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ABSTRACT 
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INTRODUCTION 

The  Brooks  Range orogen and Colville Basin, in Alaska, are a prime example of an orogen 

and foreland basin linked by their geodynamic history. Rocks preserved in the basin record flexural 

subsidence  and  rapid  clastic sedimentation that resulted from tectonic thickening and widespread 

exhumation in the orogen. Structures exposed in the fold and thrust belt reveal the geometric style 

of deformation,  and where these structures interact with synorogenic deposits, the  age of thrusting 

can be inferred. The timing and nature of deformation in the Brooks Range  are  critical  to 

unraveling the plate tectonic evolution of Arctic Alaska, and the relative timing between individual 

thrusting  episodes and sedimentary basin development is fundamental to understanding the region's 

oil and gas potential. 

In this  thesis, I present an integrated kinematic model for the sequential development of the 

thrust belt in the north central Brooks Range. The model combines a tectonic subsidence  analysis 

of the foreland basin, with structural, stratigraphic, and thermal analyses in the thrust belt. I begin 

with a one-dimensional backstripping model in the foreland basin and  use this to infer  episodes of 

tectonic  loading  and  uplift in the  orogen, I follow  this with a  discussion of the  geometric 

development of the fold and thrust belt, in the context of a balanced cross section, utilizing detailed 

vitrinite  reflectance and apatite fission track data to track the timing and magnitude of tectonic and 

sedimentary  burial  and uplift. The kinematic model begins with a palinspastic restoration of the 

thrust belt and proceeds through successive stages of thrusting, subsidence, and sedimentation. 

This  work is the outgrowth 0.f a cooperative effort to collect data and formulate  a tectonic 

synthesis of the north central Brooks Range. Although the tectonic modelling and interpretations are 

my own, many scientists  contributed  expertise,  data,  analyses, and ideas to this  study. These 

include: Kenneth Bird, David Howell, and Mark Pawlewicz (U.S. Geological Survey), C.G. Mull 

(State 0.F Alaska,  Division of Geological and Geophysical  Surveys), Michael Underwood and 

Jonathan Meier (University of Missouri), Paul O'Sullivan (La Trobe University), Wang  Chengshen 

(Chengdu College), and François Roure and William Sassi (Institut Français du Petrole). 

REGIONAL TECTONIC SETTING 

Northern Alaska, from the Brooks Range northward, is part of the Arctic Alaska microplate 

[Hubbard et al., 19873. This microplate is characterized in its southern part by a collisional orogen 

(Brooks Range), in the central part by its foreland basin (Colville Basin), and in the  northern part 

by a  rifted  margin (Barrow Arch; Figure 1). It  is generally agreed that the Brooks  Range resulted 

from  the  collision of an island  arc with the south  facing (present-day coordinates)  Devonian to 

Jurassic  passive margin on the seaward edge of the Arctic Alaska microplate [e.g. Moore  et al., 

2 



ARCTIC OCEAN 

Canada Basin 

O 1 O0 200 km 

\ '  - Thrust fault 

Figure 1, Location of transects in this study. Lines RCS-8 and 37 refer to seismic lines, circles 1-8 
to wclk used in this study: (1) Seabee I ,  (2) Inigok 1, (3) North Inigok 1 I (4) East Teshekpuk 1 ,  ( 5 )  
Capc Hdkett 1, (6) Lisburne 1, (7) West Kurupa 1 ,  and (8) Oumalik 1. 
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19941- However, neither the  timing nor  the magnitude of the  resultant contraction has been  well- 

established- UP to  600 km  of crustal shortening has been  hypothesized  based on structural and 

PaleogeograPhic reconstructions [Mayfield et al., 1988;  Oldow et al., 19871, although such extreme 

shortening has been challenged  recently  [Kelley and  Brosgd,  19951. 

The age of  defOrmation  in  the  Brooks Range and  the  foreland is inferred to be Middle 

Jurassic and YoWW, based on  Stratigraphic  and structural constraints  in  the  northern thrust belt and 

foreland basin, as well as radiometric  dating  in  the  metamorphic  hinterland [e.g. Mayfield et al., 

1988;  Mull, 19891. Thrusting probably  began  in  the Middle Jurassic, according to  40Ar/39Ar 

hornblende  ages obtained from a metamorphic sole of obducted  ophiolitic rocks in the western 

B ~ m k s  Range  [Wirth and Bird, 19921. Blueschist-facies metamorphism in the southern Brooks 

Range may represent continental subduction  and regional contraction  in  the orogen. The age of 

blueschist metamorphism is poorly  constrained  but is generally  regarded  as Late Jurassic to Early 

Cretaceous [Armstrong et  al.,  1986;  Till  and  Snee,  19941. 

The oldest  stratigraphic evidence for convergence and orogenesis is  the Okpikruak 

Formation, which crops out in allochthonous thrust sheets in  the  northern Brooks Range. The 

Okpikruak Formation consists of  highly deformed turbidites with a poorly  known stratigraphy, 

interpreted as syntectonic deposits shed  northward  from  an  advancing  early Brookian thrust front, 

The turbidites are mostly early Neocomian (Berriasian and  Valanginian) in age, except  for one 

locality in the western  Brooks  Range with latest Jurassic  (Tithonian)  fossils [Curtis et al., 19841. In 

several localities in the northern  Brooks  Range,  highly  folded and  imbricated rocks of the Okpikruak 

and older units are overlain unconformably by less deformed Barremian  to Albian strata of the 

Fortress Mountain Formation [Mull, 19891. Therefore  the  most  intense  contractional deformation in 

the orogen was probably complete by Barremian  time. 

