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Abstract:

The Jackson thrust fault, exposed on Teton Pass, Wyoming, consists of Cambrian Gallatin Limestone
thrust over the Cretaceous Bear River Formation. The Jackson fault is a Late Paleocene, thin-skinned,
listric thrust fault that forms the main frontal fault of the foreland fold and thrust belt. The Cache Creek
thrust sheet overrode the Jackson thrust sheet from the northeast overturning the Jackson thrust fault to
the southwest.

The fault zone of the Jackson thrust fault is defined by a severely deformed cataclastic zone
approximately nine meters wide. Thrust- ' related changes in the hanging wall rock (Gallatin
Limestone) are: (1) a severely brecciated zone 0-4 m from the fault plane, (2) a relatively less
brecciated zone 4-9 m from the fault plane, (3) a decrease in grain size of breccia fragments as the fault
plane is approached, (4) an increase in the degree of sorting of breccia fragments nearer the fault plane,
and (5) a loss of well defined bedding planes. Movement along the Jackson thrust fault is interpreted to
have been aided by (1) loss of cohesion between hanging wall rock and footwall rock units, (2)
decrease in normal stress due to pore fluid pressure, and (3) de-' crease in frictional resistance to slip
due to the presence of breccia fragments between the hanging wall and footwall blocks.
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ABSTRACT

The Jackson thrust fault, exposed on Teton Pass, Wyoming, consists
of Cambrian Gallatin Limestone thrust over the Cretaceous Bear River
Formation. The Jackson fault is a Late Paleocene, thin-skinned, listric
thrust fault that forms the main frontal fault of the foreland fold and
thrust belt. The Cache Creek thrust sheet overrode the Jackson thrust
sheet from the northeast overturning the Jackson thrust fault to the
southwest. . .

The fault zone of the Jackson thrust fault is defined by a severely
deformed cataclastic zone approximately nine meters wide. Thrust- "
related changes in the hanging wall rock (Gallatin Limestone) are: (1)
a severely brecciated zorde 0-4 m from the fault plane, (2) a relatively
less brecciated zone 4-9 m from the fault plane, (3) a decrease in
grain size of breccia fragments as the fault plane is approached, (4)°
an increase in the degree of sorting of breccia fragments nearer the
fault plane, and (5) a loss of well defined bedding planes. Movement
along the Jackson thrust fault is interpreted to have been aided by
(1) loss of cohesion between hanging wall rock and footwall rock units,
(2) decrease in normal stress due to pore fluid pressure, and (3) de-
crease in frictional resistance -to slip due to the presence of breccia
fragments between the hanging wall and footwall blocks.




INTRODUCTION

This thesis addresseé the defo;matioﬁal mechanism of fauit zone
cataclasis associated with the Jackson thrust fault, western Wyoming.
The objectives aré: (1) to investigate gataclas£ic defbrmation along
the Jackson thrust faul£ by documentatién of the faﬁric and tEXtu¥é of
the catacléstic zone,‘and (2) to evaluate cataclas£ic deformation as it
relates to the mechanics of fhrust faulting.

fhe loné-standing paradox of thrust faulting is tﬁat the shear
stress required to initiate lateral hovement fér exceeds the laboratory
shear strength of the rock. Smoluchowski (i909) calculated the force

necessary to push a 200 km long thrust piate along a horizontal surface

to be seven times the crushing strength of granite at the ground surface.

Breccia, resulting from catgclasis, is a deformational product commonly
associated with thrust faulting, and is a friction-dependent'mechanism
of brittle deformation involving both fracture and rigid-bady rotation
(Borg and others, 1960) at low pr;sspres and temperatures (Higginﬁ,
1971). By studying cataclastic deformation aléng thrust faﬁlts,_the
dynamics of thrust faulting may be better understood.

Thé first half of this thesis:is an introduction and brief review
of the confemporary views on tﬁe structure and tectortic history of the

Idaho-Wydming foreland fold and thrust belt. This portion of the thesis

is designed to familiarize the reader with the study area, and serves to

set up a few premises .that are used in the latter half of the thesis.




Study Area

The phenomenon of cataclasis was studied in the hanging wall block
of the Jackson thrust fault in western Wyoming (Fig. 1). This fault
extends from the northwestern Idaho-Wyoming boundary, south into west-
central Wyoming, where it becomes known as the Prospect thrust, and con-
tinues southward into southwest Wyoming as the Darby thrust,Aterminating
at the Uinta Mountains in northeastern Utah (Figs. 1 and 7). The -Jack-
son thrust fault is the easternmost thrust of the Idaho—Wyoming—northern
Utah foreland fold and thrust belt. It . is a Late Paleoqgné:E;;ly Eocene,
thin-skinned fault with relative transport from southwest to northeast

(Dorr and others, 1977). A more detailed discussion of the Jackson

fault will be presented in subsequent sections.
Location and.Accessibility

The study area 1is located in western Teton County, Wyoming (Fig. 1),

22—24‘kilometers west of Jackson, Wyoming on State Highway 22 in Rahge

117 west, Township 41 north. This location was chosen because of good

cross—-sectional exposures of the Jackson thrusf fault, its associated
cataclastic zone, and easy accessibility from éither'Driggs, Idaho or
Jackson, Wyoming.

The Jackson thrust fault is éxposed in a road cut 3.6-3.7 km west
of Teton Pass, or 0.6 km southeast of Coal Creek campgrbund. The study
area is bounded to the north b? the Teton Range which is a north-trend-
ing, Late Cenozoic basin and range structure, and to the. south by the
Snake River Range which is a northwest-trending foreland fold and thyust

belt terrain (Blackstone, 1980).
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Method of Study

field study in the Teton Pass area was started in September 1981
and completed in June 1982 with valuable assistance rendered by David
Redgrave.during this phase of the study. A descriptive appro;éh was
used in this study, rather than theoretical modelling; The method of
study consisted of: ‘(l) collection and description of fault zone mate-
rial at measured intervals away from the fault plane at two localities
(one 3.6 km and another at 1.5 km west of Teton Pass, Wyoming), (2) de-
tailed mapping of the fault zone with plane table and alidade, and (3)
use of thin sections and photographs to examine the‘mineraiégy, gfaiﬁ
size, grain characteristics, and overall petrofabrichof the cataclasti-
cally deformed rocks.

