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INTRODUCTION
Southern Alaska is arguably the most tectonically active part of the convergent margin of western North 

America, with the world’s largest exposed accretionary prism, the highest topography in North America, two active 
volcanic arc complexes, and some of the world’s largest strike-slip fault systems (fi g. 1; Plafker and Berg, 1994). 
The Cenozoic Cook Inlet basin, in the forearc region of this convergent system, is bordered on its northwestern 
margin by the subduction-related Aleutian–Alaska Peninsula magmatic arc (Plafker and Berg, 1994). The Chugach 
Mountains on the southeastern margin of the basin are composed of sediments scraped off the subducting slab by 
the overlying plate, and form an accretionary prism that has been building since the Mesozoic and continues to 
grow today (Kusky and others, 1997).

Exhumation and growth of these fi rst-order tectonic features is directly linked to subsidence and sediment supply 
in the adjacent sedimentary basin (Dickinson, 1995). In addition, contractional processes in basins cause crustal 
thickening with the development of thrust and reverse faults, which lead to localized loads and isostatic subsidence, 
as well as increased sediment supply. Examining the structural confi guration and sedimentary record can help us 
understand the timing and kinematics of basin development, which in turn lead to a more comprehensive model 
for depositional and hydrocarbon systems within the basin. 

Figure 1. Map of southern Alaska showing topography, major fault systems, magmatic arcs, and plate motions 
relative to North America. The yellow box outlines the study area shown in detail in fi gure 2. 
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The purpose of this paper is to report briefl y on ongoing structural, thermochronologic, and stratigraphic 
investigations along the northwestern margin of Cook Inlet basin. Recent reconnaissance mapping, particularly 
near the Capps Glacier fault, has provided new constraints on the structural style of basin-bounding faults. New 
high- and low-temperature thermochronologic samples were collected adjacent to regional faults; future analytical 
results from these samples will help to provide constraints on timing and rates of cooling across fault boundaries. 
In addition, provenance data collected from conglomeratic strata adjacent to major faults allows us to identify the 
stratigraphic units exposed at the surface during deposition of the conglomerate. Although still preliminary, these 
data sets offer complementary constraints, which when considered in the context of basin stratigraphy, paleofl ow, 
and sediment provenance, are expected to establish links between fault motion, sediment source area exhumation, 
and adjacent basin sedimentation. A better understanding of the Cenozoic tectonic controls will facilitate more 
accurate and detailed depositional models for Cook Inlet basin.

STRUCTURAL GEOLOGY
SUMMARY OF MAJOR FAULT SYSTEMS

Several major fault systems may have been active during formation of the Cenozoic forearc basin, and some 
continue to accommodate deformation today (Plafker and Berg, 1994). In the Chuitna–Beluga River region, the 
Castle Mountain, Lake Clark, and Bruin Bay faults form the northern and northwestern margins of Cook Inlet 
basin (fi gs. 1 and 2). These reverse faults are located over a northwest-side-up step in the Mesozoic basement 
and display similar northwest-side-up displacement with some component of oblique slip (Haeussler and others, 
2000). The Castle Mountain and Lake Clark faults lie along strike to one another and may be related at depth 
(Detterman and others, 1976). 

Of these three fault systems, only the Castle Mountain fault is inferred to have Holocene motion based on fault 
scarps and historical seismicity (Haeussler and others, 2000). Grantz (1966) and Fuchs (1980) suggest motion on 
the eastern part of the fault since at least Early Cenozoic time with up to 1.2 km of reverse motion (Barnes and 
Payne, 1956) and as much as 130 km of right lateral separation (Trop and others, 2005). On the western segment 
of the fault, an offset postglacial outwash channel yields a slip rate of 2.8–3.0 mm/yr for the last ~13,000 years 
(Willis and others, 2007). In the study area, this fault dips steeply to the north and juxtaposes lower Eocene West 
Foreland or Oligocene Hemlock Formation against lower Miocene Tyonek Formation (fi g. 2; Detterman and oth-
ers, 1976; Magoon and others, 1976).

The Lake Clark fault system is estimated to have 500–1,000 m of vertical offset based on stratigraphic rela-
tionships; however, the timing of deformation on this fault system is unclear (Detterman and others, 1976). Some 
evidence suggests approximately 5 km to as much as 26 km of right lateral motion since late Eocene time, but 
before Quaternary time (Plafker and others, 1975; Ivanhoe, 1962; Haeussler and Saltus, 2005). Other studies 
indicate evidence for Pleistocene, but not Holocene, deformation on the fault based on offset glacial moraines 
(Schmoll and Yehle, 1987). In the Chuitna–Beluga area, this fault places lower Eocene West Foreland Formation 
over upper Miocene Beluga Formation (fi g. 2; Magoon and others, 1976).