Fission track analyses in northern  Alaska  have  revealed  younger  episodes of contraction in 

the Brooks Range and  the Colville Basin [O'Sullivan, 1993;  O'Sullivan  et  al., 1993; Murphy et al., 

1994; Blythe et al., 1996; O'Sullivan  et al.,  19971. In the  study  area,  foreland  basin strata as  young 

8s Maastrichtian have been deformed by relatively minor folding and faulting  [Brosge and 

Whittington, 1966; Frederiksen et al., 19881,  and  in the  northeastern  Brooks Range contraction is 

active today. Some workers argue for  ongoing contractional deformation from the Late Jurassic to 

the  present [Oldow et al.,  19871,  while  others envision a more  episodic history of thrusting and 

quiescence [Mull, 1989; O'Sullivan, 19931. 
A major cooling episode affected  the hinterland of the  Brooks  Range  between 120 and 90 

~ a ,  based on K/Ar, 40Ar/39Ar, and fission track ages, as  summarized by Moore et al. [1994]. 

Coarse-grained molasse deposits accumulated in the CoIville Basin  at this time, indicating rapid 

erosion of an emergent source area. In addition, extensional structures  of inferred mid-Cretaceous 

age occur in the southern Brooks  Range  [Gottschalk  and  Oldow,  1988;  Miller and Hudson, 19911, 
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STRATIGRAPHY OF THE FORELAND BASIN AND THRUST BELT 

North Slope and Colville Basin Stratigraphy 
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(Hunt  Fork-KanaGt) 7 NORTH SLOPE,  COLVILLE  BASIN \Copter  Peak 
volcanics 

(Devonian through 
10 Early Jurassicl ._ 

Ophlolite, 
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Figure 2. Summary of stratigraphic relationships and nomenclature for the central North Slope and  central Brooks Range area. (top) 
Schematic palinspastic restoration. (bottom) Generalized stratigraphic columns revised from Moore et al. [ 19941. GRZ, garnma ray zone. 
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Figure 2. Summary of stratigraphic  relationships  and  nomenclature  for  the  central North Slope  and  central  Brooks Range  area. (top) 
Schematic  palinspastic  restoration. (bottom) Generalized  stratigraphic  columns  revised from Moore et al. [ 19941. GRZ, gamma  ray  zone. 



IKTERPRETATlON OF LINE RCS-4 3 4 5 
1 2 NORTH EAST CAPE 

S W E E  $1 I N G M  #l MGOK $1 TESHEKPUK 81 H M E ~  #I 
SOUTH TD 4758 m TD 6127m TD 3100m TD3250m TD 3017m 

SEISMIC LINE RCS-8 
SOUTH NORTH 

cß 

VERTICAL EXAGGERATION = 6X O 10 20 30 40 50 
KILOMETERS 

Figure 3. Seismic line RCS-8 (location shown in Figure l), interpreted line drawing and stacked data, showing south-dipping Ellesmerian 
sequence, and onlapping Brookian sequence. Wells from Figure 1 are projected onto the line of section. Ellesmerian sequence includes Me, 
Endicott Group; Ml, Lisburne Group; TrPu, undivided Permo-Triassic  rocks; KJk, Kingak Shale. Brookian sequence includes Torok and 
Fortress Mountain Formations and Nanushuk Group. 
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Brooks Rangc Foothills Stratigraphy 
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Lisburne No. 1 

* 
4000 meters 

Figure 4. Structural, stratigraphic, and thermal  maturity data from the Lisbume 1 well.  Gamma  ray and resistivity logs show  approximate  location of borehole and log response  to 
alternating Lisburne and Etivluk Group lithologies repeated in thrust  sheets. Stipple pattern is Cretaceous shale and  siltstone,  with congomerate at -600 m depth  correlated with 
south dipping debris flow in outcrops  north of the  well (our interpretation).  Paleontology shown at right,  vitrinite  reflectance  at far right  [Mickey  and Haga, 1980; Gryc, 19883. 



TECTONIC  SUBSIDENCE  ANALYSIS 

Colville Basin Transect 

The Colville Basin contains the sedimentary record of the regional-scale development of 

thc fold and thrust belt. When  thrust plates load the lithosphere in an orogen, the foreland responds 

with flexural subsidence [Beaumont, 19811, which is recorded by increased water depth and thick 

accumulation of sedimentary basin  fill. My aim has been to model the geodynamic  history in the 

ColviIlc Basin in order to determine the timing and magnitude of tectonic activity  in the northern 

Brooks Range.  Previous studies demonstrate the causal relationship between  the Brooks Range 

orogen and the Colville Basin  [Hawk, 1985; Nunn et al., 1987; Coakley and watts, 1991; Remings, 

1 9921. 
I analyzed  the basin subsidence history using stratigraphic information from five wells 

(Seabee 1, Inigok 1, North Inigok 1, East Teshekpuk 1, and Cape Halkett 1) and a regional seismic 

line, RCS-g, in  a transect spanning 200 km across the northern flank of the foreland  basin (Figues 1 

and 3). The basin transect was intentionally located north Of the main structures in the thrust belt to 
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Backstripping Method 
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quite  high  [Johnsson et al., 19921. In order to estimate the amount of missing section along the 

transect, I projected  the  missing units from the Prudhoe Bay area, where they  are  best preserved. 

