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Abstract:

The mechanical response of Archean "basement" rocks in the cores of Laramide uplifts has received
experimental attention, but there have been relatively few field studies documenting Laramide
basement behavior. The purpose of this study is to field test existing theoretical basement strain models
by documenting the geometry and kinematics of deformation in areas of good exposures. Field studies
along well exposed Squaw Creek fault and Canyon Mountain anticline, Gallatin Range, and three
anticlines of the southern Bridget Range, southwest Montana, were made by comparing foliations,
mesoscopic faults, and slickensides found in basement rocks to Laramide features found in the
overlying Cambrian strata.

The results show that in regions where the angle of discordance between the base of the Cambrian and
Archean metamorphic foliation surfaces was low (Bridget Range anticlines and Canyon Mountain
anticline), the basement deformed by oblique flexural-slip on preexisting foliation surfaces.
Passive-slip was important in regions where Archean folds blocked foliation parallel slip. Large (12
meter thick) internally undeformed blocks indicate break up of the folded layer into macrogranular
segments was preferred over coherent deformation. Deformation in bounding shear zones occurred
under sub-greenschist conditions. Decreased grain size and increased fluid influx accompanied a
transition from mechanical fracturing and frictional sliding to pressure solution slip. These observations
indicate a fold strain model and are compatible with the fold-thrust model (Berg, 1962).

At Squaw Creek fault in the northwestern Gallatin Range, the angle of discordance between the
sedimentary cover and basement foliation was high (80°). The absence of rotated foliation surfaces and
a planar upper basement surface indicate a rigid basement response at Squaw Creek. Slickensides
indicate left-lateral reverse slip where footwall strain was accommodated by synthetic,
foliation-parallel Riedel shears. These observations most closely resemble the thrust-fold model
(Erslev, 1986; Stone, 1984), although no force-folding of the sedimentary cover was observed.

Integration of this study with other field studies on Laramide basement deformation indicates that
folding of the basement occurred by a spectrum of mechanisms ranging from passive-slip to
flexural-slip folding to cataclastic flow. These field observations indicate that compressive buckling of
the sedimentary cover was accompanied by active basement folding.
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ABSTRACT

The mechanical response of Archean "basement™ rocks in the cores
of Laramide uplifts has received experimental attention, but there have
been relatively few field studies documenting Laramide basement
behavior. The purpose of this study is to field test existing
theoretical basement strain models by documenting the geometry and
kinematics of deformation in areas of good exposures. Field studies
along well - exposed Squaw Creek fault and Canyon Mountain anticline,
Gallatin Range, and three anticlines of the southern Bridger Range,
southwest Montana, were made by comparing foliations, mesoscopic
faults, and slickensides found in basement rocks to Laram1de features
found in the overlying Cambrian strata.

The results show that in regions where the angle of discordance
between the base of the Cambrian and Archean metamorphic foliation
surfaces was 1low (Bridger Range anticlines and Canyon Mountain
anticline), -~ the basement deformed by oblique flexural-slip on
preexisting foliation surfaces. Passive-slip was important in regions
where Archean folds blocked foliation parallel slip. Large (12 meter
thick) internally undeformed blocks indicate break up of the folded
layer into macrogranular segments was preferred over coherent
deformation. Deformation in bounding shear zones occurred under sub-
greenschist conditions. Decreased grain size and increased fluid influx
accompanied a transition from mechanical fracturing and frictional
sliding to pressure solution slip. These observations indicate a fold
strain model and are compatible w1th the fold-thrust model (Berg,
1962). .

At Squaw Creek fault in the northwestern Gallat1n Range. the angle
of discordance between the sedimentary cover and basement foliation was
high (80°), The absence of rotated foliation surfaces and a planar
upper basement surface indicate a rigid basement " response at Squaw
Creek. Slickensides indicate left-lateral reverse slip where footwall
strain was accommodated by synthetic, foliation-parallel Riedel shears.
These observations most closely resemble the thrust-fold model
(Erslev, : 1986; - Stone, 1984),. although no force-folding of the
sedimentary cover was observed.

; Integration of this study with other field studies on. Laramide
basement deformation indicates that folding of the basement occurred by
a spectrum of mechanisms ranging from passive-slip to. flexural-slip
folding to cataclastic flow. These field observations indicate that

compressive buckling of the sedimentary cover was accompanied by active
basement folding.



INTRODUCTION

Study Purpose

Basement-cored uplifts with intervening basins characterize
Laramide-gtyle deformation . in’the northern Rocky Mountain féreland
E(Figurekl). The questioﬂ of vhether the basement rocks‘in the cores of
Laramide Nuplifts‘ deformed‘in a rigid or non-rigid style has been the
subjeé; of liyely”debaté for dédédes (e.g. Berg 1962; Prucha and
;others. 1965;1_§tearns. 1978; Blackstone, 1981; Brown, 1983; Matthews,
1986). Froﬁ expé¥iméntal “investigations and cursory field studies,
fold v(Berg. 11962)j a;d‘non-fold (Stearns, 1978) strain models for
#aramidevbasgmen; defo:m@;ioﬁ have emerged.

i in the ‘npn-fold. ﬁoaél. the basement was upiifted in ‘rigid.
internally undeformed, fault-bound blocks (Stearns, 1978; Erslev,
i986). ,»Tﬁé overljing sedimehtary cover is force-folded (drape-folded)
6ver ;he basement during deformation. In the fold model, the basement
behavéd as a nonrigid ﬁody that deformed intgrnally by cataclastic flow
(Chappin and Nelson, 1986; Cook, i983; Hudson, 1955), flexural-slip
- (Wagner, 1957; Schmidt and Garihan, 1983), or by passive-slip folding
(Bafﬁ;;:f;ﬁ& ﬁouﬁgéh.‘,i§70;“8péng and othérs.; 1985).7 Comﬁressive
buckling of the overlying sedimentary strata accompanied active

basement folding in this model (Berg, 1962; Brown, 1983).
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3

To a large degree, the debate over the fold and non-fold strain
models stems from cross section construction techniques that model the
basement experimentally without referencing field relations (Stearns;
1978; vErslev. 1986; Spang and Evans, 1985). To a lesser degree, it is
due to equivocal exposures which lead to a myriad of interpretations
(for example Elk Mountain, Wyoming: Blackstone, 1980 and Matthews,
1986; or Rattlesnake Mountain, Wyoming: Stearns, 1971 and Brown, 1984).
In either case, inadequate field testing of these models on well
exposed basement structures has sustained the controversy.

The Bridger and Gallatin Ranges of southwest Montana are Laramide-
style wuplifts with good exposures of basement rocks apd sedimentary
cover. These structures present an excellent oppoftﬁnity to field test
the fold and non-fold modéls. Differences be£weén the mo&els are found
not only in the geomeéric configuration of the basement, but also in
the movement history, Therefore, testing the validity of these models
reéuires structural analysis of the geometric and kinematic elémeﬁté on
a mesoscopic and microscopic scale. These .analyses ﬁill Valso
constrain existing and future theoreticai models of basement
deformation,

During this field test, it was recognizea that’theupre-Laramide
foliation attitude has a profound influence on tﬁe mechanical role of
layering. Some foreland workers adamanély mainfain that the layering
plays no role in the rocks to be defined as "basemgnt“ (for example,
Matthews, 1986). However, this is an arﬁificigl definition that
clearly contradicts field evidence. Rather than ﬁaving an arbitrary

patchwork of basement - non-basement regions, it is appropriate to



4
consider all the metamorphic and igneous crystalline rocks of the

Wyoming Province as "basement"™.

Study Area

The Bridger and Gallatin Ranges are located in the northern end of
the Archean Wyoming Province (Engel, 1963)(Figures 1 and 2). These
ranges are cored by weakly to well-foliated quartzofeldspathic gneiss,

nonconformably overlain by Middle Cambrian sedimentary strata (Figure

3)-

Southern Bridger Range

The Bridger Range, located immediafely northeast of Bozeman,
Montana, is an asymmetric, north-trending, east-verging, Precambrian-
cored anticline with the west 1limb down-dropped by Cenozoic extension
(Figure 2) (Lageson and Zim, 1985). The Ross-Pass fault zone, located
in the central part of the r#nge. separates Proterozoic Belt rocks to
the north, from Archean metamorphic basement rocks to the south
(Craiglow, 1986)(Figure 2). Thus, this zone has been inferred to be
the south margin of Proterozoic Belt basin and thin-skinned thrusting
in the Helena salient, and the north margin of Laramide basement-
involved deformation (Craiglow, 1986, McMannis, 1955).

