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ABSTRACT

Mount Bertha anticline is a major thrust-
associated fold in the Rocky Mountains of
western Canada, well displayed in a 900-m-
thick middle Paleozoic carbonate sequence
that forms the core of the fold. This carbon-
ate sequence may be divided into three
mechanical-stratigraphic units of roughly
similar thicknesses: a lower, massive dolo-
stone; a middle, layered dolostone; and an
upper, micritic limestone. Substantial vari-
ations in structural geometry occur along
strike. These variations correlate with
changes in the thickness of the lower dolo-
stone unit in the core of the fold that result
from an oblique hanging-wall ramp.

A mode I fault-bend fold develops along
most of the exposed strike length of Mount
Bertha anticline. This configuration corre-
sponds to regions where a full thickness of
the lower dolostone unit occurs in the core
of the fold. Where the lower dolostone unit
is thin or absent in the hanging wall of the
Mount Bertha thrust, the configuration of
Mount Bertha anticline is dominated by
second-order fault-propagation and detach-
ment folds developed in the upper two me-
chanical-stratigraphic units. Along the
length of the Mount Bertha structure, the
limestone unit has been progressively atten-
uated and/or faulted in the lower forelimb
region and overridden by the advancing
thrust sheet.

The fold geometry of the central part of
Mount Bertha anticline compares favorably
with geometric models of fault-bend fold
structures that allow forelimb thinning, ex-
cept for parts of the fold affected by the
tectonic removal of rock from the lower fore-
limb. Existing geometric models of fault-
bend folds do not consider this process. A
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companion fold within the hanging wall of
the Mount Bertha thrust, Cranswick anti-
cline, is interpreted to be a mode I fault-
bend fold that has been significantly modi-
fied by second-order fault-propagation
folding during the waning phases of move-
ment along the Mount Bertha thrust.

INTRODUCTION

John L. Rich (1934) proposed that the
hanging-wall anticline of the Pine Mountain
overthrust formed as the thrust sheet moved
over the ramp region of the thrust (Fig. 1).
The fault ramp formed prior to the folding
and fundamentally controlled the fold
shape. Although other workers have sug-
gested that folding predates ramp formation
(e.g., Willis, 1890) or is synchronous with it
(e.g., Faill, 1973), the Rich model has re-
mained a central paradigm for the interpre-
tation of fold development in many thrust
belts (Bally et al., 1966; Dixon, 1982; Suppe,
1980).

The geometric relationships between
hanging-wall configuration and fault geom-
etry was formalized by Suppe (1983), who
introduced the term fault-bend fold for this
particular fold-thrust style. Within the last
decade, this and other fold-thrust models
(e.g., Jamison, 1987; Suppe and Medwedeff,
1990; Chester and Chester, 1990; Mitra,
1990) have become common features in
cross-section interpretations of fold-and-
thrust systems. Despite the common appear-
ance of the fault-bend fold geometry in cross
sections based on convincing seismic and/or
borehole data, clear examples of large-scale
fault-bend folds in outcrop are uncommon.
Outcrops that do exist typically display only
a relatively small part of the fold structure.
Included in this latter category is the Pine
Mountain structure, which stimulated Rich’s
(1934) model.

Mount Bertha anticline provides an ex-
ceptionally complete exposure of a fault-
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Figure 1. (A) The Rich (1934) or
fault-bend fold concept for fold devel-
opment in the hanging wall of a
thrust. The thrust has a flat-
ramp-flat geometry, and the fault sur-
face forms prior to any significant
fold development. The hanging-wall
anticline develops as the hanging wall
moves over the footwall ramp of the
thrust. There are two geometrically
viable fault-bend fold geometries for
any specified ramp angle and bedding
thickness change, namely the very
open mode I geometry and a tighter
mode II geometry (B) (Suppe, 1983;
Jamison, 1987). (C) The fault surface
may be subdivided with respect to the
ramp region, with different subdivi-
sions relating to the hanging wall
(hw) vs. the footwall (fw): hwf, hang-
ing-wall flat; hwr, hanging-wall ramp;
Ifwf, lower footwall flat; fwr, footwall
ramp; ufwf, upper footwall flat.
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GEOMETRY AND EVOLUTION, MOUNT BERTHA ANTICLINE
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Figure 2. Location maps for the Mount Bertha study area. Structural subprovince designation of Thompson (1989) for northeastern
British Columbia. R.M.T., Rocky Mountain Trench; SCR, Sikanni Chief River profile exposure (see Figs. 3A, 3B, and 5A); TC, Trimble
Creek profile exposure (see Figs. 3C, 3D, and 5B).