A total of forty-two samples of fault breccia from the hanging wgll
of the Jackson thrust fault were collected at measured.intervals from
the fault plane. Thirty-two samples were thin-sectioned and examined to
determine mineralogy and textural features. Eight-by-ten black and
white photographs of the thirty-two slabbed anq polished breccia samples
were used to measure and count the size of breccia fragments. A circu-
lar template was used to measure frégment diameter, a éin hole through
the photograph kept track of the'fragments counted, ané a record of éhe
number of fragments of each diameter was kept on a tally sheet. Due to

"the intense weathering of sampleé at one location-(l.S km west of Tetqn
Pass), only 18 saﬁples (photographs) from one locélity (3.6 km from

Teton Pass) were used to generate histograms, the cumulative frequency
curve, the median grain size versus distance from the fault graph, and

the graph of sorting versus distance from fault.
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Breccia fragments and cement were. differentiated on the photographs.
' By measuring the area of both the fragments and cement, dilatancy, or an
increase in volume, as determined by the relationship:
cmean = 1/2 1ln (A/Ao),

~ where A = area of breccia fragments, and AO = area of fragments and

cement. Dilatanéy was determined on 10 samples of fault breccia.

PREVIOUS WORK

Teton Pass Area

Classic papers on tﬁe Idaho-Wyoming thrust belt include the re-
gional geology by Rubgy énd Hubbert (1959) and Armstrong and Oriei
(1965), a summary of the orogenic phases in the thrust belt by Eardley
‘(1965), and geologic guadrangle map; by Schroeder (1972, 1973), and
Rubey (1973b). The geology of the Jackson Hole area was summarized by
Love and others (1973) and mapped by LoveAand Albee (1972). Geology on
Teton Pass was mapped by Zeller (1982). Regional Paleozoic and Mesozoic
stratigraphy was described by Wanless and othe;s (l955),‘$nd the Late
Cretaceous and Tertiary formations were described by Love (1956) and

Rubey (1973a).

Cataclastic Deformation

Higgins (1971) classified cataclastic rocks on the basis of cohe-
sion, which is the sheaf strength of a rock that is not related to inter-
particle friction. Higgins recognized two types of cataclastic rocks:
those with primary cohesion and thqse without primary cohesion (Table 1).

Primary cohesion refers to the congenital or inherent coherence of

a rock, as opposed to that produced by secondary cementation. - Cata-

clastic rocks with primary cohesion are metamorphic rocks and their




Table 1. Cataclastic rock classification (modified from Higgins, 1971).

Rocks without
primary cohesion Rocks with primary cohesion
Cataclasis dominant over Neomineralization-
o0 g neomineralization-recrystallization recrystallization
g g . dominant over cataclasis
3 o
38 | with -
S Rocks without Rocks with Rocks with
fluxion structure fluxion structure fluxion structure
Protomylonite Mylonite gneiss
Fault breccia Microbreccia
30% Mylonite
Fault gouge Cataclasite B Blastomylonite
Ultramylonite




.

cohesion is the product of neomineralization-recrystallization processes.

'Mylonites, mylonite-gneisses, and blastomylonites are examples of rocks

where neomineralization;recrystallization (constructive processes) are
dominant over cataclasis (destructive processes) (Higgins, 1971). Cata-
clastic rocks with primary cohesion are metamorphic rocks and are not

to be discussed in this thesis.

Fault breccia and fault gouge are cataclastic rocks-without primary
cohesion -and are generally associated with neaf—surface faulting, low
confining pressures, and low temperatures (Higgins, '1971). The degree
of cataclasis depends on the confining pressure, original character of
the rock, amount of movement, and the duration of movement (Higgins,
1971).. The following definitions proposed by Higgins will be used in
this thesis:

Fault breccia -- rock composed of angular to rounded frag-

ments, formed by crushing or grinding along a fault. Most

fragments are large enough to be visible to the naked eye,

and they make up more than 30% of the rock. Coherence,
if present, is due to secondary processes.

Fault gouge -~ pastelike rock material formed by crushing

or grinding along a fault. Most individual fragments are

too small to be visible to the naked eye, and fragments

larger than the average groundmass grains make up less

than 30% of the rock. Coherence, if present, is due to

secondary processes.

Experimental research on the mechanical behavior of rocks has re-
sulted in quantitative knowledge which can be applied to practical or
field situations. Experimental study of the relationships between
brittle rock deformation and mechanics of thrust fauiting was addressed
in the following papers: Jaeger (1959) and Brace and Byerlee (1966)

studied the frictional properties of rocks and the relationship to

stick-slip faulting. Borg and others (1960), Engelder (1974), Lajtai
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and others (1974), and Mandl and others (1977) are émong the experimen-
talists who have attempted to generate fault gouge and breccia. However,
experiments have failed to simulate the natural stressos that produced
the magnitude of cataclastic rock observed io‘nature; This discrepancy
is due in part to‘the fact that laboratory tests normally give informa-
tion. about the properties of the material itself{ put do not defermine
the properties.of the rotk as a whole unit. Paterson (1978) provided-

a summary of the laboratory apparatus, claosicgl view;,’and recent de-
velobments of experimental brittle rock deformation.

