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AbstractÐThe Horse Prairie basin of southwestern Montana is a complex, east-dipping half-graben that con-
tains three angular unconformity-bounded sequences of Tertiary sedimentary rocks overlying middle Eocene
volcanic rocks. New mapping of the basin and its hanging wall indicate that ®ve temporally and geometrically
distinct phases of normal faulting and at least three generations of fault-related extensional folding a�ected
the area during the late Mesozoic (?) to Cenozoic. All of these phases of extension are evident over regional or
cordilleran-scale domains. The extension direction has rotated0908 four times in the Horse Prairie area result-
ing in a complex three-dimensional strain ®eld with >>60% east±west and >25% north±south bulk extension.
Extensional folds with axes at high angles to the associated normal fault record most of the three-dimensional
strain during individual phases of extension (phases 3a, 3b, and 4). Cross-cutting relationships between normal
faults and Tertiary volcanic and sedimentary rocks constrain the ages of each distinct phase of deformation
and show that extension continued episodically for more than 50 My. Gravitational collapse of the Sevier fold
and thrust belt was the ultimate cause of most of the extension. # 1998 Published by Elsevier Science Ltd. All
rights reserved

INTRODUCTION

Models of rift basins commonly depict a relatively
simple geometry produced during a single, sometimes
protracted episode of extension (Gibbs, 1984; Leeder
and Gawthorpe, 1987). In recent years, many along-
strike variations in geometry have been described
(Nielsen and Beratan, 1990; Evans and Oaks, 1996;
Faulds and Varga, 1998), and a large body of work
now shows that multiple phases of extension a�ected
many extensional terranes (Best, 1988; Gans et al.,
1989; Taylor et al., 1989; Janecke, 1992; Axen et al.,
1993). In some areas, new normal faults formed at a
high angle to pre-existing ones (Zoback et al., 1981;
Best, 1988; Janecke, 1992), producing a complex three-
dimensional bulk strain. In this paper we document
the remarkably complex extensional deformation
within and adjacent to a seemingly simple half graben
(the Horse Prairie half graben) in the U.S. Basin and
Range province that resulted from two- and three-
dimensional strain during ®ve distinct phases of exten-
sion. This type of complexity is not unique to our
study area, and is evident in many of the adjacent
Paleogene half graben as well as unrelated half graben
of the Basin and Range province (Link, 1982; O'Neill

and Pavlis, 1988; Silverberg, 1990; Fryxell, 1991;
Janecke, 1992; Blankenau and Janecke, 1997; Smith,
1997; Evans and Janecke, 1998).

Previous work southwest and northeast of the Horse
Prairie half graben (Fig. 1) documented two to three
phases of normal faulting along NE-, NW- and N-
striking normal faults. In east-central Idaho, Janecke
(1992) described three episodes of Cenozoic extension:
Middle Eocene extension along synvolcanic NE-strik-
ing normal faults, then Eocene to Oligocene extension
along W- to WSW-dipping low-angle normal faults
and ®nally late Cenozoic extension along NW-striking
Basin and Range faults. Northeast of the present study
area in the Ruby Mountains area, Fritz and Sears
(1993) documented an additional episode of extension
and half graben formation along NE-striking late-
Early Miocene normal faults. The time±space patterns
and origins of these four rifting events remain contro-
versial (Fritz and Sears, 1993; Janecke, 1992, 1994;
Hanneman, 1989; Constenius, 1996; Sears, 1995) but
there is little doubt that each of these events is at least
a regional and most likely a cordilleran-wide tectonic
event. This study of the Horse Prairie basin area was
undertaken in part to determine which of these four
rifting events produced the generally east-tilted half
grabens of SW Montana and adjacent Idaho (Fig. 1a).

Geologic mapping at a scale of 1:24,000, structural
and basin analysis, examination of moderate to poor
quality seismic-re¯ection pro®les (®gs 12 & 15 in

Journal of Structural Geology, Vol. 20, No. 12, pp. 1747 to 1767, 1998
# 1998 Published by Elsevier Science Ltd. All rights reserved

0191-8141/98/$ - see front matterPII: S0191-8141(98)00084-4

*Current address: Exxon Exploration and Production, Houston,
Texas, U.S.A.
{e-mail: sjanecke@cc.usu.edu

1747



F
ig
.
1
.
S
im

p
li
®
ed

g
eo
lo
g
ic

m
a
p
a
n
d
cr
o
ss
-s
ec
ti
o
n
o
f
th
e
H
o
rs
e
P
ra
ir
ie

a
n
d
M
ed
ic
in
e
L
o
d
g
e
b
a
si
n
s.

(a
)
G
eo
g
ra
p
h
ic

se
tt
in
g
o
f
th
e
st
u
d
y
a
re
a
.
(b
)
M
a
p
sh
o
w
-

in
g
th
e
re
g
io
n
a
l
se
tt
in
g
o
f
th
e
st
u
d
y
a
re
a
.
S
ta
r
d
en
o
te
s
a
1
9
.5

2
1
.1

M
a
b
a
sa
lt
(K

±
A
r
a
g
e
d
et
er
m
in
a
ti
o
n
,
4
9
%

ra
d
io
g
en
ic

a
rg
o
n
,
M
cD

o
w
el
l,
F
ri
tz
,
W
a
m
p
le
r,

a
n
d
S
ea
rs
,
p
er
so
n
a
l
co
m
m
u
n
ic
a
ti
o
n
).

G
eo
lo
g
ic

m
a
p
is

co
m
p
il
ed

fr
o
m

S
ch
o
lt
en

et
a
l.
(1
9
5
5
),

S
ch
o
lt
en

a
n
d
R
a
m
sp
o
tt

(1
9
6
8
),

S
ta
a
tz

(1
9
7
3
,
1
9
7
9
),

D
u
b
o
is

(1
9
8
2
),
H
a
n
se
n
(1
9
8
3
),
P
er
ry

a
n
d
S
a
n
d
o
(1
9
8
3
),
S
k
ip
p
(1
9
8
8
),
M
'G

o
n
ig
le

et
a
l.
(1
9
9
1
),
M
'G

o
n
ig
le

(1
9
9
3
,
1
9
9
4
),
M
'G

o
n
ig
le

a
n
d
H
a
it
(1
9
9
7
),
V
a
n
D
en
b
u
rg

(1
9
9
7
),

a
n
d

S
.
U
.
Ja
n
ec
k
e
(u
n
p
u
b
li
sh
ed

m
a
p
p
in
g
).