bend fold (Figs. 2 and 3). This large, north-
south-trending structure is located within
the foreland fold-and-thrust belt region of
the western Canadian Cordillera in north-
eastern British Columbia, Canada, at the
eastern margin of the Rocky Mountain
structural subprovince (Fig. 2). The Mount
Bertha structure encompasses three moun-
tains: the formally named Mount Bertha,
and the informally named North Bertha and
South Bertha. The trace of the Mount Ber-
tha thrust follows the eastern margin of all
three mountains for a strike distance of ~15
km. The Mount Bertha thrust carries two
major anticlines. The eastern and larger of
the two is Mount Bertha anticline; the west-
ern is Cranswick anticline.

Two transecting (east-west) drainages
provide extremely good cross-sectional ex-
posures of Mount Bertha anticline within
middle Paleozoic carbonate rocks (Fig. 3).
The broad fold overlying a planar thrust, as
displayed along the Sikanni Chief River
drainage (Figs. 3A and 3B), is the hanging-
wall geometry predicted by the Rich-model
(Rich, 1934) or mode I fault-bend fold
(Suppe, 1983) form of thrust-associated
folding. Five kilometers to the north, along
the Trimble Creek drainage, this same an-
ticlinal structure displays a much more com-
plex configuration (Figs. 3C and 3D). This
transition in structural configuration along
strike might represent different stages or
paths in the evolution of a fault-bend fold
or, alternatively, changes in the fundamental
fold-thrust style of the Mount Bertha
structure.

Geological Society of America Bulletin, February 1996

We have examined the outcropping
Mount Bertha structure in detail in an effort
to (1) assess the nature and possible causes
of the along-strike variation in structural ge-
ometry and (2) evaluate existing conceptual
and geometric/kinematic models of fault-
bend folding. Our primary database consists
of a structural map and two profile sections
of Mount Bertha anticline. These surface
data form the basis for structural cross sec-
tions, structure-contour and hanging-wall
cutoff maps of the Mount Bertha thrust, a
general interpretation of the evolution of
the Mount Bertha structure, and a critical
evaluation of the formalized fault-bend fold
models.

STRATIGRAPHY

The present exposure of the Mount Ber-
tha structure includes seven formations (fol-
lowing the stratigraphic nomenclature of
Taylor and MacKenzie, 1970) ranging from
Silurian through Mississippian in age
(Fig. 4). These several formations may be
grouped into four distinct mechanical-strat-
igraphic units, namely a shale unit, a very
fine grained limestone unit, a well-bedded,
medium crystalline dolostone unit, and a
massive, microcrystalline dolostone unit.

The youngest unit cropping out in the
study area is the Middle Devonian through
Mississippian Besa River Formation (MD,,,),
a black-weathering, calcareous to noncalcar-
eous shale (Bamber et al., 1968). A com-
plete section of the Besa River Formation is
not present in the Mount Bertha area. Pro-

jecting from studies both to the north and
the south (Bamber et al., 1968; Thompson,
1989), we estimate a stratigraphic thickness
of ~650 m.

The Middle Devonian Slave Point, Sulfur
Point, and Pine Point formations are com-
ponents of a stromatoporoidal carbonate
buildup (Taylor and MacKenzie, 1970).
Through the Mount Bertha area, the Slave
Point and Sulfur Point formations consist
primarily of thin- to medium-bedded lime-
stone, with local pods of secondary dolomite
and chert. The contact between these two
units is concordant in the Mount Bertha
area. The Sulfur Point Formation is a lime
mudstone, generally barren of fossils, and
the overlying Slave Point Formation (lime
mudstone to wackestone) contains variable
fossil concentrations, primarily ampho-
poroids and stromatoporoids. Because we
were not able to identify the boundary be-
tween these two formations in much of the
study area, we have combined them for the
purposes of our structural mapping. The
composite limestone sequence is referred to
as the Slave/Sulfur Point Formation (D,;)
and has a cumulative thickness of 220 m.

The Pine Point Formation (D) is a fine-
to medium-crystalline, thin- to medium-
bedded, locally vuggy dolostone, 325 m thick
in the central part of the study area. An ero-
sional contact is evident between the Pine
Point Formation and the overlying Slave/
Sulfur Point Formation in the southern part
of our study area. This results in some thin-
ning (assumed small) of the Pine Point For-
mation southward along the Mount Bertha
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Figure 3. (A) Photograph and (B) line tracing of the profile exposure of Mount Bertha
anticline on north side of Sikanni Chief River. (C) Photograph and (D) line tracing of the
profile exposure of Mount Bertha anticline on north side of Trimble Creek. Dsp, Slave/
Sulfur Point Formation; Dpp, Pine Point Formation; Ds, Stone Formation. All views are
northward along the structural axis of Mount Bertha anticline. See Figures 2 and 6 for
location of exposures and Figure 4 for stratigraphic column.

structure. The contact between the Pine
Point Formation and the underlying Stone
Formation is concordant.