Gravity and seismic reflection data show that the basement of the
southern Bridger Range has been thrusté& 3 ~-5km over the Crazy
Mountains Basin, producing a basement ovefhang (Lageson and Zim, 1985).

Cenozoic extension on the west flank of the range produced a "perched
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6
basement wedge" (Lageson and Zim, 1985). The perched basement wedge
contains  three, north-trending, basement-cored anti;lines which
develoéed along the crest of the larger, Laramide Bridger Range
anticline (Figure 4). These folds are designated for reference as the
vestern, central, and eastern anticlines (Figures 4). The western and
central anticlines have excellent exposures of basement in their cores

and were chosen for detailed study of basement behavior.

Northern Gallatin Range

The northern Gallatin Range is located immediately éouth of the
Bridger Range. It is composed of several en echelon, northwest~
trending folds that verge to the southwest (Figure 2). Hanyvof these
folds are bounded by northwest-striking contraction faults that dip
northeast. Much of the range has been covered by Tertiary volcanic
rocks which post-date Laramide deformation (McMannis and Chadwick,
1962) (Figure 2). A Late (?) Cenozoic normal fault truncates the north
end of the range. |

Squaw Creek fault, Sourdough anticline, Canyon Mountain anticline,
and Suce Creek fault were selected for studyrbased on exposure quality
and structural significance. Squaw Creek fault is a major. northwest-
trending Laramide reverse fault at the northwest corner of the range
with good basement exposures along most of its length (Figure 2).
Sourdough anticline, located in the north-central part of the range, is
a large, northwest~trending, basement-cored anticline (Figure 2). A
tear fault separates the tightly folded, northwest-trending hose of the

fold from the north-trending, east limb (Figure 2). Poor exposures
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Methods of Investigation

The methodﬁlogy used in this field test of Laramide basement
strain models involves an analysis of geometric and kinematic elements.
Comparisons of pre—Laramid¢ structures in the basement were made with
Laramide structures in the overlying Phanerozoic section to  determine
which fabrics in the basement result from Laramide deformation as
opposed to Archean or Proterozoic deformation. These structural

analyses were then used to evaluate the fold and non-fold  strain

models,

Geometry

To establisﬁ basement geometry, thgorientation of pré—Laramidé
foliations and linéations were mapped in thé field. These penétrative
metémorphic features have been inferred.by radiomefricrage dates (2700
m.y.) to havé formed dufing Archean amphibolite to gfanulite grade
metamorphism (James and Hedge, 1980). ‘The attitude of Cambrian strata
was then mapped and'used for control of Laramidergéometff. )
| Orientations of pre-Laramide structures were piotteﬁ pn‘ eﬁgél
area, lowef hemisphere, stereographic projections an& re&ieved fbf a
consistent relationship with respect to the Paleoéoic étrata:l ‘Thus.
fhe ﬁaramide basement fabric was established from its‘ géometrical

relationship to the overlying Cambrian strata.

Kinematics
The = orientation, offset, and slip direction for each mesoscopic

fault mapped was recorded. . These striated and grooved fault surfaces
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provide a succinct kinematic record of deformation (Price, 1966). Each
fault defines a unique line of slip, an axis of rotation (b  kinematic
axis), and a direction of shortening or extension.

-The b kinematic axis (or axis of rotation) is defined as the 1line
which 1lies on the plane of the fault and is perpendicular to the slip
direction (Price, 1966). In monoclinic structures, such as the
asymmetric, concentric, Laramide folds in Paleozoic strata (Schmidt and
Garihan, 1983), the b kinematic direction for the fold is parallel to
the fold axis (Wilson, 1982, p. 12-15). The fold axis orientation was
determined by 1locating the pole (fold axis or pi pole) to the great
circle &efiﬁed by poles to bedding (pi circle). Baséa' on this
relationship, an axis of rotation for Léramide> Aefofmétion was
established. Collective consideration.ﬁf b kinemafié direétions. from
?ﬁléoéoié folds and siickensided fault surfacesr docﬁments’ the
kiﬁematics of basement rocks duriﬁg Laramide defofmﬁtion.

The’ posgibility- that movement on mesoécopic faults ‘represenfs
Cenozoic extension is unlikely sinde Paleozoic folds can be
cbhtinuousiy traced’ without any disruption by éxfensional faults;
Furthermoré. és- will be shown in Chapter 3, the mean b kinematic
direction détermined from basement faﬁlté was subparallel to the b
kinematic ‘axis of the Laramide fold, 'ihdicating that deformation of,
bﬁsement focké and Péleozoic'strata wvas coeval,

‘Infiuence of foliation attitude on Laramide baséméntbrespoﬁée was
detefmined by rbtéting foiiations into their pre-Laramide positions.
This was accomplished by stereographically unfolding the Phanerozoic

section into a horizontal, pre-Laramide attitude. The same rotation



11

was performed for the corresponding basement rocks, placing them in a
pre-Laramide orientation. However, horizontal Laramide rotations may
have affected the basement rocks. Therefore, only the pre-Laramide
foliation dip can be known with certainty.

-For a given structural domain, the pre-lLaramide foliation
attitude waS‘ correlated to Laramide basement response (fold or non-
fold). These correlations provide evidence for the effects of foliation

attitude on Laramide deformation.

Shear Zone Deformation

The‘ microscopic mechahisms by which Laramide strains were
acoommodated has received 1little attention. However, the rroie of
fluids. finite‘strain. and strain rate may have.varled siénifieantly
W1th1n the Laramlde structural prov1nce. Thus, petrographic studies
were made on twenty-flve oriented th1n sectlons from Laramlde shear
zones. M1neraloglca1 and textural observatlons were used to determlne
processes of deformatlon. retrograde mlnerallzatlon. and ‘pressure and
temperature eonditions. Results of these 1nvest1gat1ons were then
compared to other studies of Laramlde shear zones. | ‘

The proxlmlty of the f1e1d area to the south margin of the Belt
basin presented the p0531b111ty that the basement rocks were affected
by a 2roterozoic greenschist retrograde event. Therefore. shear zone
vanalysis was ‘limited to zones which show a »elear geometric‘ and

kinematic relationship to Laramide deformation.
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Models of Foreland Uplifts

The established geometric and kinematic relations were used to
evaluate the fold and non-fold models for Canyon Mountain anticline,
Squaw Creek fault and the Bridger Range. Other field investigations of
basement—cored anticlines in Wyoming, Colorado and New Mexico were

integrated with this study to establlsh a mechan1ca1 framework for

basement deformat1on in the fold model.

Archean Lithology and Deformation

The predom1nant Archean lithology in the study area is weakly to
well- follated quartzofeldspathlc gneiss, ‘ Amphlbollte is present as
boudlns. lenses. "and thin, fol1at10n-paralle1 layers wrthln the
quartzofeldspathlc gnelss. Quartz and pegmatlte dlkes cross-cut the
quartzofeldspathzc gnelss and amphlbollte.
| At least two styles of duct11e fold1ng are present in the Archean
metamorph1c rocks, The flrst style is character1zed by tight to
isoc11na1 folds with axlal-planar follat1on. The second fold style is
character1zed by open folds. These folds refold 1soc11na1 folds.
Therefore. tlght to 1soc11na1 folds are deslgnated Fl and Archean open
folds are designated F2. Wavelengths of F1 and F2 folds range from a
few centlmeters to tens of meters. Open folds on a k1lometer scale
are present south of Squaw Creek fault in the Gallatln River Canyon.

However. presence of these folds was 1mposs1ble to determ1ne in the

field area because of Laram1de foliation rotation.
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STRUCTURAL GEOMETRY

As will be shown in this chapter, basement folding accompanied
folding of Paleozoic rocks in the southern Bridger Range and Canyon
Mountain anticline. At Squaw Creek fault, however, there is no

evidence of basement folding.