Engelder (1974), in an attompt to:cha:acterizo the textu?e and
fabric of quartz gouge, collected specimens from (1) the Bonita normal
fault in New Mexico with gouge in the Cretaceous Mesa Rica Sandstoneﬂh
‘(2) the Muddy Mountain thrust fault io southeast Nevada with gouge in
the Jurassic Aztec Sandstone, (3f the Hurricane high-angle fault in
Utah with.the gouge in the Permian Coconino Sandstone, and (4) a high-
angle reverse fault on the north flank of tho Uinta Mountains, Utah
with gouge in sandstones of the Precambrian Uinta Mountain Group.
Engelder concluded that’natural'gouge develops as a result of cataclasis
ano increases in volume until it ;eaches a.cri?ical value. Ho also
stated that the development of natural gouge'involves'a decrease in size
and sorting which is an ‘important observation that will be‘discussed
with respect to the Jackson fault. Brock and Engelder (1977) re-
examined the Muddy Mountain thrust of Nevada and come to the same con-
clusion that during cataclastic deformation, grain size and sorting

decrease with increasing confining pressure and increasing displacement.
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Lageson (1980) investigated cataclastic deformation associated
with the Absaroka thrust fault of western Wyoming. His study revealed
four levels of deformation: (1) a modefately breqciated footwall, (2)
a sharply demarcated fault plane, (3) an interval of intenseiy brec-
ciated rock overlain by (4) a .transitional interval of moderately brec-
ciated rock. Lageson (1980) also found evidenég for stable-sliding
such as striations and steps along the fault plane. He concluded that
two different mechanisms of deformation, one:producing the breccia zone
and one .producing the discrete fault plane, 6ccurred at different times
along the same fau;t. He stated that the two mechanisms were probably
stick-slip (Brecciation) and stable-sliding (discrete fault plane)
motion.

Pittman (1981) studied quartz gouge in the Simpson Group of Okla-
homa and its effect on pérmeability and porosity. He concluded that
both permeability and porosity decrease in the cataclastically deformed

fault zones.
GENERAL GEOLOGY OF TETON PASS

The two major thrust faults in the study area a;e the Jackson and
the‘Caghe Creek. They represent two distinct styles of deformation;
The Jackson thrust is a product of foreland fold and thrust deformation
during the Latest Paleocene-Early Eocene in which only the Phanerozoic
sedimentary veneer waé involved in faulting: (thin-skinned). In contrast,
the Cache Creek is a basement-involved (thick-skinned) foreland fault,
which overrode the’ Jackson thrust from the northeast in Early Eocene

time.
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.Stfatigraphy

Cambrian through middle Upper éretaceous rocks and extensive Quat-
ernary alluvial and colluvial deposits are present in the Teton Pas§
area. Figure 2 is the standard stratigraphic section fér the Wyoming
foreland fold and thrust belt. For a cémplete stratigraphic description
see Wanless and others (1955). Olson (1977) summarized the Trias;ic
through Cambrian. The Miésissippian was described by Sando (1977),'énd'
the Cenozoic by Warner (1977).

The two major thrust faults in the study area, the Jacksén and the
Cache Creek, share a:common footwall of upper Lowef Cretaceous-récks.
(Fig. 3) (Zeller, 1982). Tectonic transport on the Late Paleocene
Jackson fault was from the southwest, whereas transport;was from thg
northeast on the Early Eocene Cache Creek fault (Dorr and others, 1977).
Opposing tectonic transport resulted in facies juxtaposition and rapid
thickness changes in the present hanging wall sections of the two thrust

faults. This will be further discussed in a subsequent section.
Depositional Setting

The study area occupied a transitional position between the Paleo-
zoic and Early Mesozoic miogeocline to the west and the Wyoming shelf
to the east (Fig.l4) which influenced placement of the later Sevier and
Laramide structufes, East of the Wasa£ch‘Range_and west oOf the Pros;
pect fault, the crystalline basemept,passively slopes 2o - 5o west and
was not involvéd in Sevier-style deformation (féreland fold and thfust).
East of the Prospect fault the basement rock was‘involved‘in Laramide

style deformation (foreland) due to the eastward thinning of the-
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of pre-thrusting isopach maps for the Cambrian through Upper Cretaceous
rocks, and (2) comparison of the sedimentary thigknésses qf correlative
units from west-to-east across the hingeline. Monley's technique of
comparing rock thicknesseé across the hiﬁgeline was used on a smaller
scale in this study to compare rock units in the 3ackson aqd Cacﬁe Creek
thrust sheets.

Comparison of corresponding stratigfaphic units in both thrust
sheets revealed that similar units are thicker on the Jackson.sheet than
on the Cache Creek sheet (Fig. 5). For example, the Triassic Woodside
Forﬁation is 233 m thick in the hanging wall of the Jackson compared to
116 m in the hanging wall of the Cache Creek. The Pennsylvania Wells
Formation; which is 284 m thick in the Jacksén hanging wall, is a fine-
grained sandstone with intercalated oolitic limestone with chert nodules
-and stringers (Pattison, 1977). The Wells Formation is structurally
juxtaposed against the more clastic and thinner Tensleep Sandstone and
Amsden Formation in the Cache Creek hanging wall block. Therefore,

rapid thickness changes and sedimentary facies changes over this short

Cache Creek thrust faulté.

Regional Tectonic Setting

The Idaho-Wyoming foreland fold and thrust belt is part of a much
larger tectonic province, the Cordilleran foreland fold -and thrust belt
which extends.from northern Alaska to southern Mexico (King; 1969):, and
is divided into nine segments or-"salients" (Fig. 6). The study area is

located in the Idaho-Wyoming-northern Utah salient which is a 333 km

distance are a consequence of tectonic juxtaposition by the Jackson and .
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long, arcuate, easterly-convex belt of faulted and folded rocks bordered
on thg north by the Snake River Plain, on the south by the Uinta uplift,
on the east by the greater'Green River Basin, and on the west by the
Wasatch normal fault (Fig. 7).

The structural style of the foreland fold and thrust belt differs
from that of the foreland. The basic structural style which typifies
the foreland fold and thrust belt province consists of: (1) concentric
fqlds which are asymmetric to the east, (2) major west-dipping thrust
faults that are progressively younger to the east and associated imbri-
cate faults, (3) decollement faults in the sedimentafy succession,-(4)
tear faults, (5) overall relative tectonic movement from west to east,
and (6) younger, superposed listric normal faults (Royse and others,
1975). The crystalline basement Qas not deformed in the area east of
the Wasatch Mountains and west of the Prospect-Darby fault sysfem} but
is structurally detached from the sedimentary veneer by a regional de-
collement located above the Cambrian Flathead Formation (Royse and
others, 1975). Blackstone (1977) indicated that the Precambrian base-
ment in this area slopes gently westward with a regional dip of 2o - 50,
which also must be the maximum dip of the'decollement if it is assumed
that the basement was not involved in the faulting.