This  yields  general  agreement with vitrinite reflectance values, producing a smooth gradient for  the 

missing section  and  paleoland  surface between wells. I estimated no more than 2500 m of missing 

section  at  the Seabee  well  and 800 m of missing section at  the Cape Halkett well. I assumed a 

Paleocene age for  maximum burial, based on apatite fission track cooling ages in wells on the basin 

transect and  elsewhere  on  the North Slope [O'Sullivan, 19931. 

Results of Backstripping 
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Tectonic Interpretation of Subsidence  History 

I ascribe HauteriVian uplift Of the Barrow Arch to thermal uplift along  the  southern  margin 

Of Canada basin, as suggested by previous  workers  [Grantz  and  May, 1983; Hubbard et  al., 

19871. In this scenario, the lower Cretaceous  unconformity is the  breakup unconfohty  making h e  

initiation Of spreading in this part of the Canada basin. The Barrow  Arch may have been 

reactivated 51s a flexura1 bulge associated  with tectonic loading in the Brooks  Range orogen [Nunn 

et  al., 1987; Coakley and Watts, 19911,  but  there  is  no direct evidence for this in the Colville Bain. 

A flexural bulge would  be expected to sweep  from  south  to  north  across  the basin through time, 

reflecting the migration direction of the  thrust  load in the  orogen.  Instead,  the Lower Cretaceous 

unconformity appears to  be  synchronous in  time (intra-Hauterivian)  and  localized in space (Barrow 

Arch) across the  basin transect, not  northward  migrating  [Cole  et al., 19941. 

In Barremian time (circa 125 Ma) major flexural subsidence  occurred,  amounting  to >700 

m i n  the southern part of the basin transect and lesser amounts to the north. I attribute the 

16 



and  the Sagavanirktok Formation. The  exact timing of the onset of uplift is poorly constrained 

because of incomplete preservation of Upper Cretaceous and  Tertiary strata in this p m  of the 

foreland basin. However, I believe that a Paleocene age for the  onset of uplift agrees well with 

fission track ages, which range between 50 and 60 Ma in this  area  [O’Sullivan, 19931. I believe that 

the Cenomanian and younger subsidence represents a second period of thrusting south of the 

foreland basin, as suggested by Flemings [1992]. The  Paleocene  onset of uplift  and  erosion marks 

the arrival of the deformation front at the Seabee well  and  associated  regional  rebound farther north. 

KINEMATIC ANALYSIS 

Many examples showing the geometric development of thrust belts are available in the 

literature [e.g. Boyer and Elliot, 1982; Dahlstrom, 1968; Price, 19811, yet it is rare that the  data 

necessary to fully constrain the timing  of the deformation and  the  thermal  history  that accompanied 

it  are  available. I have compiled such an integrated data set and used it to produce a kinematic 

model O% the deformation of the  Brooks Range frontal thrust  belt.  The  model  is based on a balanced 

cross section constructed from field observations gathered by a team  of U.S. Geological Survey 

geologists in the Killik River and Howard Pass quadrangles, plus  well  and  seismic data available 

from Gryc [ 19881 and existing geologic map compilations [Whittington  and  Troyer, 1948; Webber 

et al., 1948; Chapman et al., 1964; Tailleur et al., 1966; Mull et al., 1994; Mull  and  Werdon, 19941. 

I incorporate timing constraints from the  tectonic subsidence history in the foreland basin and 

vitrinite reflectance and apatite fission track analyses to infer periods of active  deformation, burial 

(tectonic and sedimentary) and exhumation of the main structural elements  along  the  cross section. 

Kinematic modeling was conducted with Thrustpack, a proprietary  program  developed  by 

the Institut Français du Petrole and a consortium of  oil  companies, and  used  with  their permission. I 

input the palinspastically restored cross section, representing the initial undeformed state of the 

thrust belt,  and I modeled the  main stages of successive thrusting and  sedimentation. Rates of 

thrusting and sedimentation were adjusted to fit observations  and  thermal  constraints. k s t p a c k  is 

not capable of modeling back thrusts, so the final model  geometry is a simplified version  of the 

observed structure. 