(c
)
C
ro
ss
-s
ec
ti
o
n

a
cr
o
ss

th
e
th
re
e
m
a
in

d
et
a
ch
m
en
t
fa
u
lt
s
fo
rm

ed
d
u
ri
n
g

p
h
a
se

3
.
C
o
m
p
il
ed

fr
o
m

V
a
n
D
en
b
u
rg

(1
9
9
7
),
M
'G

o
n
ig
le

a
n
d
H
a
it
(1
9
9
7
),
a
n
d
M
'G

o
n
ig
le

a
n
d
D
a
lr
y
m
p
le

(1
9
9
3
).
W
es
te
rn

h
a
lf
is

si
m
p
li
®
ed

fr
o
m

F
ig
.
6
(c
).
(d
)
P
o
st
-m

id
d
le

E
o
ce
n
e

st
ra
in

el
li
p
se

fo
r
th
e
st
u
d
y
a
re
a
.
A
b
b
re
v
ia
ti
o
n
s
a
re
:
A
g
en
cy
±
Y
ea
ri
a
n
fa
u
lt
(A

Y
F
);
B
ea
v
er
h
ea
d
fa
u
lt
(B
F
);
B
la
ck
ta
il
fa
u
lt
(B
T
F
);
o
ld
er

a
n
d
y
o
u
n
g
er

st
ra
n
d
s

o
f
th
e
B
lo
o
d
y
D
ic
k
C
re
ek

fa
u
lt

(B
D
C
F
1
,
B
D
C
F
2
);

D
iv
id
e
C
re
ek

fa
u
lt

(D
C
F
);

E
a
st
er
n
M
a
id
en

P
ea
k
fa
u
lt

(E
M
P
F
);

H
a
w
le
y
C
re
ek

th
ru
st

(H
C
T
);

L
em

h
i

P
a
ss

fa
u
lt

(L
P
F
);

L
it
tl
e
E
ig
h
tm

il
e
C
re
ek

fa
u
lt

(L
E
C
F
);

M
a
id
en

P
ea
k
fa
u
lt

sy
st
em

(M
P
F
);

M
u
d
d
y
-G

ra
ss
h
o
p
p
er

fa
u
lt

(M
G
F
);

S
a
lm

o
n
b
a
si
n
fa
u
lt

(S
B
F
);

R
ed

R
o
ck
s
fa
u
lt
(R

R
F
);
se
is
m
ic

li
n
es

1
a
n
d
2
(S
L
1
,
a
n
d
S
L
2
);
W
es
te
rn

M
a
id
en

P
ea
k
fa
u
lt
(W

M
P
F
,
H
o
rs
e
P
ra
ir
ie

fa
u
lt
o
f
M
'G

o
n
ig
le

a
n
d
H
a
it
,
1
9
9
7
).

C. J. VANDENBURG, S. U. JANECKE and W. C. McINTOSH1748



VanDenburg, 1997), and geologic cross-sections were
used to determine the deformational history and geo-
metry of extension in the Horse Prairie area (Fig. 1).
Five 40Ar/39Ar age determinations were conducted on
samples collected from the oldest Tertiary rocks in the
area, the middle Eocene Challis volcanic rocks, and
from tu�s intercalated within the overlying syntectonic
sedimentary sequence. These critical geochronological
data, along with previous biostratigraphic analyses
(Fields et al., 1985; R. Nichols, unpublished data) were
used to assign ages to each of the ®ve distinct phases
of extension that deform the area. In this paper we
report the results of our geological mapping and struc-
tural analysis, and illustrate the sequential develop-
ment of a three-dimensional strain ®eld. After a brief
description of the geological setting, we outline the
stratigraphy and age of the Cenozoic volcanic and
sedimentary basin-®ll deposits. A description of the
normal faults and extensional folds formed during
each of the ®ve phases of extension follows, along with
a discussion of the resulting three-dimensional strain.

LOCAL GEOLOGICAL SETTING

The Horse Prairie half graben lies within the Rocky
Mountain Basin and Range province of the U.S.
Cordillera (Fig. 1). The basin dips east and contains
Tertiary lacustrine, ¯uvial, and paludal sedimentary
rocks, monolithologic breccias, along with volcanic
rocks temporally correlated to the 50±45 Ma Challis
volcanic group of central Idaho (Figs 1 & 2;
M'Gonigle and Dalrymple, 1993). The Maiden Peak
spur to the east is bounded on its western ¯ank by a
system of north-striking, west-dipping, low-angle nor-
mal faults (M'Gonigle, 1994; M'Gonigle and Hait,
1997). The Maiden Peak basin-bounding fault system
has exhumed Archean basement rocks overlain by
east-tilted Paleozoic and Cenozoic strata. The
Beaverhead Mountains to the west of the Horse
Prairie basin consist mainly of Middle Proterozoic
metasedimentary rocks equivalent to the Belt
Supergroup, but also contain Paleozoic sedimentary
rocks (Fig. 1b) (Staatz, 1979; Skipp, 1988).
The Paleogene Horse Prairie half graben was super-

imposed on the Southwest Montana Re-entrant of the
Mesozoic to early Tertiary Sevier fold and thrust belt
(Fig. 3). The Hawley Creek thrust, one of the largest
thrust faults at this latitude, is exposed 7±10 km to the
southwest of the study area (Lucchitta, 1966; Ruppel,
1968; Skipp, 1988) (Figs 1a & 3), whereas the frontal
thrusts, exposed to the east in the Tendoy Range, pro-
ject beneath the basin (Fig. 3) (Perry et al., 1988;
McDowell, 1992, 1997).
A major pre-Eocene fault or system of faults is

required beneath the Horse Prairie half graben to
explain the lack of Middle Proterozoic metasedimen-
tary rocks (Belt rocks) east of the basin. We infer that

the half graben overlies the original rifted margin of
the Belt basin, and/or a Mesozoic±Cenozoic thrust
fault, because both types of faults project into the half
graben from nearby areas (McKenzie, 1949;
Coppinger, 1974; Tucker, 1975; Skipp, 1987, 1988;
M'Gonigle, 1993, 1994) (Fig. 3). Shortening in this
region ended before the middle Eocene Challis volca-
nic ®eld developed on top of the fold and thrust belt
(Harlan et al., 1988; Skipp, 1988). The main eruptive
centers of the Challis volcanic ®eld are 40±140 km
west of the study area.

Crustal extension began in this region by Middle
Eocene times and continues today along Basin and
Range normal faults (e.g. BF, BTF, and RRF, Fig. 1a).
Half graben formed during two of the ®ve major
phases of extension to deform this area (Figs 1a, see
below), and include ENE-tilted Eocene to Oligocene
half graben of phase 3 [Grasshopper, Horse Prairie,
Medicine Lodge, Muddy Creek, Nicholia Creek, and
Salmon basins (Janecke, 1994)] and NW-trending Late
Cenozoic half graben of phase 5 (Lemhi and Red
Rocks Valleys, Fig. 1a). NE-trending half graben as-
sociated with phase 2 are preserved northwest of the
area in Fig. 1(a) along the Trans Challis fault zone
(McIntyre et al., 1985; Janecke et al., 1997), whereas
basins associated with phase 4 are preserved to the
northeast in the Ruby Mountains area (Fritz and
Sears, 1993).

TERTIARY STRATIGRAPHY

The study area (Fig. 1) contains four unconformity-
bounded sequences of Tertiary volcanic and sedimen-
tary rocks which are broadly coeval with all but the
®rst generation of normal faults (Figs 2 & 4). Cross-
cutting relationships between these four sequences of
Tertiary rocks and normal faults and folds were used
to establish both the relative sequence and absolute
timing of deformational events. Delineating the strati-
graphy is critical to determining the age of individual
structures, so we brie¯y describe the Tertiary rock
units. More detailed descriptions of these rock units
are in VanDenburg (1997). Thicknesses of Tertiary
rock units were estimated from cross-sections.