The Bruin Bay fault system has had perhaps the most long-term control on sedimentation in the Cook Inlet 
and Alaska Peninsula regions of all the major tectonic elements bounding the western and northern margins of 
Cook Inlet basin. Along the lower Cook Inlet basin, left-lateral separation that is estimated at 19 to 65 km and 
vertical stratigraphic separation in excess of 3 km may decrease northeastward along the fault to perhaps only a 
few hundred meters near the Castle Mountain fault (Detterman and Hartsock, 1966; Detterman and Reed, 1980). 
New apatite fi ssion-track data from the Katmai National Park area suggests that from 2 to 4.5 km of exhumation 
of the upthrown (northwestern) block has occurred since Late Paleocene time (Gillis and others, 2008). Signifi cant 
regional motion along the Bruin Bay fault may have ceased by Late Oligocene time in the Katmai area based on the 
cross-cutting relationship of an apparently underformed igneous body (Detterman and Reed, 1980; Detterman and 
others, 1996). However, in upper Cook Inlet, deformed strata in the downthrown (southeastern) side of the Bruin 
Bay fault may indicate Quaternary motion (Bruhn and Haeussler, 2006). In the study area, the Bruin Bay fault is 
represented by a broad zone of deformation that places lower Miocene Tyonek Formation over upper Miocene 
Beluga Formation along the Chuitna and Beluga rivers (fi g. 2; Magoon and others, 1976).

GEOLOGIC MAPPING OBJECTIVES
To gain a better understanding of the structural geology of the northwestern margin of upper Cook Inlet basin, 

goals through 2009 include new 1:63,360-scale mapping of an approximately 4,300 km2 area centered upon Tertiary 
outcrops along the Beluga and Chuitna rivers (fi g. 2). The proposed map area encompasses exposures or inferred 



 Exhumation and provenance of Cenozoic strata, Cook Inlet, Alaska 3

Fi
gu

re
 2

. G
eo

lo
gi

c 
m

ap
 o

f fi
 e

ld
 lo

ca
tio

n 
(m

od
ifi 

ed
 fr

om
 D

et
te

rm
an

 a
nd

 o
th

er
s, 

19
76

; M
ag

oo
n 

an
d 

ot
he

rs
, 1

97
6)

. B
ol

d 
bl

ac
k 

lin
es

 la
be

le
d 

A–
A’

 a
nd

 
B–

B’
 m

ar
k 

lo
ca

tio
ns

 o
f s

ch
em

at
ic

 c
ro

ss
 se

ct
io

ns
 sh

ow
n 

in
 fi 

gu
re

 8
. C

la
st

 c
ou

nt
 lo

ca
tio

ns
 in

di
ca

te
d 

by
 y

el
lo

w
 te

xt
 b

ox
es

. 

E
X

P
L

A
N

A
T

IO
N

Q
u

at
er

n
ar

y 
vo

lc
an

ic
 ro

ck
s

C
en

oz
o

ic
 v

o
lc

an
ic

 ro
ck

s

C
en

oz
o

ic
 g

ra
n

it
e/

g
ra

n
o

d
io

ri
te

C
re

ta
ce

o
u

s 
an

d
 T

er
ti

ar
y 

g
ra

n
o

d
io

ri
te

Ju
ra

ss
ic

 a
n

d
 C

re
ta

ce
o

u
s

m
et

as
ed

im
en

ta
ry

 ro
ck

s, 
u

n
d

iv
id

ed

C
o

n
g

lo
m

er
at

e 
an

d
 p

eb
b

ly
 s

an
d

st
o

n
e;

 m
ap

p
ed

 a
s 

W
es

t 
Fo

re
la

n
d

 F
o

rm
at

io
n

 (D
et

te
rm

an
 a

n
d

 o
th

er
s, 

19
76

; 
M

ag
o

o
n

 a
n

d
 o

th
er

s, 
19

76
) a

n
d

 lo
w

er
 m

em
b

er
 K

en
ai

 F
o

rm
at

io
n

 (B
ar

n
es

, 1
96

6)

C
o

n
g

lo
m

er
at

e 
an

d
 p

eb
b

ly
 s

an
d

st
o

n
e;

 m
ap

p
ed

 a
s 

H
em

lo
ck

 C
o

n
g

lo
m

er
at

e 
(D

et
te

rm
an

 a
n

d
 o

th
er

s, 
19

76
),

W
es

t 
Fo

re
la

n
d

 F
o

rm
at

io
n

 (M
ag

o
o

n
 a

n
d

 o
th

er
s, 

19
76

), 
an

d
 lo

w
er

 m
em

b
er

 K
en

ai
 F

o
rm

at
io

n
 (B

ar
n

es
, 1

96
6)