The Late Silurian to Middle Devonian
(estimated age: Thompson, 1989) Stone
Formation (D,) and Muncho-McConnell
Formation (SD,,) are dense, nonfossilifer-
ous, very fine grained to microcrystalline do-
lostone units, with thicknesses of 200 m and
120 m, respectively. Both formations com-
monly form massive outcrops and steep cliff
faces. All contacts of these two formations
are concordant.

The oldest formation cropping out in the
Mount Bertha area is the Silurian Nonda
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Formation (S,,), a fine-crystalline dolostone.
Although the Nonda Formation is several
hundred meters thick in the region, a max-
imum of ~50 m of the upper part of this
formation is exposed in the Mount Bertha
structure.

STRUCTURAL PROFILES: MOUNT
BERTHA ANTICLINE

The general structural configuration of
Mount Bertha anticline as seen in the profile
exposures along the north slopes of the Si-
kanni Chief River and Trimble Creek drain-
ages (see Fig. 2) is rendered by tracings from

photomosaics (Figs. 3B and 3D). The posi-
tions of 50 survey triangulation points have
been determined on each exposure. Sur-
veyed points projected parallel to the fold
axis (m-pole) into a common profile plane
(the structure is cylindrical throughout each
exposure) are used to adjust the photomo-
saic tracings to true and accurate profile sec-
tions of Mount Bertha anticline (Fig. 5).

Sikanni Chief River Profile

In the Sikanni Chief River profile, Mount
Bertha anticline is a broad fold with an in-
terlimb angle of ~154° (Figs. 3A, 3B, and
5A). The Mount Bertha thrust broadly un-
dulates across the profile, with a westward
dip of ~14°. The Mount Bertha thrust cuts
upsection in the hanging wall along strike
both to the north and to the south from this
location. As a result, the greatest stratigraph-
ic thickness of middle Paleozoic carbonate
rocks encountered in Mount Bertha anti-
cline (~900 m) occurs in this section.

Beneath the backlimb of Mount Bertha
anticline, the fault surface parallels bedding
(Sy) in the hanging wall, that is, the fault is
a hanging-wall flat through this part of the
fold (see Fig. 5A). In the forelimb, hanging-
wall strata are truncated against the fault
through two separate hanging-wall ramps.
One relatively short ramp cuts upsection
from the upper Nonda Formation (S,) to
the upper Muncho-McConnell Formation
(SD,,: total of ~130 m of section). A second
ramp cuts upsection through the Stone (D,),
Pine Point (D), and Slave/Sulfur Point
(D,,,) formations and into the Besa River
Formation (MD,,,) shale. These two hang-
ing-wall ramps are separated by a hanging-
wall flat (approximate) in the upper SD,,
dolostone. This secondary flat has a cross-
strike length of ~400 m.

Within the D, SD,,, and S, formations,
the smooth, gentle flexure of beds across the
fold is interrupted only by a few second-
order extensional and contractional faults
(meters to tens of meters displacement) in
the hinge and forelimb and a zone of com-
plex folding directly above the western
hanging-wall ramp. (We use the term
second-order to distinguish features that are
macroscale but small compared to the major
structures of the region, such as Mount Ber-
tha anticline.) Broad bedding undulations
are evident in the D, limestone throughout
the backlimb and hinge region of the fold
(Figs. 3A, 3B, and 5A), but it is unclear
whether these are sedimentary or structural
features. At the eastern end of this profile, a
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Besa River Fm.

Mt. Bertha Thrust

Trimble Creek

Figure 3. (Continued).

horse or imbricate slice of the Mount Bertha
thrust contains overturned beds of D, lime-
stone. The upper bounding fault for this
horse dies out into S, in the Dy, limestone
within 1 km along strike to the north.