Challis volcanic group

Up to 2 km of Challis volcanic rocks (Tcv) accumu-
lated in the Horse Prairie area between about 49 Ma
and 46 Ma (Figs 1b, 2 & 5; M'Gonigle and
Dalrymple, 1996). Three previous 40Ar/39Ar age deter-
minations (M'Gonigle and Dalrymple, 1996) and ®ve
new determinations provide tight constraints on the
timing of synvolcanic faulting of phase 2 and provide
minimum and maximum ages for phases 1 and 3
(Fig. 5). Volcanic rocks in the Horse Prairie half graben
consist largely of intermediate composition ash-¯ow

Three-dimensional strain in extensional basins 1749



and ash-fall tu�s and lava ¯ows. The volcanic strati-
graphy varies dramatically across short distances with
ash-¯ow tu�s dominating the sequence north of Bear
and Trail Creeks, and lava ¯ows dominating to the
south (Fig. 5a). Although the overall thickness pat-
terns in the volcanic rocks re¯ect ®lling of a middle
Eocene ESE-trending paleovalley (Janecke, 1995b;
Janecke et al., in press), local thickness variations
occur in association with small NE-striking synvolca-
nic normal faults (Figs 5a & 6a). Volcanic rocks over-
lie all older rocks in angular unconformity.

Tertiary basin-®ll deposits

The Eocene to lower Oligocene (?) sedimentary
rocks of Bear Creek (Tbc) are the oldest rift-basin
deposits in the Horse Prairie half graben (Fig. 1b).
They are con®ned to the hanging wall of the Lemhi
Pass fault (LPF) in the study area (Fig. 4), but they
might be present in the footwall to the east (Figs 1b &
4; M'Gonigle and Hait, 1997). Cross-section C±C'
suggests a thickness of approximately 1900 m in the
subsurface (Figs 4 & 6c). A 46.0120.39 Ma quartz-
sanidine ash ¯ow tu� (Tcqs, M'Gonigle and
Dalrymple, 1996; Figs 2 & 5), at the top of the Challis
volcanic rocks, may be conformable with the sedimen-
tary rocks of Bear Creek (Fig. 2), but an angular
unconformity with a 198 discordance in attitude separ-
ates older Challis volcanic rocks from the sedimentary
rocks of Bear Creek (Fig. 7). Some of this discordance
might be due to initial dip of the older volcanic rocks.
The sedimentary rocks of Bear Creek are dominated
by quartzite- and volcanic-clast pebble to cobble con-
glomerate with interbedded sandstone, freshwater lime-
stone, and volcanic monolithological breccia deposits
(Figs 2 & 4) (VanDenburg, 1997). Molluscs in the
limestone beds at the base of the sequence indicate a
middle to late Eocene age (Gyraulus proceras;
Biomphalaria pseudoammonius; S. Good, written com-
munication). One of the volcanic monolithologic brec-
cia deposits within the sedimentary package yielded a
somewhat disturbed age spectrum with a preferred age
of 47.5620.59 Ma (sample ]7 in Fig. 5). The lithology
of the breccia, its age [which is older than that of an
underlying ash-¯ow tu� (sample ]5, Fig. 5)], and its

Fig. 2. Simpli®ed stratigraphic column of Tertiary basin-®ll deposits
in the Horse Prairie basin showing the maximum thickness of each
unit. Modi®ed from VanDenburg (1997). Abbreviations are: quartz-
sanidine bearing ash ¯ow tu� (Tcqs); freshwater limestone (Tls1,
Tls2 and Tls3); sedimentary rocks of Bear Creek (Ts1); gravel and
conglomerate of Bear Creek (Tg1); monolithologic breccia deposits
(Tmb); gravel and conglomerate of Everson Creek (Tg2); arkosic
sandstones of Everson Creek (Tss and Tss2); sedimentary rocks of
Everson Creek (Ts2); basalt (Tb); lower and upper sedimentary
rocks of Bannack Pass (Ts3a and Ts3b). Argon data and sample lo-
cations are in Fig. 5. Apparent discrepancies in age determinations

may be due to interlaboratory di�erences in monitor ages.
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stratigraphic position all suggest that it is probably a
rock-avalanche or rock-slide deposit derived from lava
¯ows of the underlying Challis volcanic rocks.
Deposition of the sedimentary rocks of Bear Creek is
tentatively related to slip on the Muddy±Grasshopper
and Agency±Yearian detachment faults (Fig. 1a).
The sedimentary rocks of Everson Creek (Tec) are

the second angular-unconformity bounded sequence.
This unit is exposed throughout the Horse Prairie half
graben and overlies all older rocks in angular
unconformity (Figs 1b & 4). These sedimentary rocks
overlap the older Lemhi Pass fault, and occupy the
half-graben above the west-dipping Maiden Peak fault

system (Figs 1b, 4 & 6). Approximately 1.4 km of the
sedimentary rocks of Everson Creek are exposed
(Fig. 2). The sedimentary rocks of Everson Creek are
dominated by tu�aceous siltstone, sandstone, and peb-
ble conglomerate (Fig. 2) (VanDenburg, 1997).
Locally, near the base of the section, lenses of mono-
lithologic breccia derived from the quartz±sanidine
ash-¯ow tu�, and quartzite-clast boulder to cobble
gravels are present. Arikareean and Hemingfordian
vertebrate fossils (Fields et al., 1985; R. Nichols, writ-
ten communication, 1995) and a 19.521.1 Ma basalt
at the top of the sedimentary rocks of Everson Creek
at Red Butte (K±Ar age determination, 48% radio-

Fig. 3. Simpli®ed map of major thrust plates of southwestern Montana. The study area lies within the Grasshopper±
Maiden Peak gneissic thrust plates and within the Cabin±Medicine Lodge thrust system of Skipp (1988). Modi®ed from
M'Gonigle et al. (1991), Skipp (1988), Perry et al. (1988), McDowell (1992, 1997), VanDenburg (1997), and S. U.

Janecke (unpublished mapping). Location shown in Fig. 1(a).
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Fig. 4. Geological map of the study area. Simpli®ed from 1:24,000 scale geologic map (VanDenburg, 1997).
Continuations of contacts, faults, and folds beneath Quaternary cover are shown as solid lines for clarity. Abbreviations
as in Fig. 1. Location shown in Fig. 1(b). Stereograms of poles to bedding (dots) of folds B and E show folds axes
(black squares), great circles and poles to bisecting surfaces (bs, gray square), and orientation of associated normal faults

(LPF or LECF). I.A. = interlimb angle.
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genic argon, McDowell, Wampler, Fritz and Sears,

unpublished data) indicate that deposition of the

upper 3/4 of the sedimentary rocks of Everson Creek

occurred between about 30 and 20 Ma (Fig. 2).

The nearly ¯at-lying sedimentary rocks of Bannock
Pass (Tbp) overlie the sedimentary rocks of Everson
Creek with angular unconformity and yield Barstovian
(middle Miocene) vertebrate fossils (Figs 1b, 2 & 4)
(units Tc and Tm of M'Gonigle, 1994; Fields et al.,
1985; R. Nichols, written communication, 1995). These
relationships imply tilting and erosion in the late early
Miocene (Fig. 2). Exposures of the sedimentary rocks
of Bannock Pass are largely con®ned to the southern
Horse Prairie half graben, where a maximum thickness
of 235 m is preserved (Fig. 1b; M'Gonigle, 1994;
VanDenburg, 1997). The sedimentary rocks of Bannock
Pass are dominated by tu�aceous siltstone and ®ne
sandstone. The provenance of scattered conglomerate
lenses within the sedimentary rocks of Bannock Pass in-
dicate that the basin ®lled approximately equally from
its east and west sides (M'Gonigle, 1994; VanDenburg,
1997).