Sa
n

d
st

o
n

e,
 s

ilt
st

o
n

e,
 a

n
d

 c
o

al
; m

ap
p

ed
 a

s 
Ty

o
n

ek
 F

o
rm

at
io

n
 (D

et
te

rm
an

 a
n

d
 o

th
er

s, 
19

76
; M

ag
o

o
n

 a
n

d
o

th
er

s, 
19

76
), 

an
d

 m
id

d
le

 m
em

b
er

 K
en

ai
 F

o
rm

at
io

n
 (B

ar
n

es
, 1

96
6)

Sa
n

d
st

o
n

e,
 s

ilt
st

o
n

e,
 a

n
d

 c
o

al
; m

ap
p

ed
 a

s 
B

el
u

g
a 

Fo
rm

at
io

n
 (D

et
te

rm
an

 a
n

d
 o

th
er

s, 
19

76
; M

ag
o

o
n

 a
n

d
o

th
er

s, 
19

76
), 

an
d

 m
id

d
le

 m
em

b
er

 K
en

ai
 F

o
rm

at
io

n
 (B

ar
n

es
, 1

96
6)

Tk
w

Tk
h

Tk
t

Tk
b

JK
u

-1
5
2̊

-1
51

 ̊3
0'

-1
51̊

61̊
 3

0'
61̊

 3
0'

-1
5
2̊

-1
51

 ̊3
0'

-1
51̊

61̊
61̊

15

15
34

15

20

25

63
13

10

55
17

B
e

lu
g

a
La

k
e

C
o

o
k

 I
n

le
t

Be lu
ga R

iver

Theodore  R iver
Lewis  R iver

St
ra

ig
h

t

Creek

C
h

a
k

a
ch

a
tn

a

R iv
er

M
cA

r t
h

u
r  

R
iv

er

Tk
w

Tk
w

Tk
w

Tk
w

Tk
t

Tk
t

Tk
t

Tk
bTk

t

Tk
b

Tk
h

Tk
h

Tk
h

Capps  G
la

c ie
r

M
t.

S
p

u
rr

Tr
iu

m
vi

ra
te

 G
la

c i
er

Blo
ck

ade

G
la

ci
er

La
ke

 C
la

rk
 f

a
u

lt

Bruin
 B

ay fault

C
a

st
le

 M
o

u
n

ta
in

 f
a

u
lt

C
a

p
p

s 
G

la
ci

e
r

fa
u

lt

C
h

u
i t

n
a

 R
iv

er

W
1

/W
2

W
3

W
4

H
1

/H
2

/H
3

T
1

/T
2

JK
u

JK
u

JK
u

B
’

B
A

’

A

5 
m

ile
s

10
 k

ilo
m

et
er

s



4 Preliminary Interpretive Report 2009-4

locations of the Castle Mountain, Bruin Bay, Lake Clark, and Capps Glacier faults. Throughout the mapping ef-
fort, special attention will be paid to fold geometries and orientations, fault cut-off relationships, outcrop-scale 
structural orientations, and kinematic slip indicators where observed, to develop a viable geometric and kinematic 
understanding of the map area. Geologic mapping results will help direct future thermochronologic sampling and 
analyses and provide a structural framework within which to interpret the new cooling data. Together with basin 
analyses of adjacent Cenozoic sedimentary exposures, we hope to construct a kinematic model highlighting the 
Cenozoic tectonic evolution of the region.

NEW STRUCTURAL OBSERVATIONS IN THE CAPPS GLACIER AREA
Structural efforts in the summer of 2007 focused on reconnaissance fi eld studies in the Capps Glacier area ap-

proximately 15 km northwest of the Lake Clark fault (fi g. 2). This area is a key location for understanding Cook 
Inlet basin margin relationships because well-exposed, gently-deformed Cenozoic strata are not only in clear fault 
contact with Cenozoic granite along the Capps Glacier fault, but unconformably overlie Jurassic and Cretaceous 
metamorphic basement rocks as well (fi gs. 3 and 4). Readily visible geologic structures occurring within the Ce-
nozoic interval near Capps Glacier may provide an analog for the structural style of more poorly exposed strata 
deformed by the Lake Clark, Bruin Bay, and Castle Mountain faults to the southeast. The potential for syntectonic 
sedimentation adjacent to the fault and local abundance of folded and undeformed dateable tuffaceous beds holds 
promise for placing constraints on the timing of deformation associated with motion along the fault.

