brooks Range crust and the upper
mantle. Seismic images from the Pyrenees and Alps also
show show similar Moho offsets in the crustal root zone
[Choukroune, 1989; Pfiffner et al., 1990; ETH Working
Group, 1991]; in the Brooks Range the double Moho ap-
pears not only as a break in Moho depth, but as two distinct
coherent events with different dips, one above the other.

‘We interpret the reflection geometry as showing that
the lower crust and upper mantle to the south of the crustal
root were subducted beneath the North Slope crust in an
intracontinental setting or behind a continental margin. The
reflective zone may then represent either an extremely
sheared lower crust and/or a zone of mechanically mixed
lower crustal and upper mantle rocks. We have been unable
to detect a high-velocity zone at the base of the crust as the
angular distribution of rays sampling the lower crust is poor
and is biased toward near offsets, making velocity estimates
for the lowermost crust difficult. If the intracontinental sub-
duction hypothesis is correct, then in either case the lower
crustal reflective zone is acting as a broad shear zone me-
chanically decoupling the lower crust and upper mantle from
the crustal column above it. The reflective zone north of the
root zone then likely represents deformation in the wedge of
the overriding plate. The gravity and seismic data will per-
mit either inclusion or exclusion of lower crustal rocks in
the subduction zone. The age of activity of the subduction
zone is unclear. Proximity suggests that subduction could
be associated with the uplift and formation of the Doonerak
duplex (60-25 Ma), with the formation of the duplex and
lower crustal subduction possibly the upper and lower crustal
responses to low-angle subduction of the Kula plate. This
would remove the implied necessity of relying upon stresses
transmitted through the crust over the long distance (~500
km) from the southern Alaska subduction zone to drive the
Cretaceous to Cenozoic uplift of the Brooks Range.

Intracontinental subduction has been suggested by
Moho asymmetry and migrated near vertical incidence data
in the Alps and the Pyrenees [Holliger, 1990; ETH Working
Group, 1991; Mugnier and Marthelot, 1991; Choukroune,
1989]. The reflective lowermost crust in the Brooks Range
is roughly the same thickness as that observed in the Alps
and is visually similar in complexity. We believe that the
continuity of this zone beneath the North Slope shows the
lower crust subducting in an intracontinental subduction zone.
The upper mantle reflections appear over approximately 50
km, corresponding to ~250-325 km? of lower crust in the
upper mantle in the profile.

An alternate interpretation of the upper mantle re-
flections is that they result from a pre-Brookian or Brookian
ocean-continent subduction zone. The mantle reflections



Wissinger et al.: Seismic Images of the Brooks Range 11

seen beneath the Brooks Range could result from the north-
ward subduction of oceanic crust beneath the Brooks Range
at ~135 Ma hypothesized by Blythe et al. [1996]. Ocean-
continent and ocean-island arc paleosubduction zones have
been observed in seismic data in continental crust northwest
of the British Isles [Warner er al., 1996], in the Gulf of
Bothnia [BABEL Working Group, 1990}, and in the Trans
Hudson orogen of the Canadian shield [Calvert et al., 1995];
however, the 4 to S km thick complex seismic reflectivity
pattern is unlike the reflections seen in other oceanic
paleosubduction zones. ;

Conclusions

The seismic velocity model for the Brooks Range
and surrounding terranes is based upon Pg, PmP, and lim-
ited Pn travel time observations from 42 shot points. The
principal structures seen in the seismic reflection images were
used in the velocity model parameterization to constrain the
travel time inversion. The primary constraints utilized from
the seismic reflection data are (1) the location of the basal
decollement, (2) the base of the EMA at 5-6 km depth, (3)
the top of the Doonerak duplex, (4) a north dipping reflector
beneath the Yukon-Koyukuk basin which extends to 20 km
-depth, and (5) the lower crust, Moho, and upper mantle re-
flections. Seismic velocities in the North Slope sediments,
Endicott Mountains allochthon and rocks beneath it, the
Doonerak duplex, Skajit allochthon, and elements of the
schist belt are well resolved in the inversion. In situ seismic
velocities in the Brooks Range above the master decollement
are generally in good agreement with laboratory velocities
measured in northern Alaska rocks. The Doonerak duplex is
the largest structural element above the basal detachment,
constituting some 37% of the Brooks Range folded belt. To
the west of our seismic line it is exposed in a window through
the EMA, beneath our seismic line it extends to depths as
great as 28 km. Large-scale thrust structures such as the
Doonerak duplex have only recently been imaged seismically
at crustal and lithospheric scales [Price, 1986; Green et al.,
1993; Cook and Varsek, 1994, Levander et al., 1994]. Our
findings add to a growing body of evidence which links
supracrustal detachments in the foreland of a fold and thrust
belt to intracrustal and lower crustal detachments in the hin-
terland by a basal decollement. .