In comparison, foreland-style deformation is characterized by north-
west-trending, asymmetrical, Precambrian-cored anticlinal uplifts
bounded by high-angle faults with great vertical displacements (Dorr
and others, 197%). Precambrian rocks are éxposed in foreland structures
due to the thin sedimentgry veneer and large vertical and horizontal

movements along basément-involved faults.
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Structural Setting

Structural Geology of the Teton Pass Area
Folds

Folds on the Jackson thrust.sheet in the study.area are concentgic
(class 1B, parallel folds of Ramsey, 1967), trend N 50O W, and are com-
monly overturned to the southwest (Plate 1). Figure 8 shows an atypical
fold in a silfy layer in the Ordovician Bighorn Dolomite that is north-
eas;—trending, overturned to the west, tight to isoelinal with second;
order disharmonic folds on its east limb.

As previously stated, the foreland fold and thrust belt is charac-
terized by concentric folds that are commonly overturned to the east in
opposition to the weetwa£d asymmetry observed in the etudy area. This
symmetry reversal is a result of: (1) the elevated Precambrian basement
to the north (ancestral Teton-Gros Ventre uplift) which restricted north-
east translation of the Jackson thrust sheet during the Late Paleocepe
(Dorr and others, 1977) and (2) the Early Eocene, southwest—moQing Cache
Creek thrust sheet which overrode and overturned the Jackson thrust

fault (Zeller, 1982).

Thrust Faults

The Jackson thrust is a Late Paleocene, thin-skinned (Sevier—style),

listric thrust fault that forms the main frontal (easternmost) thrust of

the foreland fold and thrust belt (Dorr and others, 1977). RegiOnally{

the fault surface dips 29 - 5O west (Blackstone, 1977) in a étair—step
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profile with alterna?ing ramps and treads (Rich, 1934; Royse ana others,
1975). Approximately fifty‘percent shortening‘bf the Paleozoic and
Mesozoicqrocks in the thrust selt has been achieved by telescoping and
resultant doubling of the sedimentary section through motioﬁ along low-
angle, listric thrust faults and contemporaneous concentric folds (Royse
and others, 1975). Figure ;l illustrates Royse's geometric stair-step
profile of thrust faults which develops when thrust faults climb up-
section through compekent récks to form obliqug ramps and glide parallel
to stratification in incompetent rocks to form treads. Royse concluded.
that major anticlinél, concentric folds in the. hanging walls of major
thrust faults are a result of rocks being rotated over major ramps (Fig.
9); likewise, adjacent synclines form over t?eads. '

In the study area, the Jackson thrust fault trends N 45O W to east-
west, is overturned to the south-southwest, but is vertical at the road-
cut exposure (Fig.'lO). Zeller (1982) mapped the Jackson thrust fault
at the contact bet&een the Cambrian Gallatin Limestone in the hanging
wall and the Cretaceous Bear River Formation in the footwall (Figs. 11,
12). The Gallatin,Limestone in the hanging wall is a dark gray, unfos-
siliferous, magsive dolomitic limestone which shows extensive cataclas-
tic deformation near the fault contact. The Cretaceous Bear River For-
mation in the footwall is a black ;hale without observable structural |
deformation, which may be dueAto the fact that: (1) shale tends to de-
form ductiiy and (2) contemporary landslide deposits in the Bear River
- Formation may have destroyed or obscured any-évidence of deformation.

In contrast, the Cache Creek thrust is an ﬁérly Eocene, thick-

skinned (Laramide-style), foreland fault that trends N 45O W in the
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study area (see map in pocket). In the sfudy area, Zeller (1982) maéped
the Cache Creek thrust fault at the contact bétween the Triassic Wood-
side Formation in the hanging wail and the Cretaceoué Aspen Formation
in the footwall, although the contact is obscured by scree from the ‘
Woodside Formation (Fig. 3). Relative movement along the Jackson and
Cache Creek thrust faults was determined by Dorr and others (1977) whé
used'displaced Paleocene and Eocene conglomerates suggesting that the
Creek fault overrode the Jackson thrust fault from the northeast during
the Early Eocene. Aécordinglto Dorr and others (1977) the Late Paleo-
cene Skyline Trail Conglomerate was dispiaced eastward by the 3ackson
thrust fault, followed by displacement of the Early Eocene Pass Peak
Formation by the Cache Creek thrust fault. In addition, Zeller (1982)
mapped the Jéckson thrust fault as overturned to the southwest based on
overturned imbricate thrust faults in the hanging wall of the Jacksoa
thrust sheet on Teton Pass. Therefore, displaced Paleocene and Eocene
conglomerates and overturned thrust faults doéument the Cache Creek
fault as being an Early Eocene fault that overrode thé earlier Jackson
fault.
Sevier and Laramide Deformation
of the Teton Pass Area

The sequence of eyehts which were most'important in determining the
present-day structural configuration of Teton Pass began with.the Late
Jurassic Paris thrust (Armstrong, 1968). In western Wyoming the Late
Jurassié through Middle Cretaceous was characterized by'éastward thrust-

ing of thick geoclinal rocks over thin cratonal sequences (Armstrong,

1968) . !
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The initial rise of the ancestfal Teton-Gros Ventre Mountains at
the former shelf edge, uplift of the Wind River Range, and major move-
ment on the Absaroka thrust fault all occurred at approximately the sgme
time in the Late Cretaceoug (Fig. 13) (Dorr and others,.l977). The last
major episode of eastward thrust displacgment occurfed along the frontal
Jackson-Prospect-Darby fault system at the close of the Paleocene. The
Latest Cretaceous-Early Tertiary Laramide orogeny deformed the crust
into north-northwest trending basement—qored uplifts such as the Wind
River Range (Burchfiel, 1981). Paleozoic and Mesozoic rocks are drapéd
over the flanks of the uplifts that are bounded by low-to high—aﬁgle,
basement-involved reverse faults, such as the C;Che Creek fault (Burch-
fiel, 1981). To the west, local normal faulting began in the western-
most thrust ranges during Eocene time and continued to the present (Arm-
strong and Oriel, 1965). Evidence for'this includes displacements along
the Teton normal fault, the Hoback 1istric normal fault, and fresh
scarplets that cut Pleistocene and Holocene talus along the base of the