The Capps Glacier fault is exposed along a short, approximately 4 km, interval 15 km northwest of the Lake 
Clark fault, between Straight Creek to the southwest and Capps Glacier to the northeast (Gillis and others, 2009) 
(fi gs. 2 and 4). Although outcrop exposures are generally excellent in this area, little is known about the nature 
of the Capps Glacier fault or geologic structures in the Cenozoic sedimentary rocks exposed immediately to the 
southeast. The only original geologic mapping published for this area was is reconnaissance mapping by Barnes 
(1966), which was later incorporated into a more widely distributed geologic map compiled by Magoon and oth-
ers (1976). Barnes (1966) interpreted the Capps Glacier fault as a reverse fault with possible normal reactivation. 
Interpretation of the principal sense of motion was based upon a younger-over-older fault relationship along a 
steeply northwest-dipping surface. Here, late Paleocene granite (Reed and Lanphere, 1969) to the northwest is 
juxtaposed against gently deformed early Cenozoic strata (Barnes, 1966; Wolfe and others, 1966; Adkison and 
others, 1975), and locally highly deformed Cretaceous–Jurassic metavolcanic rock. Two east–west-striking, down-
to-the-north normal faults mapped by Barnes (1966) deform the Cenozoic strata and are separated from the Capps 
Glacier fault by an open anticline. The map relationship indicates the northern limb of the anticline is truncated 

Tg

NW SE

Tkw

C a p p s G l a c i e r f a u l t
KJu

Tkw

Tkw

Figure 3. View looking to the northeast at the Capps Glacier fault, showing the fi eld relationship between granitic 
hangingwall rocks (Tg) and gently-deformed footwall Cenozoic deposits in the foreground (Tkw). A narrow 
strip of Jurassic and Cretaceous basement rocks (KJu) on the horizon stratigraphically underlie the Tkw and 
are locally juxtaposed against granitic rocks along the fault (Tg).
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Figure 4. Interpreted aerial photograph of the Capps Glacier area, highlighting map rela-
tionships between granitic (Tg), Jurassic basement rocks (KJu) and Cenozoic basin fi ll 
deposits (Tkw). The near-linear trace of the Capps Glacier fault indicates a very steep 
northwestern dip of the fault plane. Folds within the Cenozoic deposits are oriented 
obliquely to the trace of the Capps Glacier fault and are truncated by intrabasinal faults 
discussed in text.

against the Capps Glacier fault and is interpreted to represent extensional drag folding of the Cenozoic strata dur-
ing normal reactivation of the fault.

Reconnaissance investigation of the Capps Glacier area in the summer of 2007 by DGGS geologists confi rms 
the basic locations and orientations of the structures mapped by Barnes (1966). However, the more recent work 
also identifi ed new structures and geologic relationships within the Cenozoic basin deposits, along with a better 
understanding of the sense of motion along the Capps Glacier fault. Good outcrop exposure, often to within a few 
meters of the Capps Glacier fault, allows for clear identifi cation of hangingwall and footwall relationships. The 
near-linear trace of the fault as it intersects topography suggests a steeply northwest-dipping surface (fi g. 4). Along 
much of the length of the Capps Glacier fault, Cenozoic granite to the northwest is juxtaposed against Cenozoic 
basin deposits to the southeast (fi gs. 2 and 4). Hangingwall granitic rock in fault contact with highly sheared Cre-
taceous–Jurassic footwall greenstone occur along the northeastern segment of the fault where the Cenozoic strata 
in the footwall of the Capps Glacier fault unconformably overlies the metamorphic basement rocks (fi gs. 2, 4, and 
5). The younger-over-older relationship implies either dip-slip reverse motion along a high-angle structure as ini-
tially suggested by Barnes (1966), or oblique-slip motion along a transpressional structure. Limited slip lineations 
measured from subsidiary shear planes within the granite indicate that it may be the latter, with surface grooves and 
mineral fi bers oriented at less than 30° to horizontal (Gillis and others, 2009). Footwall strata also exhibit minor 
folding and faulting possibly related to separate generations of deformation. (fi gs. 4 and 5). 

Cenozoic basinal strata to the southeast of the Capps Glacier fault generally exhibit a homoclinal dip of about 
15° to the southeast. However, small-scale folds and faults deform the Cenozoic basin fi ll southwest of a mostly 
east-trending drainage bisecting the basin exposure (fi gs. 2, 4 and 6). Faults southwest of the drainage strike 
approximately east–west with steep northward dips and apparent down-to-the-north separation. Apparent drag 
folding in hangingwall and footwall strata suggest extensional or transtensional motion along the faults (fi g. 2). 
The magnitude of displacement along the faults is unclear, but appears to range from tens of meters to perhaps 
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S N

TkwTkw

KJuKJu

TgTg

Capps Glacier
fault

KJuKJu

unconformity

Tg

SE NW

Tkw

Tkw

Tkw

Figure 6. View looking southwest at folded tuffaceous Cenozoic strata (Tkw) obliquely truncated by high-angle 
down-to-the-north faults.