Velocities beneath the detachment and the Moh
are not well resolved, with errors of £0.20 km/s. The com-
bination of the wide-angle and near-vertical incidence re-
flection data, however, provides a clear picture of an asym-
metric crustal root extending to 49 km depth beneath the
Endicott Mountains allochthon. The vertical-incidence and
wide-angle data also provide images of a complex reflective
zone directly above the Moho and of a double Moho be-
neath the northern Brooks Range and southern Colville ba-
sin. The northward dipping Moho and lower crustal zone of

reflectivity dip continuously from one end of the Brooks
Range to the other (75 KM to 325 KM) and continue be-
neath the shallower southward dipping Moho associated with
the North American cratonic rocks underlying the Colville
basin and North Slope. The northern, shallower Moho ex-
tends from the northern edge of the velocity model (400 KM)
to the EMA at 280 KM. The proximity of the lower crustal
subduction zone to the recently (25 Ma) uplifted Doonerak
duplex suggests that intracontinental subduction may have
helped drive upper crustal deformation. Complex reflectivity
north of the continental subduction zone is likely the result
of deformation of the lower crust and upper mantle of the
overriding plate.

Appendix: Model Resolution

Model parameter resolution is controlled by a num-
ber of different factors including experiment geometry, ac-
curacy of travel time picks, model parameterization, diffrac-
tion effects which are not considered by ray theory
[Williamson and Worthington, 1993], the velocity gradients
which influence raypaths and effect parameter sampling, and
a priori constraints. Isolating the effects of any one of these
factors on model resolution is difficult, but once a velocity
model has been parameterized, resolution of the model pa-
rameters with respect to the data may be statistically deter-
mined. Discussion of formal model resolution is given by
Menke [1984]. The layering chosen for the Brooks Range
velocity model was constrained by the reflection image,
making independent assessment of the velocity/depth param-
eters difficult. Here we discuss resolution of the velocities
in the crust above the detachment, the only part of the veloc-
ity model sampled by turning rays. Figure Al shows the
diagonal of the model resolution matrix obtained from the
least squares inversion of Pg arrivals for the crust above the
detachment (Figures 5a and 5b). The magnitude of each
diagonal element indicates the relative degree to which indi-
vidual model parameters (i.e., velocities) are resolved. Maxi-
mum resolution values of 0.6-0.75 are achieved for model
parameters located in the center of the model, where ray cov-
erage is most dense (model parameter numbers: 70-93, 125-
140), while lower values (0.1-0.3) characterize parameters
located on the edges of the model. Where ray coverage is
densest, velocities are well resolved from the surface to ap-
proximately 20 km depth. Velocity nodes deeper than 30
km are unresolved by the Pg phase, since Pg rays do not
sample these regions and are instead constrained by either
PmP reflections phases or Pn phases. Tests such as those
described by Zelt and Smith [1992), and Zelt and White [1995]
indicate that velocity uncertainties are lowest in the upper
crust (30.05 km/s) and highest in the lower crust and upper
mantle where little Tay coverage is available and gradients
are smoother (£0.20 km/s). -
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geologic map indicates the extent of the seismic profile described in this paper.
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Figure 5. Ray diagrams and travel time fits for different layers. (a) and (b) Pg arrivals in layers 1-5.
(c) Reflections from the base of layer 1. (d) Reflections from the base of layer 2. (e) Reflections
from the base of layers 3 and 4. (f) Reflections from the base of layer 5. (g) Floating reflectors in
layers 5 and 6. (h) Pn and PmP arrivals. (1) Floating reflectors in the lower crust and upper mantle.
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Figure 6. Velocity-depth functions with petrophysical data superimposed. (a) The velocity profile at
350 KM in the Colville basin shown with petrophysical measurements from four post-Devonian North
Slope sedimentary lithologies (open symbols) and their averages (large solid squares). Velocities
from two well logs from North Slope wells are shown dotted. (b) Velocity profile from the EMA at
268 KM with petrophysical data from six EMA lithologies shown as open symbols. The average for
EMA samples is shown as large solid squares, that for post-Devonian North Slope sedimentary rock -
samples is shown as large solid triangles, and that for Doonerak rocks is shown as large solid circles.
(c) Velocity profile from the Doonerak area at 245 KM with petrophysical data from two Doonerak

lithologies shown as open symbols.

The average for Doonerak samples is shown as large solid

squares, and that for EMA samples is shown as large solid triangles. (d) Velocity profile from the
Skajit at 215 KM with petrophysical data from two Skajit lithologies shown as open symbols. The
average for Skajit samples is shown as large solid squares, that for schist belt samples is shown as
large solid triangles, and that for Doonerak samples is shown as solid circles. (&) Velocity profile
from the schist belt at 180 KM with petrophysical data from two schist belt lithologies shown as open
symbols. The average for schist belt samples is shown as large solid squares, and that for Doonerak
samples as large solid triangles. (f) Velocity profile from the schist belt at 180 KM with petrophysical
data showing the range in velocities of the highly anisotropic schist belt rocks (velocities along
orthogonal axes for schist belt rocks are given in Table 2). Average velocities for schist belt rocks are
shown as large squares.
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Wissinger et al.: Seismic Images of the Brooks Range

Velocity Resaclution
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Figure Al. Diagonal of the resolution matrix for the velocity parameters determined by inversion of
Pg. Velocities are best resolved in the center of the model above 10 km depth. Reduced ray

coverage across instrument deployment boundaries results in notches in the resolution peaks.
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