Teton Range (Dorr and others, 1977).
LAB ANALYSIS AND INTERPRETATION

General Petrography

The hanging wall rock of the Jackson thrust fault af the fault con-
tact is thé dark gray, massive, unfossiliferous Gallatin Limestone.
Brecciation only occurs in the hanging wall block of the Jackson thrust
sheet. Therefore, the following analysis pertains only to the Cambrian
Gallatin Limestone. For purpose of discussion, the fault zone in the

hanging wall block has been divided into two\zones, A and B, based
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slightly fine-skewed, with a median fragment size of 1.25 mm, and are
mesokurtic.; The size distribution of breccia fragments from 1 to 1.25
m from the fault is plétykurtic2 with a mean size of 1.7 mm. Breccia
fragments less than 1 mm are absent 2.5 to 4.0 m from the fault plane
and the sige distributionﬂis strongly coarse-skewed, platykurtic, with
a primary mode of 4 Pm, and a median size of 3.0 mm.

Zone B contains breccia fragments with an average size of 3.0 mm,
vefy coarsely crystallinelcalcite cement (1l - 4 mm), and medium crystal-
line calcite matrix (0.15 mm) (Fig.-ls).‘ Size distribution,of breccia
fragments from 9 to 9.75 m from the fault plane is strongly coarse-
skewed, mesokurtic to leptokurtic,3 with a primary‘mode of 4.0 mm.
Fragments less than 1 mm begin to appear ‘again at about 10 m away from
the fault. Sémples 10 - 10.6 m from the fault exhibit bimodal size
distributions with a primary mode of 4 mm and a secondary mode which

varies from 0.3 mm to 1.1 mm.
Sorting

A plot of the graphic standard dgviatiop of breccia fragment-size
distribution (as computed by Folk, 1974) versus distance from the thrust
fault contact is a measure of sorting (Fig. 19). Within the fault zone
the breccia fragments closer to the fault (zone A) are moderaﬁély well

sorted, whereas the fragments farther away (zone B) are more poorly

Closely resembles. a normal frequency-distribution curve.
2A frequency-distribution curve that is broad and flat-topped.

3A frequency-distribution curve that is narrow and peaked.
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sorted. The breccia fragments in zone A are predominantly subangular,

whereas those in zone B are angular.

Interpretation of Data

The decrease in fraément size and increase in sorfing as the fault
plane is apﬁroached is the result of cataclastic deformation associated
with movement.along the Jackson thrust fault. The smaller average frag-
ment size of Zone A suggests é greater intensity of cataclasis than in
zone B. Assuming greater intensity of cataclasis nearer the fault, the
size differentiation 5etween zones A and B indicates an increase in
solid-body rotation of fragments and a higher degree of abrasion in'
zone A. With the increase in sorting of zone A, it seems unlikely that
the breccia fragments of zone B were subjected to an equal amount of
abrasion. |

Dilatancy, or an increase in volume, is generally associated with
brecciation (Spencer, 1977). If dilatancy did occur in the fault zone,
then an increase in area would be expgctea and could be éasily deter-
mined. The entire area of a sample was compared with the‘total area of
the brecci% fragments of that sample (see Method of Study). ~ Samples
from the study area show an average dilatancy of only 8%, which implies
a volume increase. In addition, there appears to‘be a high amount of
porosity (approximately 15% in the fault zone §amples). Whether the
porgsity is fault related or a diagenetic feature is not known. There
is evidence for exsolution and recrystallization, and porosity in ‘other
limestones associated with thrust faults in the fold and thrust belt is

generally not considered to be fault-related (Wood, '1982).
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The origin of the medium crystalline calcite matrix in the fault
zone poses an interesting problem of'whéther it is a crystaliization
product or the result of extreme pulverization of limestone-fragmenfs.
If the matrix was truly microfragment, evidence for later or multiple
generations of cement enclosing earlier fragments would bé expected.
This question could not be positively answered in this study, thereforg
a crystallizatioﬁ origin was assumed.

Mechanics of Thrust Faulting with Appli-
cation to the Jackson Thrust

Three mechanisms have been advanced to explain lateral transpor£
of rock masses over surfaces of low dip: (i) gravity sliding of thé
thrust sheet-down an inclined surface, (2) lateral compression.resulting
in movement of the.fhrust plate horizontally or up an inclined faulf
surface or basement ipterface, and (3) lateral spreading of an uplifted
rock mass (Spencer, 1977). Variables such as pore fluid pressure, rock
type, relative ductility, degree of brecciation, and mode of movemenf
influence the dynamics of thrust faulting. The following discussion
illustraﬁes the relationships among these variébles, how they affect
each other, and which factors have beén bredominant in the case of the
Jackson thrust fault. In addition té these reiation;hips, a comparison
of the inferred mechanics of motion of the Jackson thrust fault with
the Muddy Mountain thruét in Nevada (Brock and Engelder, 1977), and the
Absaroka £hrust in Wypming (Lageson, 1980), makes poséiblelan intefpre—

tation regarding the transport mechanism of the Jackson thrust fauit.
]
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Mechanical Variables

The major resistance to movement by gravity sliding is friction.