Figure 5. View looking west at the high-angle depositional contact between gently southeast-dipping Cenozoic 
basin fi ll (Tkw) and highly sheared Jurassic–Cretaceous metavolcanic rock (KJu). The fault contact between 
granitic (Tg) and Jurassic basement rocks (KJu) along the Capps Glacier fault appears in the background.
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several hundred based on distinct facies differences in hangingwall and footwall strata across two of the more 
prominent faults. Adkison and others (1975) estimate up to 1,000 m of down-to-the-north throw has been ac-
commodated by one of these faults, and speculate that similar faults may continue into exposures approximately 
6 km to the east. Both the observed and inferred faults either trend into, or approximately correspond with, the 
east–west drainage bisecting the basin exposure, suggesting that the location and orientation of the drainage may 
be structurally controlled.

Open folds within the Cenozoic basin deposits are oriented obliquely to both the Capps Glacier and local intra-
basinal faults. Fold axes are rotated approximately 20° to 30° counterclockwise to the trace of the Capps Glacier 
fault and approximately 45° to the traces of intrabasinal faults (fi g. 4) based on preliminary fi eld mapping and aerial 
photograph interpretation. Bruhn and Haeussler (2006) note similar oblique orientations of fault-cored anticlines 
in Cook Inlet basin with respect to the transpressional Bruin Bay and Castle Mountain faults, possibly implying 
that the Capps Glacier fault and associated folds evolved within a similar regional stress regime. 

The laterally discontinuous folds are obliquely truncated by the intrabasinal faults, recording either concurrent 
folding or faulting, or more likely two separate phases of deformation of the Cenozoic section. This relationship 
is particularly evident along the moderately northwest-dipping limb of a prominent syncline that has been clearly 
truncated at a high, oblique angle against gently southeast-dipping strata of notably different lithology (fi g. 6). 
It is plausible that local later-stage extension could be related to the development of an apparent right-stepping 
releasing bend in the dextral Lake Clark fault approximately 17 km to the south of the Capps Glacier fault. Thus, 
identifying and constraining the timing of different phases of local deformation could have implications for the 
kinematic development of regional structures along the western margin of Cook Inlet basin. To that end, radiogenic 
age dates from tuffaceous beds folded within the prominent syncline near the Capps Glacier fault should provide 
a maximum age of deformation of the basin deposits. If deposition within the basin was syntectonic and stratal 
thickening can be documented within the syncline core during fi eld operations in the summer of 2008, it may be 
possible to constrain the timing of local syn- and post-depositional deformation.

THERMOCHRONOLOGY
Cooling ages of minerals brought to the Earth’s surface via tectonic or erosional processes have been instrumental 

for recognizing episodes of rapid exhumation in a variety of tectonic settings (Fitzgerald and others, 1995; Ehlers 
and others, 2003; Spotila and others, 2007). Comprehensive cooling histories of samples, sometimes refl ecting 
multiple episodes of exhumation, can be established by employing several thermochronometers representing a 
wide temperature range (for example, Kirby and others, 2002; Gillis and others, 2006; Guest and others, 2006). 
When comprehensive cooling histories are considered within the framework of the regional geologic structures 
and basin sedimentation, a kinematic tectonic history of the region is achievable (for example, Bullen and others, 
2001; Guest and others, 2006).

THERMOCHRONOLOGIC SAMPLING ACROSS REGIONAL STRUCTURES
During the 2007 fi eld season, 30 samples were collected by DGGS for 51 thermochronologic analyses from 

granitic, metavolcanic basement, and Cenozoic basin-fi ll rocks in the Tyonek area of upper Cook Inlet basin. 
Sampling was conducted in the upthrown and downthrown blocks of the Castle Mountain, Bruin Bay, Lake Clark, 
and Capps Glacier faults to identify potential exhumation-induced differential cooling across regional structures 
(fi gs. 7 and 8). Samples from the Cenozoic basin fi ll were concentrated primarily along discontinuous exposures 
along the Chuitna and Beluga river drainages. In the upthrown and downthrown blocks of the Lake Clark fault 
near Blockade Glacier, and the upthrown blocks of the Capps Glacier fault and Castle Mountain fault near Mt. 
Susitna, granitic samples were collected over vertical intervals near the fault contacts for more detailed cooling 
information (fi g. 3).

Six granitic samples have been high-graded for 14 analyses including 40Ar/39Ar dating of hornblende, biotite, 
and potassium feldspar; and apatite fi ssion-track methods for their wide range of closure temperatures and collec-
tive ability to produce detailed cooling histories from emplacement temperatures to approximately 60°C.