Balanced Cross Section 

The  cross section was  drawn using standard line length  balancing  techniques  [Woodward et 

al., 19891. From the range front northward, the section was constructed along seismic line 37 

(Figures 1 and 6) ,  interpreted according to  the surface geology  and subsurface geology in three 

nearby wells: Lisburne 1,  West Kurupa 1, and  Oumdik 1. Available  fossil  ages  for  synorogenic 

17 
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15'" Howard  Pass  Quadrangle Killik Rlver Quadrangle 155" 1: 
O 
1 1 1 ' 1 ' 1 1 1 "  

25 50 km 

68.5"- 

68" - 
i7' ' Howard  Pass  Quadrangle 156" Killik River  Quadrangle 1 

x@ Fossil location (see  Table 1) SP 740 Seismic shotpoint 
x Fisslon track sample location (see Table 2) 

Figure 6. (a) Simplified geologic map of the  area of the  balanced  cross  section  (Plate l), showing 
locations of major allochthons, structural trends,  and  piggy-back  basins.  The  line of cross  section 
(line AB, Plate 1) is shown, solid where it follows  seismic  line 37, dashed  where it extends south of 
the seismic coverage, (b) Sample locality map of same  area as Figure  6a, showing locations of 
samples, wells, and seismic lines discussed in text. 
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Table 1. Fossil Ages from Cretaceous Rocks along the Structural Transect. 

Map Original  Locality  in 
Locality Held Elder et d.. Latitude. Longitude.  Formation 
(Fig. 6b) Number 1989 North West 

Reported Fossils Reference 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 

49ADt39 
93FC58 
82AKy5 1 
93FC20 
75Mu5 1 

83Bo66 
50AKt2000 
AB4 l 
25ASm.W 
46ATh 1 O6 
53AB  194 
53AB 1100 
78ACG2ka 
47ATh324 
46ACh120 
53AB l 108 
52AWh17 
52AWh40 
47AWh174 
47AWhl19 

90M~86-2 

115 
NIA 
128 
N A  
NfA 
NIA 
N A  
29 8 
294 
30 1 
309 
300 
300 
3 07 
295 
305 
303 
275 
27 3 
27 1 
283 

68"  24.0' 156"  25.0' 
68" 24.8' 155"  43.8' 
68"  26.5' 155"  43.5' 
68"  27.5' 155"  43.5' 
68" 28.2' 155" 59.0' 
68"  30.0' 155"  49.0' 
68"  32.2' 155"  43.3' 
68"  41.6' 156"  29.5' 
68"  45.5' 156"  45.0' 
68'  49.5' 156" 08.5' 
68" 5 1.0' 155" 17.0' 
68"  51.7' 156" 06.0' 
68"  51.7' 156" 06.0' 
68"  53.2' 155" 05.5' 
68" 53.5' 156" 29.0' 
68"  54.3' 155"  08.5' 
68' 56.8' 155"  45.0' 
69" 10.0' 156"  37.7 
68" 11.2' 156"  46.6' 
68"  12.0' 156"  59.0' 
69"  21.7' 156"  14.2' 

Okpikruak 
Okpikruak 
Okpikruak 
Okpikruak (?) 
Okpikruak 
Okpikruak 
Okpikruak 
Fortress Mtn. near  base 
Torok (7) 
Torok,  upper  part 
Nlrnushuk 
Torok,  upper  part 
Torok.  upper  part 
Nanushuk 
Torok.  upper  part 
Nanushuk 
Nanushuk 
Torok.  upper  part 
Torok,  upper  part 
Torok.  upper  part 
Nanushuk 

Berriasian 
Oxfordian to Valanginian 
Valanginian 
Hauterivian or Barnmian 
Probably  Neocomian 
Early  Valanginian 
Valanginian 
middle  early  AIbian 
middle  early  Albian 
middle d y  Albian 
enrly  middle Lo middle  middle  Albian 
middle  early  Albian 
late  early Albian 
middle  to late Albian 
late  early  Albian 
middle  middle  Albian 
middle  Albian 
middle  Albian 
probably  early  middle  Albian 
early  middle  to  middle  middle  Albim 
middle  Albian 

Buchia  subokensis 
Buchia sp. 
Buchia  sublaevis 
Palynomorphs 
Foraminifera 
Buchia  sublaevis 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 
Mollusks 

Elder er al. [ 1989)* 
W.PE1der.  written  commun.. 1993 
Elder er al. [ 19891 
H.Haga,  written  commun..  1995 
A.Marianos,  written  commun., I976 
W.P. Elder,  written  commun.,  1991 
D.A. Bodnar [ 19841 
Elder et al. [ 1989]* 
Elder er al. [ 1989]* 
Elder cf al. [ 19891 
Elder er al. [ I989]* 
Ekler er al. [1989]* 
Elder er al. [ 1989]* 
Elder et 01. [ 1989]* 
Elder er 01. [1989]* 
Elder er al. [ 19891' 
Elder er al. [ 19891 * 
Elder er al. [ 1989]* 
Elder er al. [ 19891 
Elder er 01. [ 1989]* 
Elder er al. [ 1989]* 

*Locations  and  ages  reported  in  Elder et al., 1989  were  modified  according  to W.P. Elder.  written  commun..  Menlo Park. Calif.. 1995. 



deposits in the area of the cross section are shown  in Figure 6b and  Table 1. n e s e  were citical for 

constraining  the  timing of thrusting in this area. The cross section  was  converted from time to 

depthusing a simple  linear velocity function of 2438 m/s, based  on  an  average  of stacking 

velocities and calculated interval velocities. 