Two major carbonate lozenges are evident
in the footwall of the Mount Bertha thrust in
the Sikanni Chief River profile, in direct
contact with the fault surface (Figs. 3A, 3B.
and 10A, below). These are both overturned
blocks of D, limestone, very similar in ap-
pearance to the fault-bounded D, lime-
stone at the castern end of this profile. D,
limestone is, in fact, found continuously
along the fault in this profile section. The
larger blocks of limestone in the fault zone
are connected by a zone of strongly tecton-
ized limestone only a few meters wide. A
cataclasite zone ~5 cm to 1 m thick is de-
veloped along the contact between the fault
zone limestone and the hanging-wall dolo-
stone. The contact between the fault zone

limestone and the underlying MD,,, shale is
certainly tectonic, but no shear fabric is
developed.

The structurally thinned D, limestone in
the lower forelimb can be followed into the
subthrust limestones. It is our interpretation
that the limestone beds in the lower fore-
limb have been, progressively, overturned,
attenuated, and finally overridden by the ad-
vancing thrust sheet. The result is a recum-
bent fold geometry in the D, limestone
(with a highly attenuated and irregular over-
turned limb) that encases a fault-bend fold
geometry in the dolostone units.

Trimble Creek Profile

On the south face of North Bertha,
Mount Bertha anticline is well exposed in
the D, dolostone and D, limestone

(Figs. 3C, 3D, and 5B). Uppermost D, do-
lostone is inferred to occur in the core of the

fold (Fig. 5B) based on exposures in the
Trimble Creck valley. The Mount Bertha
thrust fault is exposed only beneath the fore-
limb and core of the fold. The hanging-wall
flat beneath the backlimb of Mount Bertha
anticline is ~300 m higher in the stratigraph-
ic section here than in the Sikanni Chief
River profile, which is 5 km south.

The core and forelimb of Mount Bertha
anticline in this profile section is a zone of
complex, second-order folding in the D,
limestone and second-order fold-and-thrust
deformation in the Dy, dolostone. The def-
inition of a single anticlinal structure is re-
ally only approximated by the enveloping
surface of this fold complex. The core/fore-
limb region is separated from a homoclinally
dipping backlimb by a steeply dipping fault
with ~100 m reverse dip separation in this
profile section (Fig. 5B). Kinematic indica-
tors along exposures of this fault (the North
Bertha strike-slip fault) to the north con-
sistently indicate or agree with sinistral
strike slip (horizontal slickensides, me-
soscale Riedel shears, and minor folds).

The box fold developed within the Pinc
Point Formation in the core of Mount Ber-
tha anticline is a fault-propagation fold as-
sociated with a second-order backthrust that
emanates from an inflection in the Mount
Bertha thrust surface. This and the other
second-order faults in the Pine Point For-
mation consistently die out into folds in the
lower part of the D, limestone. A marked
disharmony exists between these structures
within the D, dolostone and the folds in the
overlying D, limestone. The D, limestone
folds are detachment or lift-off folds formed
above a detachment surface lying very close
tothe limestone-dolostone (D,,-D,,,) bound-
ary. Considerable structural attenuation oc-
curs in the limbs of the limestone folds, es-
pecially the steep to overturned forelimbs.

The easternmost of the second-order
folds in the D, limestone has an axial sur-
face that aligns downdip with a planar seg-
ment of the Mount Bertha thrust (see
Figs. 3D and 5B). The thrust itsclf has a dis-
tinct inflection at the point of intersection
with this fold axial surface, and the fault dips
eastward beneath the forelimb of this fold.
We speculate that, if the hanging wall were
to have advanced, this east-dipping segment
of the Mount Bertha thrust would have be-
come inactive and the main fault would have
shifted to a new location along the axial sur-
face of this second-order fold, akin to the
model of Al Saffar (1993). The forelimb re-
gion of this particular second-order fold
would, consequently, become detached
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Mount Bertha Stratigraphy

mechanical-
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Figure 4. Lithostratigraphy and mechanical-stratigraphic units for rock units exposed in
the Mount Bertha study area. The indication of Slave/Sulfur Point Formation overlying
Besa River Formation beneath the thrust reflects a structural rather than a stratigraphic

relationship, as discussed later in the text.

from the hanging wall of the structure and
remain as a large pod of limestone subjacent
to the Mount Bertha thrust surface.

MAP EXPRESSION
Mount Bertha Anticline

The m-plots of S, (bedding) and S, (cleav-
age) indicate Mount Bertha anticline has a
fold axis (w-pole) that is subhorizontal and
trends 350° = 10° throughout South Bertha
and Mount Bertha (Fig. 6). Through the
southern part of North Bertha the fold axis
shifts to a trend of 335° then returns to a
more northerly orientation in the northern
part of the study area. Slickensides and lin-
eations on L-S tectonites within or near the
Mount Bertha thrust fault zone indicate a
transport direction perpendicular to the lo-
cal w-pole.