40Ar/39Ar analyses of hornblende will provide a baseline for constructing cooling histories for individual samples 
by establishing improved minimum intrusive ages for magmatic bodies previously dated by Reed and Lanphere 
(1969) using the older and less reliable K-Ar method. Potassium feldspar analyses with well-behaved 40Ar/39Ar 
systematics can record continuous cooling information from approximately 350° to 150°C (Lovera and others, 
1989), and will bridge a gap between cooling ages of common high- and low-temperature thermochronometers 
(fi g. 9). Inverse modeling of apatite fi ssion-track data can also produce continuous cooling information from ap-
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Figure 7. Generalized geologic map of the 2007 fi eld study area highlighting thermochronologic (red circles), 
detrital zircon (yellow circles), and thermochronologic/detrital zircon (orange circles) sampling locations, and 
clast count locations (blue circles) relative to regional geologic structures.

proximately 110° to 60°C (Ketcham and others, 2000), and when integrated with hornblende, biotite, and potassium 
feldspar cooling data, can render a well-defi ned composite cooling history of granitic samples from emplacement 
to exhumation within a few kilometers of the earth’s surface (fi g. 9).

It is uncertain if four samples collected from Cenozoic basin deposits along a transect following the Chuitna 
River were buried deeply enough to completely reset low-temperature detrital thermochronometers. Therefore, 
vitrinite refl ectance analyses of nearby samples are in progress to estimate the depth of burial of the deposits. 
The samples will be analyzed using apatite fi ssion-track or the lower temperature apatite (U-Th)/He methods 
(approximately 70°C) (Farley, 2000) as depth of burial permits. If it is determined that burial depth was too shal-
low to completely reset either thermochronometer, then detrital apatite fi ssion-track analyses of the four Tertiary 
basin fi ll samples will be conducted to provide additional constraints on depositional ages and augment sediment 
provenance investigations outlined below.

In summary, forthcoming thermochronologic results from opposite sides of the Capps Glacier, Lake Clark, 
Bruin Bay, and Castle Mountain faults will be instrumental in establishing detailed cooling histories of rocks along 
regional basin-controlling structures, perhaps highlighting episodes of relative cooling between individual fault 
blocks. These data will be compared with collaborative basin analyses of adjacent Cenozoic units in an attempt to 
kinematically link source-area exhumation with proximal depocenter sedimentation.

PROVENANCE
Previous studies have proposed that the Cenozoic depositional systems in Cook Inlet basin consisted of basin 

margin alluvial fans and an axial fl uvial system that drained south into the Pacifi c (Kirschner, 1988; Swenson, 
1997). These systems were fed by distinct source terranes, including the adjacent Mesozoic–Cenozoic volcanic 
arc to the west and subduction complex to the east, as well as far-fi eld sources like the central Alaska Range and 
western Yukon Territory. The extent and location of these depositional systems were controlled by local and regional 
exhumation and sediment input (Flores and others, 2004). 
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Figure 9. (a) Closure temperatures of 
thermochronometers plotted as a 
function of the rate at which the 
host rocks are cooled (adapted 
from Reiners and Brandon, 2006). 
AHe = apatite (U-Th)/He, AFT = 
apatite fi ssion track, KsAr = potas-
sium feldspar Ar/Ar, ZFT = zircon 
fi ssion track, BiAr = biotite Ar/Ar, 
and HbAr = hornblende Ar/Ar. 
(b) Effective closure temperature 
range extrapolated from (a) il-
lustrating the utility of employing 
multiple thermochronometers to 
construct comprehensive cool-
ing histories of exhumed rocks. 
KsAr MDD modeling = nominal 
temperature range of potassium 
feldspar Ar/Ar multiple diffusion 
domain modeling, and A model. = 
temperature range of apatite fi ssion 
track-(U-Th)/He multi-kinetic mod-
eling. (c) Examples of composite 
cooling histories constructed for 
granitic samples showing changes 
in cooling rate with time and 
multiple episodes of rapid exhuma-
tion-induced cooling (Gillis and 
others, 2006).
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To date, broad generalizations about the provenance of the Cook Inlet Cenozoic formations have been made 
based on petrographic analyses of sandstone and heavy minerals (Hayes and others, 1976; Hite, 1976; Rawlinson, 
1984; Magoon and Egbert, 1986; Hickey and others, 2007). Additional needed insight, however, can be gained 
about sediment provenance, including sediment sorting and recycling, type of source terrane, degree of source 
terrane weathering, as well as constraints on timing and temporal distribution of distinct sources, by integrating 
petrographic and geochemical techniques. This is important not only for understanding the controls on the depo-
sitional systems, but also because understanding the type and distribution of alluvial and fl uvial systems in Cook 
Inlet basin is essential for effi cient hydrocarbon exploration and development.