The  cross  section extends from  the highly imbricated Devonian  rocks soufi of h e  range 

front to nearly undeformed sedimentary fill in the foreland basin 200 km to the  north  (Plate 1). m e  

basement slopes from a depth of 8 km at the northern end of the  section  to 12 km at  the southern 

end of seismic  line 37. The total thickness of the Brookian sequence is about  10 km at this latitude, 

compared with 4 km at  the Seabee I well, at the southern end of the basin  transect. 

At  the  southern end of the  cross section, south of the range front, a thick stack of 

imbricated Devonian clastic rocks within the Endicott Mountains allochthon is well-exposed at the 

surface (Figure 6 and Plate 1). This structural wedge lies south of seismic line RCS-37, so the 

subsurface geometry is not well-constrained. I projected observed stratal and structural dips from 

the surface into the subsurface and relied on seismic lines from the  Inyorurak  Pass and Howard  Pass 

area, 25-35 km along strike to the west, to constrain the subsurface  geometry of the  thrust  sheets.  In 

the seismic lines to the west, the thrust sheets are visible as coherent,  thick  panels of south dipping 

reflections, so I drew the subsurface geometry of the Devonian imbricate  wedge  accordingly. The 

imbricate wedge includes repetitions of the  Hunt Fork and  Kanayut  units,  detached  above a basal 

decollement in Hunt Fork shale (Plate 1). At the range front, this stack terminates in a regionally 

extensive upright anticline, traceable along strike to the west for at least 30 km  in adjacent seismic 

lines and surface  mapping. Along the northern margin of  the anticline, forming  the topographic 

break at the range front, is a major zone of thrusting in the Kayak  shale,  which I believe represents 

a regional roof thrust at the top of the Devonian imbricate wedge. Similar imbricate stacks, 

enclosed between regional detachment horizons, have been  described  in  the  northeastern Brooks 

Range and along the Dalton Highway [Wallace and Hanks, 1990; Wallace et al., 19971. 

Figure 7 shows a line drawing and seismic data spanning  the  portion of the cross section 

from the range .front to the Lisburne 1 well, at approximately true scale, The range  front anticline, 

representing the  leading  edge of the Devonian imbricate wedge,  is visible as a group  of arching 

reflections in the southern end of the section, beneath shot point  1090, at 1.8 s. 
. .  

About 8 km north of the Devonian imbricate wedge is  the  axis of a synform containing the 

Picnic Creek allochthon, according to field mapping by Mull et al. [1994].  The  synform is visible in 

the shallow part of the seismic line, as concave-up reflections between shot points  1040 and 1080 

(Figure 7 and Plate 1). At the surface,  several isolated remnants of gabbro, probably  belonging to 

the Copter Peak allochthon, lie in fault contact on the Picnic Creek  allochthon.  These are too small 

to show on the cross section, but they are labeled on the geologic  map  (Figure 6). These klippen 

are significant because they indicate that mafic and ultramafic rocks  were  thrust  over  Valanginian 
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Figure 8b. Line drawing of seismic line 722-80 (location  shown on Figure 6b and  Plate l), showing progressively  steeper 
dips in the basal part of a  piggy-back  basin. Lower to middle  Albian  intra-basinal  unconfonnity  dates  progressive 
deformation as mid-Cretaceous  in age. 
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Summary of Structural Geometry 

On the  basis of the  regional  nature of the range front anticline  and  the  presence of =,-hing 

reflections in the  subsurface beneath it, I interpret this structure as a major  hanging  wall cutoff at 

the  leading  edge of a thick Devonian imbricate stack, South of my section,  this  basal  thrust  must 

root into a deep-seated detachment in the Hunt Fork shale. Distal continental  margin  fragments (i.e., 

Picnic Creek family of allochthons) and ophiolitic remnants (Copter Peak, Misheguk Mountains 

allochthons)  are preserved in two synfomal areas, one immediately north  of the range fiont and h e  

other in the  melange zone on the northern margin of the Lisburne duplex. The ophiolitic klippen 

probably overrode  the Picnic Creek  in Valanginian time according to the age of synorogenic 

deposits of the Okpikruak  Formation. These higher allochthons lie in fault contact on Lower 

Cretaceous  rocks of the  Endicott  Mountains allochthon. This suggests  that they  were emplaced  onto 

the  Endicott  Mountains allochthon in Early Cretaceous time. 

The Lisburne  duplex  represents a second major imbricate stack, formed mainly above a 

detachment in the  Kayak  shale and below a roof thrust in Triassic to Lower  Cretaceous cherts and 

shales. To the  north,  the upper detachment climbs to successively shallower  stratigraphic horizons 

in the  Cretaceous  Torok  sequence of the foreland basin. Anticlines and syntectonic piggy-back 

basins in the foreland basin sediments north of the Lisburne duplex  attest to minor  contraction  north 

of the  Lisburne well after  deposition of the flysch and during molasse  deposition in the foreland, in 

early to middle Albian time. 