The progressive decrease in dip up-section of the
Tertiary volcanic and sedimentary rocks demonstrates
that normal faulting was coeval with deposition of
these units. The middle Eocene Challis volcanic rocks
(Tcv) dip 0508 north-northeast, and are overlain
unconformably by 358 NE-dipping sedimentary rocks
of Bear Creek (Tbc, Figs 1b, 2 & 7), which in turn are
overlain unconformably by 98 E-dipping sedimentary
rocks of Everson Creek (Tec). The youngest angular
unconformity is the most subtle, and separates the
sedimentary rocks of Everson Creek (Tec) and older
units from the 48 E-dipping sedimentary rocks of
Bannock Pass (Tbp, Figs 1b, 2 & 7). All of the
Tertiary rocks are gently folded, so angular discor-
dances between units vary spatially.

EPISODIC EXTENSION

At least ®ve geometrically and temporally distinct
phases of extension a�ected the Horse Prairie half gra-
ben area in the late Mesozoic (?) and Cenozoic (Figs 8±
10). Five large (>2 km dip slip) southwest-, north-
west-, and west-dipping normal faults and at least
three sets of extension-related folds deform the rocks
in the study area at di�erent stratigraphic levels. The
following description of normal faults and genetically
related extensional folds progresses in chronologic
order from the oldest to the youngest. More detailed
descriptions of the folds, including the mechanisms re-
sponsible for their formation (if known), are presented
in Janecke et al. (1998).

Pre-middle Eocene normal (?) faults (phase 1)

The Divide Creek (DCF) and the Bloody Dick
Creek faults (BDCF) are large SW-dipping normal (?)
faults that predate the middle Eocene Challis Volcanic
Group. Both faults may have reactivated SW-dipping

Fig. 5. Geological map of the Lemhi Pass area (a) and argon geo-
chronology (a±c). (a) Geological map of the Lemhi Pass area show-
ing the locations of dated igneous rocks (samples 1±9). Location
shown in Fig. 1(b). ]Age determination from M'Gonigle and
Dalrymple (1996); *Age determination from this study. Compiled
from VanDenburg (1997), S. U. Janecke, unpublished mapping, and
Staatz (1979). Ages determined during this study are about 1% older
than those of M'Gonigle and Dalrymple (1996) because di�erent
monitors were used. (b & c) 40Ar/39Ar age determinations. Samples
were analyzed at the New Mexico Geochronology Research Lab
using procedures detailed in McIntosh and Chamberlin (1994). All
ages are relative to Fish Canyon Tu� monitor sanidine (27.84 Ma,
Deino and Potts, 1990). Sample locations are shown in Figs 5(a) &
4. (b) Single-crystal laser-fusion data from sanidine. Age-probability
diagrams (Deino and Potts, 1990) are accompanied by auxiliary
plots showing moles of 39Ar, percent radiogenic yield, and K/Ca
ratios. Upper panel also shows 1 sigma analytical uncertainty for
each crystal. Lower panel shows weighted mean age and 2 sigma
uncertainty. Samples 5 and 4 yielded precise age determinations.
Poor precision for sample 3 re¯ects paucity and small size of sani-
dine in this sample. (c) Age spectra for groundmass concentrates.
Sample 8 yielded a precise plateau age (Fleck et al., 1977). Sample 7
yielded a somewhat disturbed spectrum which failed to meet plateau
criteria or form a well-correlated isochron; a weighted mean age was

calculated for the ¯attest part of the age spectrum.
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Fig. 6. (a) Cross-section A±A'. Note low-angle geometry of Lemhi Pass fault, angular discordance between unit Tcr of
the Challis volcanic rocks and unit Tg2 of the sedimentary rocks of Everson Creek, and lapping relationships above the
Bloody Dick Creek fault. Volcanic rocks pinch out against the margins of the Lemhi Pass paleovalley. Lines of section
are shown on Fig. 4. (b) Cross-section B±B'. Note the listric geometry of the Little Eightmile Creek fault, rollover anti-
cline D, lapping relationships with the late-Early Miocene sedimentary rocks of Bannock Pass (Ts3a, Ts3b), and changes
in thickness within lava ¯ows of the Challis volcanic rocks (Tcl) across the fault. A 758 cut-o� between bedding and the
Little Eightmile Creek fault was assumed to construct the cross-section. Stereogram of poles to bedding that de®ne the
axis (black square) of fold D. Orientation of bisecting surface (bs), Little Eightmile Creek fault (LECF), and the
Maiden Peak fault (MPF) are also shown. (c) Cross-section C±C'. Note angular discordance between the sedimentary
rocks of Bear (Ts1) and Everson (Ts2) Creek. Figure 1(c) extends this cross-section across the Medicine Lodge half gra-
ben to the east. Abbreviations as in Figs 2 and 5(a): Ordovician quartzite (Os); undi�erentiated volcanic rocks (Tcu);
lava ¯ows and ¯ow breccias, (Tcl); tu� of Curtis Ranch (Tcr); biotitic tu�s (Tcbt); undi�erentiated Quaternary±Tertiary

deposits (Q).
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thrust faults, and could accommodate tens of kilo-
meters of slip (Fig. 9a).
In the southwest corner of the study area, a south-

east-dipping, low-angle younger-on-older fault (DCF)
places Mississippian carbonates over Middle
Proterozoic quartzite and siltite (Goat Mountain
thrust of Staatz, 1973, 1979; VanDenburg, 1997; DCF,
Figs 1b & 4). Janecke et al. (1998) expand on the work
of Skipp (1988) to show that this fault is: (1) probably
a low-angle normal fault; and (2) a portion of the
regionally extensive, southwest-dipping Divide Creek
fault. We cannot rule out a strike-slip (e.g. Huerta and
Rodgers, 1996) or out-of-sequence thrust origin for the
Divide Creek fault but most evidence supports an
extensional origin (Skipp, 1988; VanDenburg, 1997).
The present 368SE dip of the Divide Creek fault

(Table 1) is partially due to subsequent tilting and
folding in the hanging wall of the northwest-dipping
Little Eightmile Creek fault (Fig. 4). Restoration of
the Challis volcanic rocks that overlie the Divide
Creek fault (Fig. 4) to horizontal, results in a strike of
S138E and a southwest dip of 288 for this segment
of the Divide Creek fault (Table 1). Tens of kilometers
of dip-slip separation are possible along this portion of
the fault because the fault omits approximately 3 km
of stratigraphy in a `¯at on ¯at' relationship.
The Divide Creek fault cuts rocks as young as

Permian in the southern Beaverhead Mountains
(Skipp, 1984), and is overlain by middle Eocene volca-

nic rocks in many places, permitting either a Mesozoic
or Early Tertiary age (Janecke et al., 1998). On a re-
gional scale (Fig. 1a), the Divide Creek fault lies in the
footwall of the late Cretaceous (?) Hawley Creek
thrust, and has a trace that roughly parallels the
thrust, but dips less steeply. The >100 km long Divide
Creek fault probably soles into and reactivates the
Hawley Creek thrust at depth.

A second pre-middle Eocene younger-on-older fault,
the moderately southwest-dipping Bloody Dick Creek
fault (BDCF), occurs in the northern part of the study
area in the footwall of the Beaverhead Divide fault, a
SW-dipping reverse fault along the Idaho±Montana
border (Hansen, 1983; VanDenburg, 1997). The net
normal slip on the Bloody Dick Creek fault zone is
di�cult to constrain because the correlation of Middle
Proterozoic rocks in the footwall and hanging wall is
controversial (compare Coppinger, 1974; Hansen,
1983; Ruppel et al., 1993), but exposure of Archean
gneisses in the footwall of the southeasternmost seg-
ment of the fault suggests that normal dip-slip separ-
ation increases to the southeast (Figs 1b & 4). The
Bloody Dick Creek fault has two strands at its
southern end.