Fold Style of Paleozoic Rocks

A near-cylindrical geometry for the Paleozoic folds investigated
is indicated by the narrow width of the pi circles (less than 20°
scatter)(Daﬁis. 1984) (Figures 5a, 6a, and 6b). In addition, folds in
the structurally dominant Meagher Limestone are opeﬁ and concentric aﬁd
have broad hinge zones.‘ Interlimb ahgles rangé ffom 90° in thé western
syﬁcline. 'Bridgef Ranée to 110°.' in the central anticline, Bridget
kange"(Figure‘6); The‘Pilgfim Limestone éxhibits the same geometry as
the Meagher Limestone eiéept>at Canyon'Mountain aniicline. Qheré “the
?ilgrim\ Limestone ié tightiy folded with éntinterlimb angle of 40°,
The Meagher Liﬁestdne in’this fold is cut by‘Suce'Creek fault and shows
an interlimb anglé‘of‘100°; Cambrian shales are significantly thickened
in the hinge zone of the central anticline, Bridger Range (Figure 6)
and aré considerébly«tﬁinned onifﬂe ovg:?urned. detached limb of Canyon

Mountain anticline indicating a similar fold geometry.
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Southern Bridger Range

Western Anticline: Paleozoic Geometry

Fold axes of the three anticliﬁeé withiﬁ»the "perched basement
wedge" of tﬁé Bridger Réﬁge trend to the north (Figqre 4), j The fold
axis for the south end of the weétern anticline.i;determined from
Cambrian Meagher Limesfone bedding, has a shgllow plunge to the south
and parallels the range treﬁd“(Figure 5a). The adjacehtvsfncline has
a fold axis with a similar tren§ and was used for céntroi of Laramide

geometry at the north end of the western anticline (Figure 5b).

Central Anticline: Paleozoic Geometry.

The central anticline of‘ the southern Bridger -~ Range is
geometrically unique. In the core of an open fold of Meégher Limestone
are two anticlines of Flathead Sandgtone with the ‘adjoining 1limbs
truncated by a high—éngle. reverse fault (Figure 6). The fault dies
out into & thickened section of ﬁolsey Shale. The slightly skewed
orientation betwéen the Meagher fold axis (Figure 6a) an& the fold axis
from the Flathead Sandstone tFig;re 6b) is attributed to a minor

detachment occurring in the Wolsey Shale.

Central and Western Anticlines: Basement Geometry

Planar Structures. Fold axes, . determined from basement
foliation surfaces in"thé. western and central anticliges._' are
approximately coaxial with the fold axes determined from Paleozoic

strata (Figures 5 and 6). This suggests that  Archean metamorphié
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foliation surfﬁces were folded into parallelism with Paleozoic bedding
(Figures 7 and 8). Thus, the geometry of these anticlines fits the
"fold" model of basement deformation proposed by Berg (1962) and
Schmidt and Garihan (1983), Field photographs of these anticlines
reveal the folded basement (Figures 7 and 8).'

Geometric analysis of basement folds suggests that a transition
from conical folds to cylindrical folds occurs with increasing distance
down section from the wupper basement surface. The angle of
discordance between Archean metamorphic foliation surfaces and the
Cambrian Flathead Sandstone is low (10°-15°). The linear intersection
of the foliation surfaces with the Flathead Sandstone is approximately
perpendicular to the Laramide fold-axis (Figure 9). This represents a
special arrangement where the angle of discordance (s) will remain
constant throughout cylindrical folding of the Paleozoic cover (Figure
9) (Ramsay, 1967, p. 496). The result is conical folding of the upper
_basement surface (Figures 5S¢, 6c, and 9).

The 1loci of poles to foliation at the south end of the western
anticline are concentrated about a small circle that corresponds to a
conical fold in the upper basement surface (Figure 5¢). The cone axis
is parallel to the fold axis defined by poles to bedding (Figure 5a).
The conical form gives way to cylindrical folding in structurally lower
levels to the north (Figures 5d, 5e, and 5f). Above and below the
zone of transition the basement and cover‘rocks deform independently.
An analogous transition zone has been noted at Big Thompson anticline,

Colorado (LeMasurier, 1970) and is discussed in Chapter 5.
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generally represents a lower order of symmetry. The scatter of poles to
foliation is explained by two episbdes of superimposed, Archean folding

overprinted by Laramide folding (Figure 10).

Squaw Creek Fault

Paleozoic Geometry. Squaw Creek féult. located in the

northwestern Gallatin Range, has a northwest-trend similar to Suce
Creek fault, but dips more steeply (314; 80 NE) (Figure 14). Tertiary
volcanic rocks cover the central portion of the fault and  divide it
into two exposed segments. The southeastern portion is referred to as
the "Timber Butte segment™ and the longer, northwest exposure of the
fault is designated the "northwest segment". Minimum stratigraphic
displacement of 1455 meters is evidenced by basement rocks placed over
Cretaceous Colorado Group rocks (McMannis and = Chadwick, 1964).
Imbricate faulting in the hanging wall takes up displacement at the
southeast end of the northwest segment (Figure 14).

The geometry of Paleozoic rocks at Squaw Creek fault is
characterized by planar, shallow-dipping strata. The footwall of Squaw
Creek fault is comprised of planar, shallowly-dipping strata, cut by
numerous north to northeast-trending faults (Figure 14). The only
exception to this geometry are two smail. northwest-trending, en
echelon f£folds in Missiésippian-strata. truncated obliquely by Squaw
Creek fault (Figure 14c, open circles). " With the exception of an
outlier of shallow dipping Cambrian rocks, Paleozoic rocks are absent
from the hanging wall, The Flathead Sandstone, which overlies exposed

basement in the imbricate slice, is planar and subhorizontal (Figure
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14b)., Immediately adjacent to the fault, disharmonic folds are present

in the Meagher Limestone indicating a minor detachment in the Wolsey

Shale.

Basement Geometry. Basement geometry in the Squaw Creek area is in
marked contrast to the configuration identified in the southern Bridger
and northeastern Gallatin Ranges. The geometry is characterized by
foliation with a steep dip and either north to northeast strike
(ndrthwest segment) (Figures 14a, 14d, and l4e) or northwest strike
(Timber Butte segment) (Figure l4c, solid circles).

Absence of rotated foliations and the planar Flathead-Archean
contact indicate that basement in the vicinity of Squaw Creek fault
behaved in a rigid manﬁer. The contrast between basement behavior at
Squaw Creek fault and other structures in the study area results from
different pre-Laramide foliation attitudes, as discussed in the

following chapter.
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MECHANISMS OF LARAMIDE BASEMENT DEFORMATION

Control of Pre-lLaramide Foliation

The orientation of foliation surfaces exerted a fundamental control
on basement response to Laramide deformation in the study area.
Except at Squaw Creek, Precambrian foliation surfaces have been folded
into parallelism with the overlying Paleozoic strata. Restoration of
folded foliation surfaces to their pre-Laramide orientation yields a
subhorizontal attitude (Figure 15). The pre-Laramide dip ranges from
10° in the western anticline to 24° at Canyon Mountain anticline. At
Squaw Creek fault, however, Laramide basement folding was absent and
the restored foliation dips 70°-80° (Figure 15).

In regions where folds developed, the subhorizon;al foliation
surfaces provided a path of low shear strength. As the Lkinematic
indicators presented later in this chapter suggest, the subhorizontal
foliation surfaces allowed the basement to shorten by flexural-slip
folding along foliation-parallel surfaces.

Correlation of shallow-dipping, pre-Laramide surfaces with Laramide
folds indicates that orientation of foliation controlled the basement
response. Application of this axiom to the poorly exposed Sourdough
anticline explains the presence of the tear fault along its east 1limb
(Figure 2). This fault separates the tightly folded, northwest-
trending segment of the anticline from the openly folded, north-

trénding. east limb (Figures 2 and 15). Rotation of foliation into
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Fold Kinematics

Slickensided and striated fault surfaces reflect the
displacements, rotations and distortions of basement rocks during
folding. In this section, analysis of these mesoscopic subfabrics will
provide evidence that the basement deformed predominantly by oblique,
flexural-slip with lesser amounts of passive-slip (Donath and Parker,
1964). Passive-slip occurred in regions where Archean folds blocked
foliation—pérallel glide planes. Large, internally undeformed,
basement blocks indicate a significant amount of deformation was
accomplished by macrogranular rotation and translation. These elements

of deformation are considered in detail below.