Studies have determined that the angle of the inciined surface on which

the thrust sheet slides must be appr'oximately‘30o to overcome frictional

resistance (Spencer, 1977). This angle is not realistic¢ becatse most
thrust fault surfaces are inclinéd approximately 2o - 5o toward the
hinterland (Spencer, 1977). 1In the case of lateral compression, the
stréss needed éo push the block horizontally far éxceeds the Strength»
of the rock.. In both cases the coefficieﬁt'of f;iétion needs to ge
effectively reduced to allow horizontal displacement.

The detachment or basal decollement of many thrust faults is
usually localized along a less competent roék unit, such as shale or an

evaporite bed, which reduces the cohésion between the more cbmpetent

rock units (Gretner, 1972). Shales commonly have high amounts of inter-'

stitia} fluids, which under compaction due to lithdstatic pressure, pro-
duce high pore fluid pressure. The increase in pore fluid pressure
effectively reduces the normal stress (Hubbert and Rubey; 1559), which
reduces the frictional resistance to sliding. Rocks adjacent fo the
incompetent rock unit must have low permeability to permit the gradual

build-up of pore fluid pressure. - The rapid advancement of a thrust-

,

sheet resulting in additional tectonic overburden also increases the

pore fluid pressure. -Gretner (1972) postulated that the coméeténf units
carry a disproportionately high part 6f the horizontal load. When the .
thrust sheet breaks alohg the competent units £he load is sudaenly
transférred to the incompetent units resﬁiting in the developmept of

high pofe fluid pressure in the incompetent units, which effectively
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reduces the overburden pressure (effective stress). This "pumping
effect” of Gretner's (1972) theoretically resu;ts in the self-perpetu-
ating process of thrust faulting known as breakaQays or piggy-back
thrusts. ‘

Dilatancy, or an increase in volume, commonly accompanies breccia-
tion under low confining pressures (less than 1 kb.), but at 1 - 2 kb
confining pressure, there may béflittle 6r.no dilatancy (Spencer,-l977).
If, as previopsly stated, the brecciated zone oflthe Jackson thrust
fault underwent an average of only 8% dilatancy,'then movement -on the
Jackson probably occurred undef 1 - 2 kb confining pressure. Further-
more, an increase in'volume in the brecciated zone might be expected if
pore fluid-was present during movement. It seems likely that there
would be_slightly étrained and unstrained calcite crystals {probably
spar) between breccia fragments if pore fluid was present during and
immediately after movement, respectively._ASuch is the case with the‘
brecciéted zone associated with the Jackson thrust fault. Also, lack
of recrystallization, products produced by frictional heating, such as
pseudotachylite, implies the presence of pore fluid. ' The confining
pressure of 1 - 2 kb is also supported by the known overburden thick-
ness of the Jackson thrust sheet of 4500 - 5500 m (Zeller, 19825.
Therefore, it is suggested that the lack of cohesion between ‘hanging
wall and footwall blocks and the presence of pore fluid sufficiently
reduced the frictional resistahce to aid in late;al mb&ement of the

Jackson thrust fault.
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Mode of Movement

The two ggneral types of fault motion are stick-slip and stable
‘sliding. Stick-slip motion is characteriéed by alternately high aﬁd
low slip rates and may be the result of sudden brittle failuré of locked
portions on the fracture surface, such.as thrﬁst ramps. Overall movement
is slow, but consisté'of a series of fast "spurts" and only segments of
the thrust shget move at a given time (Gretner, 1972). Sporadic move-
ment may be aided by Gretnexr's (1972) "pumping effect", which involves
sporadic motion along thrust faults due to transfer of §tress between
competent and incompetent rock units via pore fluids. Abnormal pore
fluid pressures permit brittle behavior at unexpectedly large depths
(greater than 6000 m) which would account for’stick-slip motion and
breccia generation a£ deeper levels on a thrust fault (Handin and others
1963).

In contrast, stable sliding is characterized by low effectiQe nor-
mal stress, higher temperatures, faste?, but constan£ displacement
rates (Logén, 1978) . .Stable sliaing implies a discrete sliding surface
on which striations; raised steps, and gouge marks occur (Elliot,. 1976).

Experimental studies of the mechanical behavior of fault gouge
suggest that it may greatly affect the mode -of movement along a fault.
Logan's (1978) study of various experimentally produced gouges found
thét,calcite gouge at 1 kb becomes very fine, indurated( and compaéted,
resulting in stick-slip movement. He concluded that a. fine-grained
limestone should ;how stick-slip movement and that grgin size blays an

important role in determining the mode of movement. Gretner (1972)
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also stated that gouge profoundly 1owe£s frictional resistance to slip
for both stick-slip and stable sliding motion. This impliés that strain
rate plays an important role in determining which mode of movement is
dominant.

There was no evidence for stable sliaing, such as striations, along
the Jackson thrust féult in the stud? areé.' Stick-slip motion is gener-
'a;ly associated with brittle behavio?, as is,brecéiétion. Therefore,
the extensive brecciation observea along the'Jackson thrusf fault sug-

gests that stick-slip motion was the dominant mode of movement.
Factors Influencing Brecciation

The generation of fault breccia is enhanced by brittle rock, lbw
temperatures, shallow crustal depths,and high strain rates (Spencer,
1977) . Physical parameters that‘control the thickness of teétonic
breccia (i.e., the thickness of fault zones A and B) are rock type and
the associated physical characteristics, distance moved, pore fluid‘
pressure, lithostatic pressure, temperature, and strain rate. These .

factors are related in the following equation:

Pthickness ~ D X Kg ¥ € NS
B = breccia thickness
D = distanéé moved
‘~Kd ='ductility constant (derived from Donath, 1979)
C = constant = 5 x lO_4 (éerived from transport

distance and breccia thickness)
The above equation is intended to estimate the thickness of tectonic

breccia associated with a thrust fault and was generated from data from
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three thrust faults with known fault-related breccia: (i).the,Mﬁddy
Mountain thrust of Nevada (Brock énd Engelder, 1977), (2) the Absaroka
in western Wyoming (Lageson, 1980), and (3) the.Jackéon thrust of wes-
tern Wyoming. Lageson (1980) stated that breccia thickness depends pri-
marily on the material properties of the rock units.. The equation (1) |
includes not only rock ﬁharacteristics, but incorporates the variabie
of distance moved.