Several relationships show that the older strand of
the Bloody Dick Creek fault (BDCF1, Figs 1b, 4 & 6),
like the Divide Creek fault, is older than the middle
Eocene Challis volcanic rocks. At its southeast end,
Middle Eocene lava ¯ows and ash ¯ow tu�s of the
Challis volcanic rocks overlie both the fault and a
diabase intrusion that coincides with the fault (Figs 4,
5 & 6). This diabase intrusion yielded a di�cult to in-
terpret, highly disturbed 40Ar/39Ar age spectrum with
ages ranging mainly from 200 to 1150 Ma (sample ]9,
Fig. 5a). The older strand of the Bloody Dick Creek
fault and the diabase are both overlain by an aphanitic
ma®c lava or intrusion with an 40Ar/39Ar groundmass-
concentrate age of 47.5120.42 Ma (sample ]8, Figs 4
& 5). A younger late Cenozoic normal fault (BDCF2,
Fig. 4) reactivated most of the Bloody Dick Creek
fault and preserves Miocene (?) sedimentary rocks in
its hanging wall 1±2 km north of the study area.
Further work is needed to con®rm that the older
strand of the Bloody Dick Creek fault is roughly coe-
val with the Divide Creek fault and has a similar
origin.

Syn-volcanic faults (phase 2)

Cross-cutting relationships and changes in thickness
across normal faults indicate that three normal faults
are syntectonic with the Challis Volcanic rocks (phase
2) (Figs 4 & 9b). These faults strike northeast, dip
northwest, and have dip-slip separations of the base of
the Challis volcanic rocks that range from 0.9 to 1.3
km (Table 1). The northeast strike of the syn-volcanic
normal faults is retained even after restoration for sub-

Fig. 7. Equal area stereograms of poles to bedding of Tertiary rocks
in the Horse Prairie basin. Mean poles to bedding show a 198 angu-
lar discordance between Challis volcanic rocks (CV) and the sedi-
mentary rocks of Bear Creek, a 288 angular discordance between the
sedimentary rocks of Bear Creek (BC) and the sedimentary rocks of
Everson Creek (EV), and 58 discordance between the sedimentary
rocks of Everson Creek and the sedimentary rocks of Bannock Pass
(BP). All of the deposits are folded, so the discordance at a particu-

lar location varies.
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sequent tilting. This phase of extension produced only
modest amounts of northwest±southeast extension.
These northeast-striking faults were active in the

middle Eocene based on cross-cutting relationships
within the Challis volcanic rocks. All three structures
o�set the base of the Challis volcanic rocks, including
the 48.0420.43 Ma tu� of Lemhi Pass (Sample ]2 in
Fig. 5; M'Gonigle and Dalrymple, 1996) and the
49.3720.66 (?) Ma lithic-rich tu� (Sample ]3 in
Fig. 5). Two of the three faults are lapped by lava
¯ows that predate emplacement of the 47.5320.13
Ma tu� of Curtis Ranch (Sample ]5, Figs 5 & 8). Age
control (adjusted for di�erent monitors and monitor
ages) and fault displacement data suggest that the syn-
volcanic normal faults had fairly high but short-lived
slip rates in excess of 0.9±1.3 km/My. The age and
geometry of the syn-volcanic normal faults is similar
to that of other syn-volcanic normal faults in the
Challis arc (McIntyre et al., 1982; O'Neill and Lopez,
1985; Kiilsgaard et al., 1986; Janecke, 1992, 1995a;
Snider, 1995; Janecke et al., 1997).

Late to post-volcanic faults (phases 3a and 3b)

The modern north±south-trending Horse Prairie half

graben and most of its synrift basin-®ll deposits

formed during slip on the Muddy-Grasshopper fault,

the master detachment fault during phase 3 (Fig. 1,

Perry and M'Gonigle, 1995; Janecke et al., 1996a,b),

the Lemhi Pass fault (phase 3a), and the younger

Maiden Peak fault system (phase 3b) (Figs 4, 9c & d).

The Lemhi Pass fault, contrary to previous interpret-

ations (Sharp and Cavender, 1962; Staatz, 1979;

Hansen, 1983) dips gently (Fig. 6; VanDenburg, 1997;

Blankenau and Janecke, 1997). Three-point analysis of

the trace of the Lemhi Pass fault at its southeast end

yields a strike of S788E and a dip of 248 to the south

southwest (Table 1). Correcting for the e�ects of sub-

sequent tilting yields a strike of S588E and a dip of 278
to the southwest (Table 1). It is di�cult to quantify

the component of dextral slip (if any) along the Lemhi

Pass fault because slickenlines are not preserved. Dip

Fig. 8. Graph comparing timing of extensional phases and magmatism. Regional magmatism occurred 90±58 Ma in the
Idaho batholith >125 km to the north-northwest (Desmarais, 1983; Lund and Snee, 1988) and along the Yellowstone
hot spot track south of the study area (017±0 Ma). Local magmatism was within 50 km of the study area. Extensional
phases include slip on the Divide Creek (DCF), Bloody Dick Creek (BDCF), syn-Challis (SCF), Muddy-Grasshopper
(MGF), Lemhi Pass (LPF), Maiden Peak (MPF), Little Eightmile Creek (LECF), and `Basin and Range' (BRF) normal

faults. Note that extension was not focused during times of local or regional magmatism.
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Fig. 10. Block diagram showing the present three-dimensional geometry of the study area. View is to the north.
Abbreviations as in Fig. 8.

Table 1. Description of major Late Mesozoic (?) and Cenozoic normal faults in the study area

Present geometry
Phase of extension Name Age (Restored geometry) Dip-slip

separation
Heave/Throw Associated

extensional
fold(s)$

(1) Pre-middle Divide Creek fault Post-Permian 0558/368 10 s of km heave>>throw none
Eocene Pre-49.5 Ma (1678/288)

(1) Pre-middle
Eocene

Bloody Dick Creek
fault (old strand)

Post-Permian
Pre-49.5 Ma

1618/518
(3568/828 (?))

unknown unknown none

(2) Syn-volcanic Syn-Challis faults Post-48.0 Ma NE-striking/ 0.9 km 0.4 km/0.8 km none
Pre-46.0 Ma NW-dipping 1.3 km 0.7 km/1.1 km

(3a) Late to post-
volcanic

Lemhi Pass fault Post-48.6 Ma
Pre-Early Miocene

1028/248
(1228/278)

2.4 km
(7.4 km)*

2.2 km/1.0 km Anticline B and
parallel folds

(3b) Late to post-
volcanic

Maiden Peak fault
system

Post-49.5 Ma
Pre-late Early Miocene

NNW/20±358 WSW 11.7 km 9.6 km/6.7 km fold train parallel
to anticline C,
anticline D, and
N-trending folds
between strands of
the Maiden Peak

fault system

(4) Basin and
Range-1

Little Eightmile Creek
fault

Post-Early Miocene
Pre-Middle Miocene

2128/348 (?) 3.0±1.0 km 1.5 km/2.6 km±
0.5 km/0.9 km

Anticlines D and E

(5) Basin and
Range-2

>Basin and Range
faults

Post-Middle Miocene NW-striking
SW-dipping

1.1 km 0.6 km/0.9 km Syncline G

*Dextral-slip separation.
$Geometric data are compiled in VanDenburg (1997) and Janecke et al. (1998).
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separation near the easternmost exposures of the
Lemhi Pass fault is 2.4 km (Figs 4 & 6).
The Lemhi Pass fault places 0358 NE-dipping grav-