Foliation—-Parallel Faults

Slickenside striations measured on foliation-parallel shear
surfaces from the western and Canyon Mountain anticlines are symmetric
about their fold axes (Figure 16). Symmetry of these slickensides
about the Laramide axis of rotation indicates they formed in concert
with Laramide folding of overlying strata. In the ideal case for
cylindrical, flexural-slip folds, slickenside lineations lie on the pi
circle of the fold, perpendicular to the fold axis (Figure 16, dashed
great circles)(Donath and Parker, 1964). However, slickenside
lineations for these anticlines plunge more steeply than the ideal
case in the direction of pre-Laramide foliation dip (Figures 15 and
16). Therefore, a component of simple shear occurred between foliation

surfaces, parallel to the fold axis. This mechanism of folding has
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the foliation surface. Extension faults (group II), also dip-slip,
form an angle of 70°-90° with the adjacent foliation surface. Group
III faults are primarily strike-slip and form a high angle with the
adjacent foliation surface. These faults serve specific kinematic
roles in passive-slip folding and accommodating bending strain

(tangential longitudinal strain), as discussed below.

Pasgsive—slip. Contractional faults (group I)(Figure 19) form in

regions where pre-Laramide foliation attitude was at a high angle to
the shearing stress imposed by interfolial slip. As flexural-slip
folding progressed, shear stress on foliation surfaces was relieved by
interfolial slip and the maximum principle stress direction became
foliation-parallel (Parker and Donath, 1964; Price, 1966).

Most contractional faults form a 35° to 45° angle with the
adjacent foliation surface. Ingsight into deviation from the 30° value
predicted by Mohr-Coulomb fracture theory is provided by triaxial
compression tests performed on anisotropic rocks (Donath, 1964). These
tests demonstrate that for anisotropy orientations of 45°-75° to the
paximum principle stress, the resulting shear fracture occurs at 45° to
the méximum principle stress. For orientations less than 45° to the
maximum principle stress, the fracture follows the anisotropy.
Therefore, in regions where interfolial slip was impeded by Archean
folds, the resulting fault occurred most frequently at 45° with respect
to the adjacent foliation surface. Where the foliation was oriented at

an angle less than 45°, layer-parallel slip occurred.



BB

< "$T4$ %r (S (* () 8

||% $ # ' 3 3 ##$u u% #||$ ' #u |@
% " 5 n $ ( * # $ n n % #n $ A@ +$ % m
ll(l n M )( # #ll $ # $ n 1 ] ] +$ % n +

" 6 3 <AA@



BF
69 '$+H#$ 7%  H#S%( # S "%
C#S% 1+ #'S'Y #H #'9'$ )
SN "% T #)ES L H#N;, @ D' $"%,
#9%' ( "% #E"$'$+')$" NS #$%3 (

T L AR S ,@

, 4'" % ,#%$% "8 * " $ 3
1% " * g #5% (3 % $" +" "5SS
"% '$ % "+™MOS+HH'S % " %( " @
## ' " $)( "$ #)Y" Q"$ * "%0"

#$"



Bl

;&M T (%) (8 #
9 "$ #$" U S)(#* " §  *'$
> 7 +S$S % $ #S"  $8  #

#$" - ++ ($ %" "+ My

# $% T @ >"7 + %""+"9 '$+
"H * # ' O H#$" %'+ % ( 4 " # 3%
$" tH ++ ($ "9 > %
% # )" "% % ") " $ %# ) $ T+ #

7 s Y #

"$D % "$>"

1$ #" ""#%' *$$ '$ "' "9

+ 48 "8 %" "$S "%+ + % B
B$%% S ;Y <A3+ <=@ "' 8 ' "$

H#OS "% " 'S " #



36

Between the regions of contraction and extensien lies a surface of
zero tangential longitudinal strain known as the "finite neutral
surface" (Ramsay, 1967, p. 398). A few of the contraction faults that
were not associated with shortening in regions of Archean folding are
interpreted as accommodating inner arc ehortening. However, as will be
explained in the next section, thick mechanical units tend to break
into rigid body segments with no internal strain. Thus, there are
comparatively few contraction faults related to inner arc shortening.

Normal faults (group II)(Figure 19) form in response to tangential
longitudinal strain above the neutral surface. Normal faults occur
most frequently along the hinge zone where outer arc strain is
greatest, These faults are interpreted to be instrumental in the break
up of the buckled layer into macrogranular blocks. Strike-slip faults

(group III) bound macrogranular blocks where they accommodate shear,

oblique to the axial plane.

Macrogranular Displacements

Macrogranular displacements are indicated where large, internally
undeformed blocks have been passively rotated and translated along
cataclastic shear zones (Figures 21, 22, and 23). Absence of internal
deformation is seen in undisrupted, 1large wavelength, Fl1 and F2 folds
within the blocks. In some cases, the wavelength of these folds
controlled the thickness of the block (Figure 22). Abundance of
leucocratic minerals and absence of discrete mica layers also
contributed to the unstratified response. Extensional faults (group

II) and fractures as well as shear faults (group III) bound these

blocks.,
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Figure 22, Line sketch based on photo mosaic of the western anticline.
View is looking north. Line of drawing is A-A' in Figure 5. Right side
of sketch is shown in Figure 7. Heavy lines are cataclastic shear
zones., Thin 1lines are foliation surfaces. Note development of
cataclastic shear zones in regions of Archean folding. Folds inhibit
slip along foliation surfaces and result in large blocks which are
internally undeformed (blocks indicated by arrows). Cataclastic shear
zones are narrow (<5 centimeters) or absent in well foliated garnet-
amphibolite gneisses and schists on east limb of fold. Numbers are

slip estimates based on thicknesses and dip of mechanical foliation
units.

These observationgs indicate -that although the basement was
foliated on a centimeter scale, in places the 1lithologic foliation
played no mechanical role in the deformation. Apparently, break-up and
extension of these mechanically thick units into macrogranular segments

wvas preferred over coherent deformation with 1large amounts of

tangential longitudinal strain,
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Shear Strain Estimates

A variety of small-scale structures reflect the shear strain
accommodated in large cataclastic shear zones. In several shear zones,
a ductility contrast is present between cataclastically deformed
material and rigid feldspar and amphibolite layers. Shear strain was
accommodated in these layers by normal and contraction faults, brittle
bouding, and brittle £folds (Figure 24). DBecause the deformed layers
were initially parallel to shear zone wallé. there is no methodv
available to compute the amount of strain from their deformation
(Ramsay, 1980; 1983).

However, the stréin accommodated by slip (s) along the outer
surface of a folded layer of thickness (t) can be computed based on

limb dip (@) (in radiens) by the relationship:
8 = ta (Ramsay, 1967, p. 393).

This relationship also explains the absence of thick cataclastic
shear zones in well-foliated rocks. Where the basement 1is
characterized‘ by well-foliated biotite gneiss, such as on the east
limb of the western anticline (Figure 22), slip surfaces occur at 10-20
centimeter intervals., Slip estimates based on the maximum observed
limb dip of 60° sghow 9 centimeters of slip (Figure 22). Thus, rocks
with closely spaced foliation surfaces underwent small amounts of slip
spaced over a large number of slip surfaces. Biotite on these surfaces

provided discrete layers of low cohesive strength which acted as slip

surfaces during deformation.