THERMAL CONSTRAINTS 

I employed  three  independent geothermometers (apatite fission  track,  vitrinite reflectance 

analyses, and conodont  alteration  indices)  to infer the depth of burial  and  timing of exhumation of 

the main structural  elements in the cross section. More  than 200 vitrinite  reflectance  analyses were 

carried out  for this study by M. Pawlewicz (U.S. Geological Survey).  Fourteen  sandstone samples 

were  collected  for  this study and analyzed by P. O'Sullivan of LaTrobe  University.  Apatite sample 

localities are shown in Figure 6 and  Plate 1. Nearby vitrinite reflectance  values were projected 

onto the cross section (Plate 1). I also utilized existing apatite fission  track  analyses [O'Sullivan, 

19933 and  vitrinite  analyses  [Magoon et al., 1988; Johnsson et al., 19921 from the Lisburne well 

(Figure 4), as well as conodont  alteration indices [Dumoulin and Harris, 1993; Johnsson et d., 

19921. 
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Vitrinite Reflectance 

Vitrinite reflectance (Ro) values  were determined on  shale  samples,  measured with h e  in 

situ method. The Ro values are presumed to represent maximum  burial  temperatures  experienced by 

the rock and  can be converted to estimated paleotemperature according to  the  burial-heating curve 

of Barker and Pawlewicz [ 19941, which fol1ows the equation  ln(Ro)  +1.68)/ 0.0124. The highest RO 

values  were  found in the Devonian rocks of the Endicott Mountains  allochthon,  south of the range 

front,  as shown in Plate 1. These  rocks yielded R0 values near 4.0, corresponding to 

paleotemperatures of nearly 250°C. Immediately north of the  range front, Carboniferous  rocks in the 

Endicott Mountains allochthon exhibit R0 values of 2-2.5, corresponding to paleotemperatures of 

about 2o0°C. Farther north, in  the  Picnic  Creek allochthon, I obtained Ro values of 1-1.5 

corresponding to 150°C. 

Surface  samples near the  Lisburne well yielded anomalously  low R0 values, ranging 

between 0.35 and 0.52, probably due to the high organic content of the  Etivluk Group shales in this 

area. Bodnar [ 19841 reported similarly low Ro values from  the  Otuk  Formation  type  section 6 

north of the Lisburne well. Conodonts  from  the outcrop of the  Lisburne  limestone just south of  the 

well site have conodont alteration indices of 1-1.5 [Dumoulin  and Harris, 19931, corresponding to an 

Ro of about 0.6, or a paleotemperature of about 90°C. This agrees  quite  well  with vitrinite 

reflectance of 0.4-0.6 determined from  samples in the upper  part of the  Lisburne  well, as shown in 

Figure 4. 

Several vitrinite reflectance  gradients  are present in  the Lisburne  well.  These are shown 

with regression lines in  Figure 4. The  upper two allochthons in  the  well  have Ro values that 

increase linearly with depth, from less than O S  near the  surface to 2.0 at a depth of 3300 m. Using 

the  Barker and Pawlewicz [ 19941 burial  heating curve, this  corresponds to a paleogeothermal 

gradient of roughly 35"C/km. Thrust  sheets 3 and 4 exhibit a very  slow increase in Ro with depth; 

from 3300 m to 5 1  8 1 m, Ro values  between 2.0 and 2S are reported, corresponding to 

paleotemperatures near 100°C. It is not possible to fit a reasonable  gradient to  these  trends. They 

require a structural explanation, which is presented below, 

Less than a kilometer  to  the north, synorogenic clastics that correlate with Aptian to 

Albian rocks in the upper  part of the Lisburne well exhibit very low thermal  maturity (Ro=0.48) and 

unreset apatites.  Vitrinite  reflectance  values in the melange zone, farther  north of the  well, are 

extremely variable, probably because of the complicated mixture of tectonic  blocks  or  sedimentary 

olistostromes in  this area [Crane, 19871.  In the Cretaceous rocks of the  foreland  basin, Ro values 

are much less variable, ranging between 0.6 and 0.8, corresponding to paleotemperatures of 100°C. 
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Inferred Burial Depth for  the  Devonian  Imbricate  Wedge 

Inferred Burial Depth for the Lisburne Duplex 

On the basis of the low thermal maturity indicated by vitrinite reflectance values and 

conodont alteration indices from samples in the upper 500 m of  the  Lisburne well  and in nearby 
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Apatitc Fission Track Ages 

Ar3iltite cnncentmles were separated using conventional magnetic and heavy liquid 

tcchniqucs. Grnins wcrc prcpared for irradiation in the X-7 facility of the  HIFAR reactor, Lucas 

FIciRhts, Ncw South Wales, Australia. The cxtcrnal detector method has been  used exclusively 

throughout this study. Fission track ages were calculated using the zeta calibration method and 

standilrd I'ission track agc quation [Naescr, 1979; Hurford  and Green, 19821. Errors  were  calcuIated 

using thc tcchniclucs of Grecn [:1981]. The c2 stntistic is used to detect the probability that all age 

grains mdyx.ed bclong to a singlc population of ages [Galbraith, 19811. A probability of 4% is 

cvidcncc of' an wymnlctric sprcad of single-grain ages. In instances where a spread in ages is 

f'ountl, the "convcntiond  analysis" (as defined by Green [ 1981 l), based  purely  on Poissonian 

variation, is n o t  valid und the 'lccntral age" [Galbraith and Laslett, 19931, which is essentially a 

wcighted-mean ugc, is rcportcd.  Con.fined Fission tracks  were measured following  the 

rccotnmenda(;ions of  Laslett et al. [1982]. 
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Table 2. Fission Track Sample Locations, Counting, and Age Data 