els of the sedimentary rocks of Bear Creek (Tbc) on
Challis Volcanic Group (Tcv) and Middle Proterozoic
bedrock, and is overlain by 098 east-dipping sedimen-
tary rocks of Everson Creek (Tec, Figs 4 & 6). A
gentle anticline in the hanging wall of the Lemhi Pass
fault (anticline B, Fig. 4) plunges NE 468 toward the
easternmost exposure of the fault. The anticline has an
interlimb angle of 1628, and a fold height of approxi-
mately 750 m. It folds both Challis volcanic rocks and
the sedimentary rocks of Bear Creek but not the over-
lying sedimentary rocks of Everson Creek.
The angular unconformity between the sedimentary

rocks of Bear Creek and Everson Creek is exposed
throughout the study area, but is most pronounced in
the immediate hanging wall of the Lemhi Pass fault
near anticline B. We interpret the 268 dip- and 308
strike-discordance between the two units (Fig. 7) as
the result of tilting and folding of the sedimentary
rocks of Bear Creek in the hanging wall of the Lemhi
Pass fault prior to deposition of the sedimentary rocks
of Everson Creek. These relationships show that the
Lemhi Pass fault slipped after or during deposition of
the middle to late Eocene sedimentary rocks of Bear
Creek (Tbc), but slip ceased before deposition of the
Oligocene to early Miocene sedimentary rocks of
Everson Creek (Tec) (Fig. 8).
The Maiden Peak fault system, which bounds the

Horse Prairie half graben to the east, is the second
major normal fault to extend the study area during
phase 3 (phase 3b) (Fig. 1b). This west-dipping fault
system separates the Tertiary sedimentary and volcanic
rocks of the Horse Prairie half graben in its hanging
wall from Archean gneisses and Paleozoic rocks in the
footwall (M'Gonigle, 1994; M'Gonigle and Hait,
1997). The Maiden Peak fault system may consist of a
single fault where it bounds the southeastern Horse
Prairie half graben, but bifurcates into a number of
W-, E-, and SW-dipping faults to the north
(M'Gonigle, 1994; M'Gonigle and Hait, 1997; Fig. 1b).
Map patterns, three point analyses, an unmigrated
seismic re¯ection pro®le of medium to poor quality
(SL1 in Fig. 1b) and drilling data all suggest low to
moderate dips (20±358) along strands of the Maiden
Peak fault system (M'Gonigle, 1994; E. Brenner-
Younggren, cited in M'Gonigle and Hait, 1997;
M'Gonigle and Hait, 1997; VanDenburg, 1997). A
lack of substantial post-Early Miocene extension and
tilting in the vicinity of the Maiden Peak fault suggests
that its current gentle dip is representative of its atti-
tude during the latest phases of slip.
A total dip-slip separation of 11.7 km, with 9.6 km

of heave and 6.7 km of throw, is estimated across the
three splays of the Maiden Peak fault system along an
east±west transect at 458 55' N latitude (Fig. 6 &
Table 1). The eastern and western splays of the fault

system account for 5.2 km and 4.8 km of the total
11.7 km of dip-slip separation, respectively. North-
trending synclines and anticlines fold Tertiary sedimen-
tary rocks and volcanic rocks and underlying bedrock
between strands of the Maiden Peak fault system
(M'Gonigle and Hait, 1997). The folded Tertiary sedi-
mentary rocks display growth relationships and, there-
fore, formed during slip on the Maiden Peak fault
system.

Cross-cutting relationships loosely bracket the tim-
ing of extension on the Maiden Peak fault system
between middle Eocene and early Miocene time
(Fig. 8). The fault system cuts Challis volcanic rocks,
the sedimentary rocks of Everson Creek (including the
19.5 Ma basalt ¯ow), and may cut the middle Miocene
sedimentary rocks of Bannock Pass (M'Gonigle, 1994).
The latest slip ended before deposition of younger
gravel deposits (QTg; M'Gonigle, 1994; M'Gonigle
and Hait, 1997). Growth relationships and facies pat-
terns within the sedimentary rocks of Everson Creek
show that the fault was well-established by middle
Oligocene time, but that slip may have initiated earlier
(VanDenburg, 1997).

In the hanging wall of the western splay of the
Maiden Peak fault system, 11 anticlines and synclines
plunge gently east-southeast toward the fault (Fig. 4,
Fold C). Subtle strike changes de®ne the folds, which
also appear on a north±south seismic line through the
basin (SL2, Fig. 1b). The folds have an average spa-
cing of 0.7 km, die out to the west-northwest and
deform the same units cut by the Maiden Peak fault.
These relationships suggest that the fold train is related
to the Maiden Peak fault, but the precise mechanism
of deformation is uncertain (Janecke et al., 1998).
Irrespective of their origin, these extensional folds are
evidence for three-dimensional strain during slip on
the Maiden Peak fault system.

Basin and Range faults (phases 4 and 5)

Whereas Paleogene normal faulting dominated the
extensional history of the Horse Prairie half graben,
two phases of Late Cenozoic extension also deformed
the area. The ®rst of these phases was accommodated
along a reactivated synvolcanic normal fault from
phase 2, the northeast-striking Little Eightmile Creek
fault (phase 4) (Figs 4 & 9e). The presence of a north-
east-plunging longitudinal fault-bend anticline in the
hanging wall of the Little Eightmile Creek fault (Fold
E, Figs 4 & 6) indicates a listric geometry in the sub-
surface. Cross-section B±B' shows 1.0 km of dip-slip
separation, 0.5 km of heave and 0.9 km of throw on
the basal Tertiary contact across the Little Eightmile
Creek fault (Figs 4 & 6b; Table 1). The amount of slip
increases to the southwest, however, where the fault
shows up to 3.0 km of dip-slip separation (Table 1).
Most of the dip-slip separation accumulated during
phase 4.
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The age of the Little Eightmile Creek fault is well
constrained at its northeast end, where the fault cuts
the SE-dipping, Oligocene to early Miocene sedimen-
tary rocks of Everson Creek in the hanging wall, and
is overlain by 48 E-dipping, middle Miocene sedimen-
tary rocks of Bannock Pass (Figs 4 & 6). At this lo-
cation, the sedimentary rocks of Everson Creek are
folded into a southeast-plunging anticline (Fold D,
Figs 4 & 6b), whereas the overlying sedimentary rocks
of Bannock Pass are merely tilted. The anticline, which
has a fold-height of >1 km and converges on the pro-
jected trace of the Little Eightmile Creek fault at its
eastern end, probably formed as a rollover into both
the NW-dipping Little Eightmile Creek fault and the
W-dipping western strand of the Maiden Peak fault
system (Fig. 9).
The second phase of late Cenozoic extension in the

Horse Prairie half graben (phase 5) occurs on several
SW- and NE-dipping normal faults in the southern
half of the study area (Figs 4 & 9f). These NW-striking
Basin and Range faults have small displacements in
the study area (typically <1 km dip-slip separation),
and lack associated syntectonic sedimentary rocks.
This phase of extension did not extend the study area
signi®cantly, but major active NW-striking Basin and
Range normal faults occur southwest and northeast of
the study area (Scott et al., 1985; Stickney and
Bartholomew, 1987; Crone and Haller, 1991; BF,
BTF, RRF in Fig. 1 a & b). Extensional folding
occurred during phase 5 along a subtle NNW-trending
syncline that roughly coincides with the axis of the
modern Horse Prairie half graben (Fold G, Fig. 4).
This syncline is clearly a young structure because it
folds the middle Miocene sedimentary rocks of
Bannock Pass that overlap normal faults and folds
formed during phase 4.