%
#'$3

R
$

S %

4( $3

(S 8

¥ ()88

$# '%3 # )%

"%

34389

Bl

Y% % 8 '
'S #'$ 4

% " %8 "$'S+"S

*-$)(# 1

#$% "8

o 1 #$
;

1 $ *



FH

R "#""$"'3 "%3 " % "9 #$"
) # )+ st )9) #
) "8 3 T t# % "
#) L) T L@ B+ S ST T %+
=) CHSET %S (% # T ($
@ ) " H%H )" AR
+' % &'+

YO$) H%H ) #  #$8 "$'S+ B#HI%
)%S$B " )N'7% " %"$7T%D""N% " $ *
" # %' %" (* #$" TH "% 9%

$*; ,@ &"+ 3 $9 #

% # )" "% ( +M™M9 s+
H+O"$s T+
1 o) >>>> .,
+ 4 !
4)%$ #(") %# )" txongE" $

# %' %' (* %) " 9 "% (") #$"
Cogn



41

LARAMIDE SHEAR ZONE DEFORMATION

Shear zones are loosely defined as narrow, sub-parallel zones
characterized by large amounts of deformation (Ramsay, 1980). These
zones represent discrete strain discontinuities that accommodated
Laramide basement shortening. Mesoscopic and microscopic observations
of shear 2zones reveal characteristics of brittle and brittle-ductile
deformation in a near-surface (< 2km), sub-greenschist environment
where hydrothermal played a critical role. Deformational mechanisms
show a transition from mechanical fracturing to pressure solution with

decreasing grain size. Retrograde metamorphism was deformation-

enhanced,

Metamorphism

Pre-Laramide Mineral Assemblages

The pre-Laramide mineral assembiages chosen for detailed
petrographic study are typical of almandine zone, amphibolite-facies
metamorphism (Turner, 1968). Rocks indicative of sillmanite zone
metamorphism have been identified in the northern Gallatin Range (May,
1986), although none were examined in this study. Quartzofeldspathic
rocks of the central and western anticlines are characterized by the
assemblage An,, + K-feldspar + biotite + quartz. At Canyon Mountain

and the western anticlines, basic rocks are characterized by the

assemblgge: ferrohastingsite + An3° + quartz + biotite + garnet + K-

feldspar. 1In thin sections of rocks unaffected by Laramide
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 Sericite. Sericite was found as a secondary alteration product
of plagioclase and is conspicuouély absent on most K-feidspar grains,
Much 6f fhe sericite appears as disseminétedr flecks encased in

plagioclase grains, or as stringers forming preferehtially along albite

twins.,
Actinolite. Actinolite occurs as minute, undeformed, elongate,
randomly oriented crystals that post-date deformation. Its

occurrence ‘is restricted to shear zones that truncate and offset

veins of euhedral epidote.

Hematite, Hematite was identified in the field on slickensided
s8lip surfaces. In thin section, hematite occurs as opaque blebs along

microcracks and microfaults. It is often associated with chloritized

biotite.

Calcite Calcite occurs as euhedral vein filling which cross—cuts

all other microfaults and veins.

Physical Conditions of Deformation

Although epidote, actinolite, and chlorite are present, the
greenschist assemblage (albite + actinolite + epidote + chlorite) was
not identified (Turner, 1968). This mineralogy indicates conditions
of deformation were sub-greenschist facies. However, presence of
epidote suggests. fluid temperatures were considerably hotter than
ambient conditions. Ambient conditions were characterized by - a
maximum lithostatic pressure of 670 bars (based on an average geobaric

gradient of 0.3 kilobars/ kilometer and 2 kilometers of Phanerozoic
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overburden) and - a rock temperature of 80°entigrade (based on a high
geothermal gradient = of . 40%entigrade/kilometer) (Best, 1982).
Investigations into the lower stability limit of epidote, based on
natural océurrences. indicates the minimum temperature of formation is
approximately 200°C at 670 bars (Seki, 1972). ° This temperature is
based on conditions of formation in iron-rich basalts that. possess
oxidizing conditions (Seki, 1972).- A decrease in iron or oxygen
fugacity would. only  increase the minimum temperature of epidote

stability (Liou, 1972).°

Mechanisms of Shear Zone Deformation

On a microscopic scale, shear zones show characteristics of brittle
and brittle—dﬁctile deformétion. In brittie deformatién. rupture ié a’
éﬁoﬁtaneoﬁé‘evenf ﬁarked by a r#éid decrease in stress tﬁat acéompanies
fraétufing (Patefson. 1978).> In the rock recdrd. brittle’proéééégsare
mgrked by unstable fractﬁré;‘that é#t acrosé érain boundaries F(Mitré.
1984); Afhéée frgctures‘ shear off éolycryséallinevffagments of Qall
;ock. Internally, | these éggéegates show no sigﬁ éfr _dﬁctile
deforﬁatibﬁ. indiéafing \that streéqes were relievedr inéf?ngéneoﬁsly
(Mitra, 1984). ” |

The’ heterogeneous- mineralééybaf the éﬁartzofeldspathic basement
rocks résulted iﬁ brittle and ductile processes operating concurrently
during some stages of deformation. These brittle-ductile zones are
characterized - by stable fractures that end at grain boundaries
(Paterson, :1979; Mitra, - 1984).  Strain accommodation in  the

surrounding grains occurs by ductile processes of either. cataclastic
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flow, dislocation gliding, or diffusion (Mitra, 1984).

In Chapter 3 (Figure 22), shear zone width was shown to increase
with increasing strain. Thus, an individual shear zone records
progressive deformation from the outer to inner zone (Mitra, 1978).
This process involves work hardening of the fracture zone such that
continued shearing incorporates fresh wall rock (Mitra, 1978). The
following discussion records the seduence of deformation ‘across  a
narrow zone of intense deformation based on mineralogical and textural

criteria. Mesoscopically, a single shear zone is comprised of an

intricate, anastamosing system of these zones.

Stage I — Unstable Fracturing

The initial_ stages of deformation are marked by predominantly
brittle processes :alqu shear zone walls. Unstable fracturing was
characteristic and is seen in numerous fracturgs4that cut across grain
boundaries (Pattefson.' 1978). Lenticular rock fragments, parallel to
the zone margin.‘ suggest‘that sliding occurred parallel to the zone
wall. Further :fracturing and wear due to frictional sliding is
inferred by a progressive decregse in grain size with distance from the
zone margin (Figure 28; zéne 1). As the percentage of matrix

increases (Figure 29; zones 1-2), a transition from unstable to stable

fracturing occurs.

Stage II - Cataclastic flow.

The inner zone is characterized by distinct zones of
microbreccia and cataclasite, separated by narrow zones of mylonite.

Grains in the microbreccias and cataclasites (Higgins.‘71971) ‘are
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With decreasing grain size, an increase in applied stress was
necessary for further fracturing.- This relationship is known in the
metallurgical 1literature as the Hall-Petch relationship and was first

applied to geological situations by Mitra (1978):

og=0, +K/a"1/2) (Mitra, 1978).

Where o is the applied stress, 0, is the stress from friction due to
dislocation pile ups, K is a material constant and d is grain size.
The Hall-Petch relationship indicates that for a constant applied
stress, continued grain size reduction results in strain hardening
within the fault zone (Mitra, 1978, 1984). Eventually, a minimum
grain size will be reached that is inversely proportional to the square
of the applied stress. A transition then occurs where further grain

deformation is inferred to occur by chemicalrprocesses (Mitra, 1984).

Stage III ~ Pressure Solution and Dislocation Processes

The inner-zone mylonite has a well-developed, secondary foliation
characterized by flattened quartz grains in an anstamosing matrix of
‘clay and hematite (Figure 31). This zone is deficient»in more mobile
constituents such as quartz, but shows an increase in insoluble
residues of clay and hematite. The relative abundances of these
minerals indicates deformation in this zone occurred, to some degree,
by pressure solution (Ramsay, 1980; Elliott, 1973). Absence of
overgrowths suggests the dissolved material moved into regions of 1low

pressure in neighboring cracks and is now preserved as syntectonic vein



#$$ ; =@ D" 3 #$" %F"7 "''* $*"$
e % +'"$$$ SR AR X3 3 )

) 06" % (%S T+

7 0)% U T7%("MY) 0§
"% 8% ' % ) $ '# #5° % F"7 6
8 $

% "t T %ttt @
W) 3 ") % (" " %HE "$+
7 03" " %" ¢ %#H "$HS* S CES 3 <=@
4#'$ %O$+) + "% T %#) 3 "+
oo % )8 ; <@ ' # % "9 % %

#) # "$S% S ) " %u#
£ (% es (1)

'St # T ($ 13 <=2@ "%

$)" L8 S+ # # $'% HO'$

"%! "3 <?A@



51

Other Studies of Laramide Shear Zone Deformation and Metamorphism

A very small body of knowledge exists concerning Laramide
overprinting of Precambrian assemblages. Bruhn and Beck (1983) noted a
greenschist overprint in shear zones associated with Sevier-style
thrusting - of quartz-monzonite gneiss of the Precambrian Farmington
Canyon Complex along the Ogden thruét. The retrograde assemblage
identified was epidote, chlorite, stilpnomelane, and sericite. Mineral
textures of these rocks are similar to those identified in this study
and include ©pulverized and sheared epidote and streaked out
phyllosilicates along fault surfaces.