Locality  Sample Latitude. Longitude,  Elevation, Numbcr -&mhmous Lndumd P(X2), Age& o, Interpreted Forma- 
North Wtst III Of C I Y S ~ ~ ~ S  Rho4 PS Rho-I NI % Ma Age. Ma tion 

1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
11 
12 
13 

DH93-095 
DH93-096 
DH93-098 
DH93-O99 
DH93-  100 
DH93- 1 18 
DH93-120 
DH93-122 
DH93-  124 
FC93-O47 
FC93-05 l 
FC93-O84 
FC93-086 

89POS06 
89POS05 
89POS04 
89POS03 
89POS01 

68O 11'45" 
68' 09' 19" 
68 o 03' 49" 
68O 04' 55" 
68'  10'  17" 
68'  38' 20" 
68O  41'  01" 
68O 33' 37" 
68'  29' 08" 
68 o 29' 20" 
68O  29' 55" 
68 o 20' 58" 
68O  21'  25" 

68'29' 06" 
68'29' 06" 
68O 29' 06" 
68'  29' 06" 
68'  29' 06" 

155'  38' 00" 
155' 40' 05" 
155'  26' 10" 
155'  24'  53" 
155'  14' 52" 
155'  46' 10" 
155O  51' 34" 
155'  24'  27" 
155'  26' 04" 
155O 42' 50" 
155'  42'  42" 
155'  43' 40" 
155'  43'  35" 

155' 44' 36" 
155' 44' 36" 
155O 44' 36" 
155' 44' 36" 
155' 44' 36" 

1510 
1370 
1240 
860 
1670 
405 
380 
500 
705 
540 
540 
810 
810 

-634 
-1  190 
-1 896 
-2663 
-4  148 

25 
25 
25 
25 
7 
27 
25 
25 
26 
25 
25 
25 
25 

20 
26 
8 
10 
6 

Surjace Samples 
1.031 592 
0.6061  437 
0.4280 205 
0.4795  187 
0.1551  29 
0.5181 400 
0.1929  65 
0.2683  154 
0.2792 184 
0.3582 245 
0.6559 612 
0.8591 500 
0.7042  338 

Lisbume I Well 
0.3068  119 
0.2552  158 
0.1187  14 
0.0475 8 
0.0570 2 

2.521 
1.933 
2.26  1 
2.238 
0.7487 
1 .a85 
0.8605 
1.157 
0.7709 
1.215 
2.900 
2.476 
3 .O02 

0.7  14 l 
0.8366 
0.6955 
0.6538 
0.5983 

1447 
l394 
1083 
873 
140 
1455 
290 
664 
508 
83 1 
2706 
1441 
1441 

277 
518 
82 
J 07 
21 

1.20 
1.40 
58.60 
79.80 
9 1.30 
0.50 
9 1.30 
69.80 
7.50 
0.00 
29 
0.90 
0.10 

5.1 
24.0 
18.0 
91.4 
62.7 

97.6k7.5 
75.4k5.2 

50.6k4.2 
48.9k10.0 
59.8k6.3 
52.9k7.3 
54.8k5.0 
85.3k7.5 
72.2~9.9 
55.lG.7 
8 1 -2k6.3 
5 1.6k5.3 

44.7k3.5 

92.1k10.3 
65.6k6.2 
36.8~10.7 
16.1~5.9 
20.5~15.2 

90-1 10. 50-60 DI 
90-1  10, 50-60 DI 
50-60 m 
50-60 Dl 
50-60 h 
50-60 Kft 
50-60 Kft 
50-60 m 
50-60 Klt 
50-60 KR 
50-60 KO 
90-1  10.  50-60 Mku 
90-1  10, 50-60 Mku 

90-1  10,  50-60 KI 
90-1 IO. 50-60 KI 
50-60 JPc 
50-60 Jpe 
50-60 JPC 

Location numbers refer to Figure 6b and Plate  1. Formations and units: Dn,  Devonian Noatak sandstone; Kft, Cretaceous Fortress Mountain formation; KO' 
Cretaceous O k p i h l  Formation; Mku, Mississippian Kumpn sandstone; KI, Lower Cretaceous undivided, and JPe. Permian lo Jurassic Etivluk Group. Intcrpretcd ages, 
based on  analyses of single grain ages, arc thought to represent the main cooling  episodes that affected this area. Samples  with two interpreted ages  have  bimodally 
distributed single grain ages. 
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Apatite fission track data from five samples  in the Lisburne well  yield similar cooling ages 

[O'Sullivan, 19931. Two  samples (localities 1 and 2, Table 2) from depths of less than 1200 m, 

rccord both the mid-Cretaceous and  the  Early  Tertiary cooling episodes.  Samples from localities 3, 

4, and 5, from depths greater than 1890 m, show  only Paleocene and  younger  individua1  grain  ages. 

I'rcsumably, Lhese deeper  samples remained above 110°C during the mid-Cretaceous cooling 

episodc. 