STRUCTURAL IMPLICATIONS

Summary of structural history and its regional context

The Horse Prairie area had a long and complex
extensional history that resulted in a time-integrated
three-dimensional strain. Crustal thinning began >50
Ma, prior to Challis volcanism, and continued in
phases to the present (Figs 8±10). The SW-dipping
Divide Creek and Bloody Dick Creek faults are the
oldest normal (?) faults and probably re¯ect a phase of
Mesozoic or early Cenozoic northeast±southwest
extension. These structures clearly predate other nor-
mal faults in the study area. This phase may have in-
itiated in the late Cretaceous during the Sevier
orogeny or might immediately predate Challis volcan-
ism if the faults are broadly correlative with SW-dip-
ping shear zones in the Pioneer core complex of

central Idaho (Silverberg, 1990). Further work is
needed to constrain the age of this deformation.

The ®rst tightly constrained phase of Cenozoic
extension occurred on NW-dipping, syn-volcanic
faults. The magnitude of this short-lived phase of
northwest±southeast extension may in part be masked
by middle Eocene paleotopography, but was much less
than the magnitude of extension associated with phase
1 or phase 3 (Table 1).

In late middle Eocene to early Miocene time, after
the decline of Challis volcanism, the Horse Prairie half
graben experienced a second phase of northeast±south-
west extension on the Muddy±Grasshopper, Maiden
Peak, and Lemhi Pass fault systems (phases 3a and
3b). This protracted event extended the crust in a
direction similar to the pre-volcanic faults (phase 1),
and may re¯ect continued gravitational collapse sub-
sequent to a brief interruption during Challis volcan-
ism. The Horse Prairie±Medicine Lodge and
Grasshopper half graben were originally bounded on
the east by the WSW-dipping Muddy±Grasshopper
detachment fault, and were later dissected by the
Maiden Peak and Lemhi Pass fault systems
(M'Gonigle and Dalrymple, 1993; this study). The
Muddy±Grasshopper fault, which lies at the crest of
the Tendoy Range, 20 km east of the Horse Prairie
half graben, was the breakaway fault separating
extended hanging wall to the west from intact footwall
to the east (Perry and M'Gonigle, 1995; Janecke et al.,
1996a,b). The Salmon rift basin, to the west of the
Horse Prairie basin, lies in the hanging walls of two
structurally higher detachment faults (AYF and SBF,
Fig. 1a), but has a tectonic evolution that is broadly
parallel to that of the coeval basins in its footwall
(Blankenau and Janecke, 1997; Blankenau, in press).
The third phase of normal faulting was responsible for
the bulk of the extensional strain in the study area,
and preserved the majority of the Tertiary basin-®ll
deposits.

Another period of northwest±southeast extension
interrupted the persistent northeast±southwest exten-
sion direction in the late early Miocene (phase 4).
NW-striking faults, which are seismically active in the
region, represent the ®fth and ®nal phase of extension
in the study area. This phase follows the persistent
northeast±southwest extension direction, but is prob-
ably too far removed in time from Sevier-age crustal
shortening to re¯ect continued gravitational collapse.
Active mantle upwelling may be the ultimate cause of
the youngest deformation (Liu and Shen, 1998).

Every one of the extensional events in the Horse
Prairie area is a regional feature, and some (phases 3
and 5, and perhaps 1) a�ected much of the U.S. cor-
dillera. Phase 1 a�ected several mountain ranges adja-
cent to the Horse Prairie area (Fig. 1a) and may be
related to widespread late Cretaceous gravitational col-
lapse of the Sevier orogenic belt during convergence
(Hodges and Walker, 1992) or to an enigmatic 050
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Ma event (Silverberg, 1990) in central Idaho.
Synvolcanic faults of phase 2 pervade the Challis arc
in central Idaho during the middle Eocene (see ®g. 1
of Janecke et al., 1997 and references therein). Normal
faults of phase 3 developed in a narrow (100225 km)
north-trending rift zone that stretched south from
British Columbia to the northern Great Basin (Axen et
al., 1993; Janecke, 1994), whereas NE-striking normal
faults of phase 3 have only been documented northeast
of the study area (Fritz and Sears, 1993; Sears et al.,
1995, 1998). Basin and Range normal faults of phase 5
occur throughout the Rocky Mountain, northern and
central Basin and Range province (Wernicke, 1992).
In the absence of independent evidence (e.g. Lemhi

Pass fault), we assume that the extension direction for
each phase is nearly perpendicular to the strike of the
active normal fault. This assumption is based on the
younger-on-older geometry of all the faults, thick ac-
cumulations of synrift basin-®ll deposits preserved in
the hanging walls of many faults, and kinematic evi-
dence for dip slip on correlative normal faults in adja-
cent areas (Janecke, 1992).

Origin of changing extension directions

Northeast±southwest to ENE±WSW extension
characterized much of the late Cretaceous (?) to
Cenozoic evolution of the area (phases 1, 3, 5), and
was interrupted brie¯y in the middle Eocene (phase 2)
and late-Early Miocene (phase 4) by minor phases of
NW±SE extension (Figs 8±10). Four changes in exten-
sion direction occurred, each recording a near 908
change in the dominant extension direction (Figs 8±
10). The normal faults that accommodated the bulk of
the extension (Divide Creek, Bloody Dick Creek,
Muddy±Grasshopper, and Maiden Peak faults) gener-
ally parallel contractional structures in the region, and
may have reactivated pre-existing Mesozoic to early
Tertiary thrusts and Middle Proterozoic normal faults
in the subsurface.
The many changes in extension direction in the

study area can be interpreted as a protracted history
of roughly NE±SW to ENE±WSW gravitational col-
lapse of the Sevier fold and thrust belt, interrupted by
two short intervals of northwest±southeast extension
in middle Eocene and late-early Miocene time. The
®rst of ®ve sets of faults in the Horse Prairie area, the
Divide Creek and older strand of the Bloody Dick
Creek fault, appear to merge with, and reactivate
thrust faults in the subsurface. In the northern Lemhi
Range, normal faults of the same age (pre-middle
Eocene) and geometry as the Divide Creek and the
older strand of the Bloody Dick Creek faults, reacti-
vate thrust faults at the present level of exposure
(Tysdal, 1996a,b; Tysdal and Moye, 1996), in agree-
ment with a gravitational collapse model. In middle
Eocene times, northeast±southwest extension of the
NNW-trending fold and thrust belt was brie¯y inter-

rupted by an phase of northwest±southeast syn-volca-
nic extension of the Challis volcanic arc (phase 2).
Magmatism and rapid northwest±southeast conver-
gence between oceanic plates and the North American
plate at this time may have contributed to the 908 ¯ip
of extension directions (Janecke, 1992). ENE±WSW
gravitational collapse re-established itself near the end
of Challis volcanism (045 Ma) (phase 3a) and contin-
ued until another brief interruption in the late-Early
Miocene (phase 4). Northwest±southeast late-Early
Miocene extension across the Little Eightmile Creek
fault (phase 4) may re¯ect the initiation of Basin and
Range style extension in the study area, but the mech-
anism responsible for this short-lived phase, with its
anomalous fault patterns, is enigmatic (Fritz and
Sears, 1993; Sears, 1995). Northeast±southwest exten-
sion again re-established itself after the late-Early
Miocene, and continues to the present in this region
(Stickney and Bartholomew, 1987; Piety et al., 1992).