Hoppin - (1970) noted that epidotization and chloritization
accompanied deformation in Laramide shear zones which bound the
northwest flank of the Bighorn Range. The protolith in this region was
a biotite-quartz-oligioclase gneiss. Intensity of alteration increased
with proximity to the shear zones.

In the Wind River Range, Wyoming , Mitra and Frost (1983) proposed
deformation in Laramide shear zones occurred under zeolite conditions
(1 kilobar; 150° centigrade), with only smali amounts of fluid present
in the system. Their proposed conditions of deformation were based on
the growth of phengitic mica along shear zones in the Flathead
Sandstone.

Mitra (1984) concluded that deformation along the White Rock
thrust, an imbricate splay of the Wind River thrust, occurred at &
kilobars and 250%entigrade based on palinspastic restoration.

Deformational mechanisms show a transition from brittle to brittle-
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ductile processes and an increase in diffusional processes with time,
The textures of these zones are similar to those identified in this
study. However, in the White Rock thrust zone, only minor amounts of
fluid were present and the transition from brittle to br1tt1e-duct1le
deformation is attr1buted to large strains (Mltra. 1984). Significant
retrograde ﬂmineralinetion iin the‘ shear zones of the Bridger and
Gallatin Ranges 1nd1cate the transltlon from brlttle to br1ttle-duct11e
processes occurred in response to fluid 1nflux. Although the pressure
and temperature cond1t1ons are similar to those'identified in Laramide
shear‘nonesrof southwest Montana, ‘absence of fluids in the Wind River
Range ‘allowed‘ only e minimum lof mineral reequilibration. Thus,
conditions of deformatlon noted in thls study appear more closely

related to those along the Ogden thrust and Blghorn Rsnge.
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MODELS OF FORELAND UPLIFTS

VDrage ;fold (Stearns. 1978). fold-thrust (Berg. 1962°‘ ﬁrown.
1983). and thrust fold models (Stone. 1984' Erslev. 1986) have emerged
as 1nterpret1ve models for the geometry and origin of foreland uplifts.
Interpretatzons based on detalled f1e1d work in thzs and other studies
(Erslev. 1986) 1nd1cate the thrust-fold model has applzcatlons to non-
fold structures such as Squaw Creek fault.

In reg1ons where the sed1mentary cover is folded and the basement-
sedzmentary | nonconform1ty is ava1lable for direct observation,
lnvestigators }have recognized a mobile»basement (fold model). The
mobile basement is _eompatible with the fold-thrust model (Berg, 1962).
Canyon Momntainv anticline and the Bridger Range are shown to be
specific examples’ éf vthe'fold-thrust model based on geometric and
k1nemat1c relat1ons. Th1s and other f1eld stud1es indicate foldlng of
the basement 1s accomp11shed by a spectrum of mechanisms rang1ng from

flexura1~sllp to pass1ve-s11p to cataclastlc-flow.

Drape Fold Concept

Drape folds or force folds are defined as folds where the geometry
of the strata is 1mposed by a lower forczng member (Stearns. 1978). In
its class1c form. the sedlmentary strata are passively draped omer
steps deflned by d1fferent1a1 uplzft of basement blocks. The basement
behaves r1g1dly and undergoes primarily vert1ca1 up11£t w1th some minor

rotation of blocks (Stearns, 1978; Pruchs and others, 1965).
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"Critics of the drape fold concept point to a disregard for a
geometrically - feasible basement configuration (Stone,  1984).
Restoration of basement block uplifts to their pre-Laramide  position
leads to major gaps (for cross sections with vertical faults) ‘or
overlaps ' (for cross sections with fleur-de-lis faults). . Furthermore,
the stratal ‘length which bounds the hanging wall cutoffs must be
transferred along detachments between the sedimentary strata and
basement blocks. ° Several researchers have noted that major basement
detachments of this type do not exist (Hodgson, 1965; Blackstone, 1980;
Stone, 1984;  Schmidt and Garihan, '1983). In spite of these
deficiencies, the drape-fold concept was popular among some geologists

for over a decade. |
‘COCORP ‘seismic surveys largely dispelled the drape-fold model.
Deepricrustal -seismic reflection profiling show faults which maintain
moderate dips down to the brittle-ductile transition. 1ndicat1ng the
uplifts form in response to horizontal compression (Brewer and others.
1981° Brewer and others. 1983). Furthermore. oil and gas drilling has
penetrated through basement overhangs into overturned Phaneroz01ckrock;

as predicted by the fold-thrust model or thrust-fold model (Gries.

1983).

Fold-Thrust Model :

The fold-thrust model is characterized by active folding of the
basement and overlying sedimentary strata (Berg. 1962) The
deformational sequence begins with development of an asymmetric.

.. R

basement-cored anticline with a minor forelimb fault 1n the sedimentary
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strata.,  Progressive folding results in faulting of the synclinal
hinge, followed by rotation and overturning of the forelimb (Berg,
1962). Some thinning may occur on this limb from shearing along the
fault zone. The result is a classic, "mountain front" overhang where
basement rocks lie over younger sediments (Brown, 1983). Dynamically,
the model is compatible with a region undergoing horizontal
compression, Earthquake focal studies from basement-involved regions
in the Andes (a modern analogue to Laramide-style deformation)
indicate a region undergoing horizontal compression and corroborate the
fold-thrust model (Jordan and others, 1983). Field evidence from
Canyon Mountain enticline and the Bridger Range indicate these

structures are compatible with the fold-thrust model.

Canyon Mountain Anticline

Schmidt and Garihan (1983) suggested a kinematic model for Canyon
Mountain anticline¢ that invokes- east-west shortening along a
preexisting normei’fauit;>‘ However, shortening directions. determined
from mesoscoplc fault data using the method of - Allmendlnger (1986),
1nd1cate northeast-southwest shorten1ng in the core of Canyon Mountaln
ant1c11ne (Flgure 328). Sllckenslde 11neatlons. measured along
mesoscoplc fault surfaces parallel to Suce Creek fault, show south-
southwest transport and predomlnantly d1p-slzp movement (F1gure 32b)
Th1s motlon is not compatlble w1th east-west shortenlng on a
preexistiné nornai fsult; where a large component of s1n1stral sllp 1s
expected (Schmidt and Garxhan. 1985). However, it is compatlble with
northeast-southwest shortenlng.A The coarisl shortening directions of

Canyon ﬁountsin anticline and Suce Creek fault- suggest thrusting
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accompanied basement folding.

A series of interbasgment faults parallel Suce Creek thrust and
indicate that some shortening was accommodated by axial-planar faulting
in the core of the anticline. These faults occur as narrow (10 cm),
cataclastic shear zones and, in places, bring up chloritized horses of
amphibolite. In the center of the anticline, at a structurally deeper
level, they occur as foliation-parallel shear zones. Where these
faults intersect shear surfaces related to basement folding, they

offset them, suggesting basement folding preceded faulting.

n=19

a. b.

Figure 32. Shortening and transport direction are perpendicular to the
fold axis at Canyon Mountain anticline., Equal area, lower hemisphere,
stereographic projections. a) shortening directions based on mesoscopic
faults and b) transport direction based on slickenside lineations

measured along Suce Creek fault. Contour interval is 0, 5, 10, and 15
% per 1 Z area.

These kinematic elements reveal the following movement history.
Northeast-southwest shortening resulted in flexural-slip folding of
subhorizontal foliation surfaces. With continued folding, the
anticline became asymmetric, verging to the southwest. When the fold
. approached an interlimb angle of 100° (determined from the curved upper

basement surface which can be continuously traced), shortening was
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accommodatéd by axial planar sliding. Suce Creek thrust formed along
Cambrian shales in response to crowding in the footwall syncline and

cut down-section, possibly becoming foliation parallel at depth.