NEW PROVENANCE TOOLS
Compositional analysis using sandstone petrography is a well-established tool used to interpret the tectonic 

history of sediments within a basin (Dickinson and Suczek, 1979; Dickinson and others, 1983; Ingersoll and 
Suczek, 1979). Results from such analyses aid in the interpretation of uplift, subsidence, and sediment input from 
surrounding source terranes. Geochemical and isotopic methods, in contrast, have been underutilized until just 
recently, and the combination of sandstone petrography and geochemical analyses in basin provenance has been 
applied even less frequently. Geochemical approaches provide many advantages over traditional petrographic ap-
proaches, including their general applicability to coarse- and fi ne-grained strata and mineralogically altered rocks 
by using the appropriate chemical systems (McLennan and others, 1993; Fildani and Hessler, 2005). Geochemical 
tools also have the ability to detect minor components and geochemical signatures that would not be recognized 
petrographically, and the potential to constrain provenance through radiogenic dating methods. 

For many years, rare-earth elements (REE) in mudstones have been recognized as useful measures of provenance 
(McLennan and others, 1993; Fildani and Hessler, 2005; Potter and others, 2005). The key provenance parameters 
that are extracted from these analyses are REE patterns and the ratio of light to heavy REE (Fildani and Hessler, 
2005; Potter and others, 2005). REE patterns are widely used for provenance characterization, and the ratio of light 
to heavy REE can provide insight into the differentiation of various igneous sources (Potter and others, 2005). REE 
geochemistry is especially valuable because the majority of sediments on Earth are mudstones. 

Detrital geochronology is an instrumental tool for determining provenance in sedimentary basins that in turn can 
be used to constrain models for basin development and geodynamics. Zircons are present in most sandy sediments, 
are incredibly resilient through very high temperatures, and may remain a closed system for many depositional 
cycles. Therefore, ages resulting from U-Pb dating of zircons refl ect the time of crystallization for the zircon while 
forming in the source terrane, or several ages for one crystal could indicate a complicated tectonic history with 
multiple cycles of metamorphism and related zircon growth. 

During the 2006–2008 fi eld seasons, we collected mudstones from select Cenozoic formations for geochemi-
cal analyses, and performed clast composition counts on conglomeratic units in the study area. In addition, from 
each Cenozoic unit exposed in the study area we collected several sandstone samples for petrographic and U-Pb 
detrital zircon analyses. We anticipate receiving results from all 2009 analyses. Detrital zircon ages and rare-earth-
element signatures will be compared to published data obtained from key sediment source areas including the 
Aleutian–Alaska Peninsula volcanic arc, the Alaska Range, the Talkeetna volcanic arc, and the Chugach Mountains 
(accretionary prism), in an effort to determine the provenance for each formation. In addition to published igneous 
ages, we sampled two modern rivers for detrital zircons. The Beluga River drainage area is sourced by the magmatic 
arc complex directly west of Cook Inlet and should refl ect proximal source terranes. The Susitna River’s drainage 
area extends north to include parts of the Alaska Range and should refl ect a distal extrabasinal sediment source. 
These two samples can be used as controls when compared to samples from the ancient strata. Results from these 
types of studies should allow for a more detailed reconstruction of the Cenozoic depositional systems.

The application of four different tools, clast counts from conglomeratic strata, sandstone petrography, U-Pb 
isotopes in detrital zircons, and mudstone geochemistry to determine provenance in Cook Inlet basin will help 
us accomplish our two primary goals. First, we can construct new, more detailed models for the Cenozoic depo-
sitional environments in Cook Inlet basin. Second, examination of the temporal and geographic changes in the 
depositional systems will allow us to make inferences about the geodynamics of basin development, specifi cally 
about the controls and mechanisms of change that caused variations in the Cenozoic stratigraphy.

CLAST COMPOSITION OF PALEOGENE BASIN MARGIN CONGLOMERATES
New compositional data were collected from Eocene–Miocene conglomerate exposed in the Chuitna–Beluga 

rivers area on the west coast of Cook Inlet to identify the relative proportions of different source terranes that 
contributed sediment to the basin. Compositional data were collected by counting all the pebble- and cobble-sized 
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clasts in a predefi ned area on an outcrop face until at least 100 clasts were counted. A total of nine clast counts 
were conducted at fi ve different locations. Four clast counts from conglomerate beds mapped as West Foreland 
Formation (Detterman and others, 1976; Magoon and others, 1976) were completed just south of the Capps Gla-
cier (W1–W4 on fi g. 2). Conglomeratic units exposed on the Theodore River and mapped variously as Hemlock 
Conglomerate (Detterman and others, 1976) or West Foreland Formation (Detterman and others, 1976) were the 
site of three clast counts shown as H1–H3 on fi gure 2. The last two clast counts were conducted in the Tyonek 
Formation (Detterman and others, 1976; Magoon and others, 1976) along the Lewis River (T1–T2 on fi g. 2). 