The origin of the near 908 shifts in extension direc-
tion may in part be due to pre-existing faults with
northeast and northwest strikes. Several studies in the
region suggest that the orientation of pre-Cenozoic
structures strongly in¯uenced the orientation of sub-
sequent faults (Schmidt et al., 1984, 1993; McDowell,
1992; Kellogg et al., 1995; Janecke et al., 1996a). In
particular, NE- and NW-striking faults have been
recurrently active since the early Proterozoic (Harlan
et al., 1996; Schmidt, 1996). Inheritance may have
played a role in the development of the Divide Creek,
Bloody Dick Creek, western strand of the Maiden
Peak, and Little Eightmile Creek faults.

Magmatism has played a minor role in the exten-
sional history of the Horse Prairie area. The timing of
extension there was independent of both regional and
local magmatic events during all but phase 2 (Fig. 8).
The geometry and duration of faulting during phase 3
suggest that gravitational collapse was the ultimate
cause of extension, but middle Eocene Challis volcan-
ism may have acted as a thermal trigger for this event.

Three-dimensional strain in the study area

Alternating nearly orthogonal extension directions
and three-dimensional strain during individual phases
of extension contributed to the overall three-dimen-
sional structure of the study area. Phases 3a and 3b
exhibit the greatest degree of non-plane strain of all
the phases of deformation (Figs 9 c & d) based on the
variable orientations of normal faults (N- and NNW-
striking) and folds (NE-, ESE- and N-trending).

Folds are responsible for much of the three-dimen-
sional strain during individual phases of extension.
Extensional folds occur at three distinct stratigraphic
levels in association with late to post-volcanic normal
faults (phases 3a and 3b), and two phases of Basin
and Range extension (phases 4 and 5). Folds are typi-
cally gentle, occur in fold trains of similar age and
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orientation, and have spacing ranging from 0.5 to 5.6
km, sub-vertical bisecting surfaces, and fold heights
ranging from tens of meters up to 1 km (Janecke et
al., 1998). Most of the extensional folds are oblique to,
and plunge gently (208±308) towards, the associated
normal fault, and indicate three-dimensional strain
during individual phases of deformation.
Late to post-Challis and younger extension calcu-

lated using the line length of the basal Tertiary
unconformity along an east±west transect through the
Lemhi Pass and Maiden Peak fault systems (Fig. 6c)
yields a net extension of approximately 63% (Fig. 1d).
In contrast, only 20% extension was calculated for a
NNW±SSE transect through the southern half of the
study area (Fig. 6b), and 32% extension for a NNE±
SSW transect through the northwestern corner of the
study area for an average of 26% north±south exten-
sion (Figs 1d, 4 & 6a). Extension across the Divide
Creek and Bloody Dick Creek faults is di�cult to
quantify due to poor stratigraphic control, but would
greatly increase the northeast±southwest component
of extension.

DISCUSSION

Many workers have described three-dimensional
strain in extensional settings in recent years (Gibbs,
1987; Best, 1988; Ebinger, 1989; Bartley et al., 1990;
Yin and Dunn, 1992; Janecke, 1992; Bohannon et al.,
1993; Anderson and Barnhard, 1993a,b; Fritz and
Sears, 1993; Schlische, 1993, 1995; Mancktelow and
Pavlis, 1994; Evans and Oaks, 1996; Serpa and Pavlis,
1996; Dorsey and Robert, 1996; Fillmore and Walker,
1996; MacCready et al., 1997; Faulds and Varga,
1998) but usually ascribe it to 1 or 2 tectonic events.
When multiple episodes of extension are documented
(Zoback et al., 1981; Taylor et al., 1989; Axen et al.,
1993; Constenius, 1996; Wells, 1997; Camilleri and
Chamberlain, 1997) the extension direction is typically
constant. Nonetheless, the evidence for three or more
events with major changes in extension direction is
growing, especially in the Great Basin (Link, 1982;
Platt and Royse, 1989; Fryxell, 1991; Smith, 1997;
Janecke and Evans, in press) and the Rocky Mountain
Basin and Range province (McIntyre et al., 1982;
O'Neill and Pavlis, 1988; Silverberg, 1990; Janecke,
1992; Blankenau and Janecke, 1997; Blankenau, in
press). Although the Horse Prairie area may be some-
what more complex than is typical, it nonetheless
shares many characteristics with other rift zones and
illustrates the types of relationships that may develop
during a protracted extensional history. Based on our
experience in the Horse Prairie area (where we
expected to ®nd only two generations of normal faults
and found ®ve) we predict that future detailed work in
other rift zones will reveal similar three-dimensional

complexities. The North Sea area, with its multidirec-
tional rift basins and long history of extension (Ziegler

and van Hoorn, 1989) might have such a structural
evolution.

It is critical to recognize that three-dimensional
strain is both common and signi®cant in continental

rift zones. The failure to do so can result in major
errors of interpretation. For example, estimates of pre-

extensional crustal thickness are likely to be incorrect
when the third dimension is ignored and the tectonic

evolution of an area may be misinterpreted
(Mancktelow and Pavlis, 1994).

A second consequence of the multiple generations

of variously oriented normal faults in a rift zone are
multiple superposed depocenters with unique distri-

butions and geometries. In the geological record
these are expressed as multiple angular unconfor-

mity-bounded packages of basin ®ll, each indicating

a unique arrangement of depocenters and fault-
bounded highlands. The result is a compound basin

with a complex three-dimensional geometry. The dee-
pest part of the Horse Prairie half graben, for

example, is bounded on the northeast, east and
southeast sides by basinward-dipping normal faults

that young in a clockwise direction (Figs 9 & 10).
As a result this basin contains deposits that thin

abruptly along strike, down dip, and across normal
faults of various ages and orientations (VanDenburg,

1997). Three-dimensional facies patterns are even
more strongly developed in the southeast part of the

adjacent Salmon basin (Blankenau and Janecke,
1997). In areas that experience more than one phase

of extension, structures controlling the present topo-
graphic basin do not necessarily control the distri-

bution and thickness of basin-®ll deposits. Faults
and folds at a high angle to the overall structural

grain of a rift zone may de®ne intrabasinal high-
lands that could be misinterpreted as basin-bounding

structures.

Two-dimensional treatments of three-dimensional

extensional terranes will introduce many inaccuracies.
Parallel cross-sections di�er signi®cantly and no single

section can accurately depict the overall geometry of
an area. A failure to recognize the movement of ma-

terial in and out of the plane of cross-section will com-
promise balanced cross-sections, and invalidate

structural interpretations. New techniques may be
required to analyze and depict such structurally com-

plex regions. In our study, for example, section C±C'
lies perpendicular to the overall structural grain of the

physiographic Horse Prairie basin yet fails to capture
any NE-striking normal faults from phase 1 or 3

(Fig. 6c). The common practice of strip-mapping to
constrain regional cross-sections in poorly known

orogens could therefore result in major errors of in-
terpretation when the deformation is highly three-

dimensional.
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CONCLUSIONS

The Cenozoic extensional history of the Horse
Prairie half graben is characterized by at least ®ve tem-
porally distinct phases of normal faulting, and at least
three generations of folding related to extension. Folds
are typically at a high angle to the associated normal
fault, and produce three-dimensional strain within in-
dividual phases of extension. In addition, faults have
alternating northeast and northwest strikes, which pro-
duced a time-integrated three-dimensional strain. The
dominant mechanism driving extension appears to
have been collapse of the Sevier fold and thrust belt,
possibly beginning in late Cretaceous times and persist-
ing at least to the early Miocene.
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