Fission track data from all six samples of Cretaceous age rocks in  the foreland basin 

suggcst that thcse rocks cxperienced rapid cooling during the Early Tertiary between -50 and 60 

Ma. In rllosl c:lses, cooling occurred from  temperatures >l 10°C to temperatures  in  the range of -50- 

70°C. IJowcvcr, data from two samples (localities 9 and 10 in Table 2, Figures 6b, and Plate 1) 

i1ldicatc thut lhe samples were not completely reset prior to Early  Tertiary  cooling and seem to  have 

c~olcd li.om ~tlaxirnum paleotemperatures in the  range of -90-1 10OC. These two samples are in the 

Aptiall to Alhian clastics that correlate with the  upper part of the Lisburne well, so they  provide 

rLIr(llcr cvidcrlcc that the Lisburne Duplex was not deeply  buried  relative  to  surrounding areas. 

Summary of  Thermal Constraints 

CHRONOLOGY OF DEFORMATION 

C h  thc tusis 01' tllc thcrmal and stratigraphic arguments described above and the timing of 

tr;ctonjc suhidcncc and flysch-molasse cycles in the foreland basin, I present an integrated model 

for &hc scqucncc and timing of deformation and sedimentation along  this structural transect. The 

main shigcs thusling and scdimentation are shown in Plate 2, a kinematic  model  produced  with 
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Valanginian 

Copter I h k  und Mishcguk Mountains allochthons were thrust onto the  Picnic  Creek 

allochtl~on al this t i m ,  during  deposition of the orogenic sediments of the Okpikruak Formation. 

l'hesc allochthons originalcd hundrccls of kilometers south of my structural transect, at the projected 

sclulllcrn cdgc o f  thc rctrodcthrmcd Endicott Mountains allochthon. 

Hwtcrivian 

Kcgional lhcrtrlul uplift affectcd the northern margin of the Colville Basin, including the 

basin trmscct, in Hauteriviun tirne, marked by the  development of the Lower  Cretaceous 

unconftrrmity. Bccausc this uplift was rcgionally  synchronous  and strongly focused  along the 

23arrow Arch, I intcrprct this cvcnt as thcrmal uplift of the rift shoulder as spreading was initiated in 

tlrc: Cilrlnd,\ I3asin. 'I'hc IUarrow Arch inay have played n dual role as a flexural bulge, but my basin 

ar.ralysis lcrlJs n o  dircct support lo this interpretation. This uplift had no direct influence in the 

rcgion c d '  this slrucmd transcct, ncarly 200 km south of the Barrow Arch. 

B arrcrn i an 

1l)rnrnatic rlr,wnwmJ Ilcxurc ufl'ccted (he Colville Basin in Barremian time. I argue that this 

flexurc wils produccd by crustal ihickcning during the e~nplacement of the distal continental margin 

und qhio1itic dloclzthons  onto thc Endicolt  Mountains  allochthon  (Plate 2b) and by internal 

irnhricatitm in tllc Endicolt Mountains allochthon itself (Plate 2c). Along the structural transect, 

this cpisodc was mnif'cstcd by dccp tcclonic burin1  in the Endicott Mountains and Picnic  Creek 

nlhcl-l~lwr~s (Platc Zb), and I'ormation of the orogenic wedge of Upper Devonian rocks south of the 

range fr(mt  lule le 2 ~ ) .  T11c Lisburne Duplcx began to form at this time. This episode of thrusting 

resulted in dccp-watcr flyscl~ scdimcntation in the foreland basin. 
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This is the main episode of thrusting in the frontal Brooks Range. During this stage, 

continental murgin rocks  (Endicott  Mountains  allochthon) became intensely involved in 

contraction, and the North Slope autochthon underwent lithospheric flexure and  began to receive 

llysch scdimenfs from the orogen. The timing of  this event (Barremian) is soon  after the initiation 

of spreading i n  thc Canada basin (Hauterivian), suggesting that the two events are  related. 

Mid-Cretaceous 

Latc Cretaceous to Paleocene 
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Paleocene to Eocene 

CONCLUSIONS 

Tectonic  subsidence analysis in the  Colville Basin, combined with geometric and b e m a l  

analyses in the northern  Brooks  Range, provides an integrated view of sedimentation  and 

deformation  resulting  from the Brookian orogeny. 1 have developed  a kinematic model for the 

sequence of deformation at the  juncture between  the thrust belt and  the foreland basin, starting in 

Valanginian time with the  imbrication of the distal continental margin and ophiolitic allochthons 

south of the modelled  area.  This was followed by thermal uplift along the Barrow Arch  in 

Hauterivian time. The main  episode of deformation in the frontal Brooks Range was a Barrremian 

thrusting  event, which produced intense flexure of the  North Slope, followed by  the arrival of deep- 

water  flysch sediments  from southern source area into the  newly formed foreland basin. This was 

followd in  mid-Cretaceous  time by widespread exhumation  in  the Brooks Range  during 

accumulation of coarse  cIastic  rocks in the  foreland basin, some in active piggy-back basins. In 

Late  Cretaceous to Paleocene time the thrust front propagated forward to its northern limit, and 

deformed Upper Cretaceous rocks in the  central part of the basin. From the Paleocene time to the 

present, otlgoing erosion unburied the rocks now exposed at the surface. 
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