Qualitative descriptions of clasts were made in the fi eld. Samples of each clast type were collected so that thin 
sections could be made to check the fi eld identifi cations. Fifty-two clast compositions were grouped into eight 
categories: extrusive volcanic, plutonic, volcaniclastic sandstone, greenstone, quartz, chert, sedimentary, and 
metasedimentary types. Pie-chart graphs in fi gure 10 showing the distribution of these categories in each clast 
count indicate several trends. 

All clast counts in the West Foreland Formation (W1–W4 on fi g. 10) contain an abundant amount of extrusive 
volcanic clasts (79–87 percent) and relatively high amounts of plutonic clasts (12–15 percent). Small amounts of 
greenstone (<6 percent) and volcaniclastic clasts (<1 percent) were also present. These percentages are quite dif-
ferent from those seen in the conglomerate along the Theodore River (H1–H4 on fi g. 10). There, the most copious 
clast type is quartz (33–49 percent), with extrusive volcanic types running a close second but at a much smaller 
fraction than the West Foreland conglomerate (33–35 percent). Chert composes 11–21 percent of the clasts on the 
Theodore River, sedimentary types about 3–10 percent, and fi nally smaller proportions (<2 percent) of metasedi-
mentary and plutonic clasts. The Tyonek Formation clast counts also show distinct compositional trends (T1 and 
T2 on fi g. 10). Metasedimentary and extrusive types are the most prolifi c, composing 20–30 percent and 13–41 
percent of the total counts, respectively. Lesser clast types include in descending order: quartz (8–23 percent), 
sedimentary (9–20 percent), chert (12–16 percent), and plutonic (0–8 percent). 

Previous studies have different interpretations for the stratigraphic position of exposures along the Theodore 
River. Magoon and others (1976) mapped those units, as well as the strata exposed on the Lewis and Beluga rivers 
northwest of the Lake Clark fault, as West Foreland Formation, presumably based upon their on-strike relationship 
with other conglomeratic sections identifi ed as West Foreland Formation by dating of plant fossils. Detterman 
and others (1976) identifi ed the Theodore River strata as Hemlock Conglomerate. Clast compositions outlined in 
Calderwood and Fackler (1972) for the subsurface type sections of both the West Foreland Formation and Hem-
lock Conglomerate indicate some dissimilarity between the two units. The clasts in the West Foreland Formation 
are described as, “green pebbles with a probable volcanic origin” (p. 742), whereas the clasts in the Hemlock 
Conglomerate are “chert, quartz, quartzite, igneous rocks and metasediments” (p. 745). Average sandstone modal 
compositions for the West Foreland Formation are Q22F27L51 (Stewart, 1976), Q23F30L47 (Schluger, 1977; Kuryvial, 
1977), and Q29F22L49 (Lankford and Magoon, 1978), with the lithics being primarily volcanic. Magoon and Egbert 
(1986) indicate the average modal sandstone composition in the Hemlock conglomerate for outcrop exposures 
and subsurface samples is Q66F15L19, and that the sandstone is generally feldspatholithic to lithofeldspathic. They 
state that the volcaniclithic to total lithic ratio is low (0.21) in the Hemlock Conglomerate, and that most lithic 
fragments are plutonic and metamorphic. Therefore, comparing the qualitative descriptions with our clast count 
data, it would be plausible that the exposures that Detterman and others (1976) mapped along the Theodore River 
are indeed Hemlock Conglomerate. This is a new and important idea because the Hemlock Conglomerate is the 
primary oil-bearing unit in the basin, and due to lack of outcrop exposure, very little is know about its geometry 
and provenance. Our hypothesis can be tested if proven Hemlock core can be accessed and additional clast counts 
done on subsurface and outcrop strata.

SUMMARY
This study is important because it will provide a better understanding of the stratigraphic framework and devel-

opment of Cook Inlet forearc basin. An improved understanding of structural and stratigraphic relationships can be 
used to examine the timing and style of fault development along the basin margins. We plan to address questions 
such as: (1) Did the various fault systems propagate basinward, similar to thrust belt–foreland basin systems?, (2) 
Was sediment input in the basin dominated by proximal sources distributed by margin perpendicular river systems, 
or was sediment predominantly carried to the basin from distal sources by the axial fl uvial system? and (3) What 
can the geographic and temporal distribution of provenance tell us about the geodynamics of basin development, 
such as where the subsidence was concentrated and what was controlling it? A better understanding of the Cenozoic 
tectonic controls will facilitate more accurate and detailed depositional models for Cook Inlet basin.
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Figure 10. Conglomerate clast compositions from the Hemlock, West Foreland, and Tyonek formations from clast 
counts conducted on outcrops. See text for discussion.
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