The ductility (Kd) constant was derived from Donath (1970) (Fig.
20). The three thrust faults studied had 4000 - 5000 m ofloverbu;den
and movement occgrred under 1 - 2 kb éf confining pfessure. Overburden,
in turn, affects the ductility of various rock types and determines Kd
(Fig. 20). |

Donath's (1970) graph of ductility kpercent shortening before frac-
turé) versus confining ﬁressure shows that ffacturing (in -the generatidn
of fault breccia) is‘largely a ductilé_process. Ductile.fracture,‘which
occurfed in the Jackson thrust sheet as evidenced by the presénce of
both large folds (ductile deformation) (Fig. 10) and breccia (brittlé
deformation). For example, at 1.5 kb confining bresSure; dolomite
strains dnly 6% while limestone strains 12% before fracture occurs (Fig.
20); dolomite is more dense and brittle than limestone, accounting for
its lowér ductility. This is substantiated by field observations that
show more exténsive brecciation in the‘Bighorn Dolomite than in the“
Gallatin Limestone. |

The constant (C) is the ratio between the measured-breccia thick=-
ness along each fault and the distance of téctonic transport. For ex-

ample, Brock and Engelder (1977) determined the transport distance of
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fhe Muddy Mountain thrust sheet to be 24,000 m with 12 m of associated

breccia, therefore:

1l2 m breccia -5 x 10-4.

() =‘24,000 m transport distance

<) probably is not a linear function at higher (ggeatér than 30.km)
transport distances. Brecéié thickness probably reaches a critical
value in response to surrounding physiqal parameters,_andycannof in-
crease infinitely because the thrust shee#.would be feduced to a pile
of fragments.

| Lack of data regarding thrust faults and associated breccia and the
fact that equation (1) was derived frqm small éegments on only. three
thrust faults limits the validity of (C) and‘the‘enfire equation. There-
fore, in view of the limited area ;tudied it is dangerous to assume théf
the equétion (1) would apply to areas elsewhere along the Jackson fault
and thgt conditions determined or assumed to have eﬁisted in-the Teton
Pass area éxiéted along other areas of the Jackson fault.

Assuming the equation (1) is applicable, an estimation of the thick-

ness of tectonic brecc%a can be made, assuming the following conditions:
low temperatqrés, high strain rates (probably st;ck—slip'motion), little
pore fluid pressure, brittle rock and movemeﬂt at 4500 ; 5560 m depth.
Lack of bre;ciation, or ugexpéctedly low amounts of it, could be due to
a number of factors that invalidafe the above equation, such as: (1)
high pore fluid pressure reducing the frictional resigtaﬁce to sliding,
(2) an increase in confining preséure due to high amounts of lithoétatic

pressure, and (3) an increase. in confining pressure promoting ductile

rather than brittle behavior.
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The presence‘of breccia fragments probably aided in movément along
_the.Jacksoh thrds£ fault; The fragﬁents reduce the ﬁrictional resist-
ance to slip by acting like ball bearings between the two blocks.

Muddy Mountain and Absaroka Faults
Compared to the Jackson Fault
"By comparing the Jaékson‘thrust fault with tHe Muddy Mountaiﬁ

thrusf 6f southeast Nevaéa, some.similarities and differences are re-
vealed. In both cases.the breccia frégment size decreases near the
fauit plane, which is due to the mechanical grindiné.and brgakdown of
the rock. The most intense cataclasis on both faults occurs within 4 -
5 m of the fault and decreases or ends 10 - 12 m from the fault sufféce.
Brock and Engelder (1977) found that sor£ingidecreas§s near the fault
plane of the Muddy Moﬁntéin thrust, in contrast to the Jackson where
sorting increases nearer the fault plané. In the Muddy Mountain .thrust,
Paleozoic carbonates are thrgst over Mgsozoic sandstones, whereas with
the Jackson, a Cambrian limestone is thrust over a Cretaceous shale.
There is'cataclastic deformation (breccia) in the footwall of the Muddy
Mountain fault but no brecciat;on appears in the footwall of the Jackson
'fault.. Finally, Brock and Enéelder (1977) proposed_that‘the Muddy Moun-
tain thrust sheet slid down a pre-existing slope (gravity slide).

A comparison with‘Lageéon's data (1980) oﬁ thélAbsarbka féulﬁ of
Wyoming reveals similaritieé with the Jackson fault, with differencés
priﬁarily inlthe details. Zones A and B of both the Absaroka and Jack;
son thrust faults are at approximately the sémé distances from the fauit

plane. The breccia fragments are approximately the same size in zone A3,
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but are lérger in -zone B on the Absaroka thrustﬂthan on the Jacksén
thrust fault.. Sorting in the hanging wall increases és_the fauit p;ane
ig approached in both cases. Minor brecciatioﬁ occurs inlfhe.footWall-
of the Absaroka fault (Jurassic limestone),,gﬁt no breéciation oecurs
in the footwall of the Jackson fault’(Cfetacgous shale) .

From the above review and interpretations, it is sugge;ted that
sorting of breccia fragments may be a possible indicator of mode of
movement along a thrust-sheét. In thé case of gravity sliqihg, where
movement may be essentially a one~time event, the sorting of the breccia
fragments is poorer relative to the original sorting of the rock unit,
such as with the Muddy Mountain thrust fault. On the other hand, th;ust
faults interpfeted to'have formed as a result of lateral ;ompression,
such és-the Jackson and Absaroka faults,'tend to have more well sorted
fragments nearer the fault plang. It is suggested that the increase in
‘sorting of the fragmeﬁts nearer the fau}t, may be due to mu1£iple re-
working and milling of the fragments during thelspasmodic advancement

of the thrust sheet over long priods of time.
SUMMARY
It is interpretéd that lateral compression resulted in movement
along the Jackson thrust fault, with tectonic transport of the Jackson -
thrust sheet being accomplished primarily by stick-slip motion. Lack of
brecciation in the footwall and anlinéreaSe in the degree of sorting of °
the breccia fragments suggests that gravity sliding was not the cause of

- movement. The 8% average dilatancy is interpreted to repfesent the

presence of pore fluid which probably aided in movement of ‘the Jackson
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~ thrust sheet by reducing the normal stréss. Redgced Eéhesion between
the hanging wall rock (Gallatin Limestonef aﬁd footwall rock (Creta-
ceous Bear River Formation) aided in-effectively reducing the fri&tiohal
resistance to slip. Lack of evidence for stable sliding, such as a dis-
crete fault plane, further substantiates the pfoposition that movement
along the Jackson thrust fault was accomélished by étick-élip motion.