Center Hil Anticiine Canyon Mountein Anticline

NE
- 2000m

} 1000m
0

= 1000m
- —2000m
-\.‘ M
[ -3000m
|- ~4000m

- -5000m

- -6000m

- ~7000m

Figure 33. Cross section through Canyon Mountain anticline. Line of
gsection is shown in Figure 2. Pl and P2 are pin points from Center
Hill anticline and Fleshman Creek syncline respectively (Figure 2). Rd
is regional dip that top of basement line length is restored to. Ku -
Upper Cretaceous; K1 - Lower Cretaceous; J — Jurassic; Pz - Paleozoic;
Am - Archean metamorphic rocks.
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A cross section through Canyon Mountain anticline was constructed
by modeling the basement as blocks which are capable of undergoing
foliation-parallel shear (Figure 33). In addition to the geometry of
the Phanerozoic sediments, the cross section is constrained by: 1)
flexural slip foldihg of basement rocks, 2) foliation-parallel faults
and, 3) subhorizontal pre-Laramide foliation attitude. The basement is
restorable in line length énd area along a regional dip of 7° (Figure
36, Rd). The regional dip may reflect uplift due to post-Laiamide

volcanism or rotation along a master fault.

Bridger Range

Seismic profiles across the southern Bridger Range show west-
dipping basement faults ~ subparallel to the axial plane of the
Laramide Bridger Range anticline (Lageson and Zim, 1§85).N Tﬁese faults
are believed to be analogous to the foliation-p#réllel. ‘éataclastic
shear zones found at Canyon Mountain. Aﬁ east-ﬁésﬁ ‘ghoytening
direction for development of the Bridger Range is iﬁf;rredh‘from:
mesoscopic fault strain data from the western anticliné (Figufe734)r AY
shortening direction perpendicular to the range tteﬁd; axial fpiﬁhaf
thrusts, and folded basement of the western and centrai aﬁticlipes é?e
all characteristics that are compatible with the‘ fold-fhrust ﬁodéi
(Berg, 1962; Brown, 1983) and support its application to the Briagerj

Range anticline as proposed by Lageson and Zim (1985).
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Figure 34. Shortening directions determined from mesoscopic faults in
the western anticline, Bridger Range. ' ' . '

Thrust-Fold Modél

Recent workers have attempted to reconcile the rigid basement
rheology used by Stearns (1978) in a geometrically feasible manner that
is dynamically compatible with horizontal compression (Spang and
others, 1985; Erslev, 1985, 1986; Stone, 1984). Erslev (1985, 1986)
suggested that the variation in stratal tilt between footwall and
hanging wall blocks, as well as field observations of curved fault
planes, justified a listric geometry for basement faults. Balanced
crosg sections (Dahlstrom, 1968) could be conﬁtructed by moving  the
basement blocke along an axis of rotation into their pre-Laramide
orientation with a minimum of internal deformation. The restored
basement would show no overlaps or gaps and have a flat, upper surface.

Kinematically, the overlying strata are force-folded around the
hanging wall tip and cutoff to produce an anticline (Erslev, 1986).

The extra strata length along the hanging wall cutoff is brought in by
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a basement-sedimentary contact detachment (Robbins and Erslev, 1986).
Synclinal folding on the footwall is accomplished by break off and
rotation of the hanging wall tip to form a basement wedge (Erslev,
1986).

Stone (1984) originally coined this sequence of.development the
thrust-fold model. Its original form is based on a séquence of
development inferred for the Pryor Mountains by Blackstone (1940).
Stone's (1984) version differs from Erslev (1986) in that the-synélinal
folding is accomplished by imbrication of the footwali. | -

The thrust-fold model described by Erslev (1986) and‘Stoné (1984)
suffer the same shortcomings as the drape fold ﬁodel by vﬁecessitating
an upper-basement surface detachment. An application ;f thi#ahodel to
Canyon Mountain anticline by Robbins and Erslev (1986). invokes rigid
basement blocks that are rotated along semicircular fauiﬁs (Robbins and
Erslev, 1986). A significant Cambrian-basemen£ dé;achmenfg allowed
forced folding of the sedimentary strata. Fieid obéefvations indicate
that the basement is folded along foliation surfaces and that n§ major
detachment is present. In order fof a cross sectién to be‘corfect. it
must not only be geometrically restorable but must also honor all f1e1d‘
relations (Elliott, 1983). Therefore, applicat1on of the thrust-fold
model to Canyon Mountain anticline is not Justlfled by thlS study.

However, by discarding the force-fold part of the thrust-fold
model, it may be applied where field observations indicate a planar."
basement surface (e.g. Forellen fault, Teton Rangé; Ersieﬁ. >1986).
Application of the modified thrust-fold modelyto Sqﬁaw Cteek fault is

justified by the presence of a planar upper basement surface.
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Kinematics of Non-Fold Model - Squaw Creek Fault

Squéﬁ Creek fault was interpreted as a p;eexisting.v normal‘fgult
fha; formed‘ initially in response}tﬁ rifting gf ther Belt baéin
(Schmidt ah& *Garihﬁn. 1983).  Later, during eastfwestj Laramide
shor;ening.v the fault underwent left-lateral, reverse‘slip; ‘Sshmidt
and Gariﬁa; (1983) corrélatéd thisl:slip wvith othef‘ northwest-t:ending
fapltg in thé qutana féreland (e.g. Hipch Creek, Mammoth, and:Bismark
faults). : ’Inv Fhese féults. displécemeﬁt differen@és ‘Between tﬁe
Flatheaa Sandsfone | and ﬁarker units in the basement indicate that
normai faulting occurred prior to Flathead deposition. Absence of
distinctive marker units at Squaw Creek precludes conclusive evidencé
for reactivation.of a pree;isting normal fault. However, slickenside
lineations, measurgﬂ &uriﬁg thisninvestigation.\indicate a significant
component of left-lateral slip _(Figure 35). ﬁlThis movement is
compatible with east-west shortening on a high-angle northwest-
trending, reverset fault, and éonfirms the earliér observations of
Schmidt and Garihan (1983). | -

A cross section ﬁasrconstructed using the method of Erslev (1986)
(Figure 36). The cross section is constrained by: 1) a surface fault
dip of 80°, 2) minimum stratigraphic displacement of 1273 meters, '3)
planar basement surface indicated by the imbricate slice, 4) a hanging
wall dip of 20°, and 5) a footwall dip of 10°. These data were used to
calculate an axis of rotation which was used to graphically determine
fault curvature (Erslev. 1986). “The region yhere>thg fault'flgttén; is

inferred to - be a zone of cataclastic deformation (Erslev,
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1986). Rotation of footwall strata occurred through footwall
imbrication and minor detachments in the Paleozoic shales.
Disharmonic folding in the Cambrian Meagher Limestone above the planar
Flathead-basement contact was identified in the field and’ justifies
this geometry. However, no major detachments are involved, and
hanging wall strata are truncated by Squaw Creek fault rather than
force folded. This cross section (Figure 36) was vconstruc;ed
perpendicuiar to the fault trend. Because material was moving into and
out of the plane of the cross section, the plane strain assumption may

not be valid (Elliott, 1983).

Figure 35. Slickenside lineations measured along Squaw Creek fault.
Creat circle shows fault orientation. Contour interval is 0, .5, and 10
Z per 1 % area.
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Figure 36. Balanced cross section through Squaw Creek which honors the
planar upper basement surface observed in the field. TLower diagram
shows restored basement which conserves area. The line of
section is shown in Figure 14.
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Two distinct styles of deformation along Squaw Creek fault are
reflected in the strike-slip compohent. In the Timber Butte domain,
Squaw Creek fault is foliation parallel. Apparently, Proterozoic
extension exploited zones of low cohesive streﬁgth parallel to the
steep-dipping, northwest-trending foliation. Shear strain, related to
Laramide shortening, was also localized along this discrete
discontinuity. Slickensided fault surfaces are conspicuously absent
in the hanging wall and support a rigid basement model in which
shortening is accommodated along a discrete fault zone (Erslev, 1986).
In the footwall, however, two northwest-trending folds in Mississippian
strata are truncated obliquely by the fault (Figure l4c).

The wvariable response of the basement and Paleozoic strata is
explained by a detachment in the Paleozoic shales. The Cambrian shales
acted as a zone of detachment and distributed 1left-lateral, reverse-
8lip movement of the basement into a wide zone of left-lateral, simple
shear in the upper Paleozoic rocks. This imposed shear strain resulted
in dévelopment of two, en echelon folds in Mississippian strata.
Extension occurred parallel to the fold axis and was manifested as a
series of mesoscopic normal faults. A minor detachment, such as the
one proposed for this model, is exposed in the Cambrian Wolsey Shale in
the central anticline.