It is believed that the presence of'tectonic breccia effecfively 1owefed
'the frictional resistance to slip and'a;ded in movement by actihg like’

ball bearings.
ECONOMIC DISCUSSION

Prolonged and intensive mechanical shearing along thrgst’faults
produces drastic changes in the texture of the fault-zone matériai which
affects the shear strength,‘pg¥meability of fluid flow, capi;lary_prop-
erties, and other petrophysical properties (Manal, 1977). Fault geom~
etri and the characteristics of the fault-zone material are of primary
importance in the search for, and analysis of, hydrocarbon accumulétion;
When faults occﬁf, two economic questions arise: (1) what is the impact-
of the fauit on reéervoir porosity gnd permeability, and (2) d;és.a trap
exist? The following is a éiscussion of two schools of thought cthern—"
ing the effect of fault-zone cataclasis’on hydrocarbon accumulation and
migrafion and its application to the Idéhq—Wyoﬁing forelénd fold and
thrust belt. | |

Pittman's work (1981) with quartz sandstones of the Simpson Group
of Oklahoma-(brdovician) revealed that permeability and porosity was

reduced in the‘éatéclastically deforméd areas along faults. Granulation
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caused by cataclasis createé fault zone material that is cellular in
nature. The drastic reduction in pore aperture size im the granulatéd-
rock creates the potential for fault-sealing traps. Whén sandstone is
faulted agéinst shale,‘the small pore'apertures of the shale create an
updip seal regardléss of the nature of the fault zone. When sandstone
is faulted against sandstone two possibilities exist: (1) the fault
may be a seal or (2) the fault may be an updip migratory path for the
hydrocarbons. . .

Mandl and others (1977) found in their experimental work that por-
ogity and permeability increased along cataclastically deformed areas
associated with faults. They found that the material closest to thé
ﬁault zone was much finer than the surrounding material outside the
zone, resulting in thé pore size of the’zone being 1,000 times smaller
than the surrounding matérial. This implies that the capillary pressure
of the fault zone is 1,000 times greater than outside the zone. If this
is true, the capillary pressure thét a.non—wetting fluid (oil, gas) has
to overcome in replacing a wetting £fluid (water) in the.fault zone will
be approximately 1,000 tiﬁes greater (Mandl and others, 1977). Pittman
observed a bimodal grain size distribution, whereas Maﬁdl reported an
increase in the degree of rounding in the shear zone. Mandl concludes
that the porosity has increased and the grain surface per unit bulk
volume has been reduced. The reduction in the internal surface area
increases permeability, since'permeability is proportional to the third
power of porosity divided by the square of the specific internal surface

(Mandl and others, 1977).

]
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Data from the o0il and gas fields of the Idaho-Wyomipg fo?élahd fold
and thrust belt does nof support either hypothesis. .Hydrocarbon accumu-~
lation is dependent on the juxtaposition of a source rock against a
reser@oir rock. As in the case of Rykman Creek and Tgble_Rock fields,
.the hydrocarpons are ppoduced from sandstone ﬁnits.(Triassic Woodside
Formation and Jurassic Nugget Sandstone) in the hanging wall of a_thrust
fault_tha£ are in faglt contact with shales'(Lower Cretaceous) or other
source rocks in the foofwall (Athertén,‘personal communication, 1982).

It appéars that . the h;drécarbons héve migrated across the fault- into the
reservoir rocks in the hanging wall and have been trapped in the associ-"
ated hanging wall anticlines.

The examples would tend to suppoft Mandl's hypothesis that permea~-
bility is increased in the cataclasticglly deformed fault-zone maferiai.
In the Snakehead Anticline field the producing horizon is the Twin éréek

. |
Formation which is a calcareous shale and éhalely limestone which éwesf -I  ﬂ
its porosity to fracturing that is not fault related (Wéod, personal 1
communication, 1982). This would imply that faults are sealing features.
Many thrus£ faults are cemented at fﬁe Sﬁrface therefore, it is reason-
able to assume tha£ permeability inéreases during faultiné aliowing
migration of hydrocarbons across the fault into the regervoir rock, and
later seconda?y cementétion renders the fault impermeabie;

There is no evidence that'totélly.supports eithe;'hypéthesis,'
therefore, the relationship between fault breccia .and its influehce on'
fault zone characteriétics is more.likely some combiﬁation of both. The ' )
coméiéx inferaction betwéeg fault geometry and the cataclastic aeforma;

- tion associated with thrust faulting.greatly complicates the history of
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hydrocarbon migratioén and accumulation. Fault geometry and shear zone
characteristics ;re only two va;iables among many, but fprther study
should reveal some rélationships between the two that wOuid aid in eeco-

nomic exploration and exploitation.
CONCLUSIONS

Movement on the frontal Jackson thrust fault occurred in Late
Paleocéne—Early Eocene time and is interpreted to have beén caused by
lateral compression from the weét-southwest. It is suggested that move-
ment was accomplished b& stickéslié motion and was aiaed by:' (1) re-
duced cohesion between hanging wall and footwall rock units, (2) a
decfease in normal stress as'a result of an increase in pore fluid pres-
sure, and (3) presence of breccia fragments acting like Ball bearingé

reducing the frictional resistance to slip.
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