A differént b#sement response occurred in the northwest segment.
In this domain, the foliation has a northeast strike and steep dip.
Mesoscopic, northeast-trending, basement faults parallel foliation and
show predominantly strike-slip motion (Figure 37). These faults

occur primarily in the exposed basement of the imbricate wedge and
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indicate a model where strain was accommodated by synthetic shears
controlled by foliation, analogous to Riedel shear faults (Wilson,
1982). The northeast-trending basement faults may be mesoscopic
reflections of the northeast-trending, map-scale faults in the footwall
(Figure 14). These faults also show synthetic, left-lateral shear
similar to the model of Riedel (1929).

In summary, the rigid, hanging wall basement rocks, planar,
upper basément surface, and aﬁsence of major detachments indicate
deformation at Squaw Creek occurred by rigid body rotation along
listric _faults. Slickenside 1lineations, folding of Mississippian
strata, andh Riedel shears provide evidence that significant
translations occurred parallel to the fault plane. The basement
response at Squaw Creek is most closely modeled by the thrust-fold
model (Stone, 1984). However, the absence of any major basement—
sedimentary detachment invalidates force-fold deformation for the

6ver1ying sediments.

Figure 37. Slickenside 1lineations measured on northeast trending
faults in imbricate slice of Squaw Creek fault., Great circles show
mean fault orientations. Contour interval is 0, 5 and 10% per 1% area.
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Passive?slip folding - and cataclastic flow are limited to rocks
where 1lithologic layering played no role in the deformation., This is
indicated by the predominance of igneous rocks deforming Sy these
mechanisms (Table 1) (Barnes and Houston, 1970; Chapin and ‘Nelsqn.
1986; Hudson, 1955). The transition from passive—slip folding ‘to
cataclastic flow occurs with increased fold curvature. Evidence for -
this transition is provided by two studies of vthe ‘Fountain Creek
flexure in the Rampart Range of Colorado (Hudson, 1955; Blanton, 1975),

In a tightly folded region of Fountain Creek flexure, defofmatioﬁ
occurred by intense crushing (Hudson, _1955). Where the sedimentary
cover was characterized by open folds, basement'k:deformation was
accommodated by movement along fractures and minor faults (Hudson.
1955)(Table 1). The outcrop where Hudsoﬁ (19555 | made thése
observations has since been destroyed by highway construction. - In a
later investigation, Blanton (1975) described‘numerous iéw angle faults
at a structurally deeper level that were exposed by the highway
construction. In the Cavern Gulch area imgedigtely no;;h of the’

Fountain Creek flexure, Blanton (1975) also recognized that broad,

regional folding occurred by dlsplacements of fault—bounded basement P

blocks (Figure 38) (Table 1). Thus, 8 tran31t1on from passxve-sl1p to
cataclastic flow occurs with increased fold curvature.

The western anticline, Canyon Mounta1n ant1c11ne. and B1g Thompson
anticline in the Front Range of Colorado contaln evxdence of a
comb1nat1on of flexural-slip and passlve-sllp foldxng (LeMasurier.
1970). Big Thompson anticline deformed pr1mar11y by "small scale

distributive displacement along preexisting fractures" with minor
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Teble 1. Basement response in the cores of Laramide folds based omn
detailed filednobservations.

Location

Fra
Cristobal
Range, NM -

London Hills .
anticline, MT

Tobacco Root
Mtns., Ruby
Range, MT

Sheephead
Mtn., WY

Coad Mtn.,
WY

Five Springs
Area,NW
flank, Big.
Horn Range,
WY ,

Nacimiento -
Uplift, NM

Big Thompson -
Anticline,
Front Range,
Co

Fountain
Creek Flexure,
Rampart Range,
Cco

Cavern Gulch,

Rampart Range, -

co

Lithology "

Granite

Quartzofelds-
pathic gneiss,
amphibolite

Quartzofelds—- -
pathic gneiss,
marble, schist

Quartzofelds-
pathic gneiss

Granitic augen

gneiss .

Biotite-quartz-
oligioclase
gneiss

- Quartz monzonite

Mica schist,
feldspathic
quartzite, -
aplite, pegma-
tite :

Granite °

Gianite

Response

Cataclastic flow along
closely spaced fractures

Flexursl-slip along
compositional layering

Flexural-slip along
compositional layering

Rigid body, SE portion
shows mobile response
along closely spaced
fractures

Passive-slip’along axial
planar fractures

Block tilting and rotation

Source
Chapin * and

Nelson (1986)

Wagner (1957)

Schmidt and

Garihan (1983)

Banks (1969)

Barnes and
Houston (1970)

Hoppin (1970)

along closely spaced fract-

ment

-passive slip folding by .
shear along closely spaced

fractures

Small scale distributive
d1splacement along pre-
existing fractures with

" ures with reverse displace-

Woodward and
others (1972)

LeMasurier
(1970)

minor flexural-slip adJacent

to bounding fault:

‘Intense crushing in tightly

Hudson (1955)

folded region, fracturing and
and minor faulting where folds

are open

Open reg1onal folds occur by

"fault bounded blocks

- Blanton (1975)
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foliation parallel slip occurring adjacent to the bounding fault
(LeMasurier, 1970). The western aﬁticline. on the other hand, deformed
primarily by flexural- slip; however, passive-slip was important in
regions of Archean folding. Canyon Mountain anticline shows foliation-
parallel faulting in the core indicating some shortening occurred by
passive-slip, in addition to flexural-slip folding. . Compositional
layering played some role in deformation in each of these structures.

Big Thompson anticline, Colorado and Sheephead Mountain, Wyoming
are commonly referenced as examples where the basement deformed as  a
rigid body (Matthews, 1986)(Table 1). The aforementioned mobile
basement response at Big Thompson anticline is compatible with Berg's
fold-thrust model (LeMasurier, 1970). However, eight kilometers to the
south, in a structurally lower level of the fold, three large blocks,
bounded by high angle reverse faults, accommodated deformation (Prucha
and others, 1965). Sheephead Mountain is similar to the Big Thompson
anticline in this respect. No significant rotations of = Precambrian
fabric were noted in the core of the fold or along the moderately (30°)
dipping west 1limb (Banks, 1969). However, along the overturned
southeast 1limb, fractured basement gneiss is overlain by equally
fractured Madison Limestone (Banks, 1969). Both examples of supposed
rigid basement actually indicate a mobile basement response in the
vicinity of the curved, basement nonconformity.

A rigid body response is shown asva deformational end member in
Figure 38 with Squaw Creek fault as an example. The deformation at
Cavern Gulch area (Blanton, 1975) occurred by rigid body movements and

passive-slip. Squaw Creek fault and the Cavern Gulch area illustrate
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that & continuum exists between rigid body deformation and passive-
slip folding. The distinction is a matter of scale of observation
(Woodward, 1986).

The‘mechanics of deformation in the transition zone between‘folded
aﬁd‘unfolded basement‘remgins a mystery. A tfansition £fom conical to
cylind;icgl vfoldiﬁg. sﬁown in ghe‘ western anticline (figure 5),
indicates that a zone exists close to tﬁe upper basemént surface wherg
deformation is 1ndependent of the over1y1ng Paleozoic rocks and
underl}iné basement. Apparently faulting and fol1ation-paralle1
shear disengéges the léwer basement from this zone. In the study area,
well-developed foliation surfaces allowed the lower basement to fold,
whereas, in the Big Thombson area the lower basement deformed by block
faulting.

* In conclusion, a test of the validity of the fold and non-fold
models by examining field relations indicates that active basement
folding of the upper basement surface accompanied coﬁpressive buckling
of overlying sedimentary  rocks (Berg, 1962). =~  Folding of the
basement  occurred by a spectrum of mechanisms. A tranmsition from
‘passive-slip to cataclastic flow occurs with increased deformation in
mechanicélly isotropic rocks. A transition from passive-glip to
flexural-slip folding occurs with an increased number of fortuitously
oriented foliation surfaées. The non-fold model (Erslev, 1986; Stone,
1984) is valid in regions shortened by faulting with nq»fo;ding of the

overlying sedimentary strata.






