Along South Bertha, Mount Bertha anti-
cline is a very open fold with no evidence of
second-order structures. On the southern
slopes of Mount Bertha, the forelimb of
Mount Bertha anticline displays broad un-
dulations (Figs. 3A and 3B) that, northward

(§8}
2

along the eastern flank of Mount Bertha,
become distinct, second-order box folds in-
volving the D, dolostone and D, lime-
stone (Figs. 6 and 7). These are similar to
the second-order folds that dominate the
structural expression of Mount Bertha anti-
cline on the south flank of North Bertha
(Figs. 3C, 3D, and 5B) and persist along the
length of North Bertha (Fig. 6).

The second-order folds in the D, lime-
stone on North Bertha generally have wave-
lengths of 100-200 m and an axial length of
<1 km. The overall structural trend of
Mount Bertha anticline on North Bertha is
almost due north, but these second-order
folds individually trend north-northwest,
plunge in one or both directions, and are
crudely arranged in a right-stepping en ech-
elon array (Fig. 6). The sinistral North Ber-
tha strike-slip fault strikes 350° and sepa-
rates a homoclinally dipping backlimb from
the complexly folded core and forelimb re-
gion of the fold (see Fig. 5B) along the en-
tire length of North Bertha (Fig. 6). This
strike-slip fault is not present on the south
side of Trimble Creek.

In general form, Mount Bertha anticline

has an open fold geometry with a steeply
west-dipping axial surface. The fold crest (at
any particular stratigraphic level) is offset, in
map view, at least 0.5 km across the Trimble
Creek drainage and over 1 km across the
Sikanni Chief River drainage. There are no
indications of a corresponding offset on
structures within the footwall of the Mount
Bertha thrust within these drainages. Sec-
ond-order folds and faults in the Trimble
Creek profile section produce much more
fault-parallel shortening within the hanging-
wall sheet than do the hanging-wall struc-
tures in the Sikanni Chief River profile sec-
tion (Fig. 5). The offset of the hanging-wall
structure across Trimble Creek thus could
be explained in part or in full by a difference
in thrust-parallel shortening within Mount
Bertha anticline across this drainage. This
argument would not apply to the noted off-
set across the Sikanni Chief River drainage.

Cranswick Anticline

No expression of Cranswick anticline is
observed south of the Sikanni Chief River. It
is a low-amplitude box fold on the north
slope of the Sikanni Chief River drainage
(Fig. 8). The fold amplitude increases north-
ward to the Trimble Creek drainage. On the
north slope of Mount Bertha, a significant
syncline has developed between the two
hinges of the box fold, thus forming two dis-
tinct anticlines (Fig. 6). The western limb of
the western anticline is quite steeply dipping
(>60°). The two anticlinal hinges merge into
a single hinge zone on the north side of the
Trimble Creek drainage, but the steep dip of
the west limb of the fold persists, resulting in
a west-vergent fold asymmetry. Cranswick
anticline dies out with a northward plunge at
Cranswick Lake (Fig. 6). The m-plot of S,
and S, indicates a cylindrical fold geometry
along the entire length of this fold, with a
m-pole orientation 2°—355° There is no
strike offset of Cranswick anticline across
the Trimble Creek drainage.

Footwall to the Mount Bertha Thrust

The largest structure evident in the foot-
wall of the Mount Bertha thrust is Sidenius
anticline. It lies east of Mount Bertha anti-
cline (see Fig. 2) and largely outside our
mapping area. An intermediate-scale anti-
cline cropping out in Dy, limestone is
mapped directly beneath the Mount Bertha
thrust in both the Sikanni Chief River and
Trimble Creek drainages (Figs. 6 and 9). We
presume this is a continuous structure
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Sikanni Chief River
Profile Section

Trimble Creek

Dpp
N
B Q

500 meters
N
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Figure 5. True profile sections of Mount Bertha anticline based on exposures and survey
control points on north side of (A) Sikanni Chief River (see Figs. 3A and 3B) and (B)
Trimble Creek (see Figs. 3C and 3D). Line of profile sections identified in Figures 6 and
11. hwf, hanging-wall flat; kwr, hanging-wall ramp (compare Fig. 1C). See Figure 4 for

formation abbreviations.

(Camp anticline) between these two loca-
tions. Camp anticline has a much more
strongly developed axial planar cleavage
than do second-order Dy, folds of compa-
rable size in the hanging wall of the Mount
Bertha thrust (see Fig. 3C). Second-order
thrusts that intercalate uppermost Dy, lime-
stone with MD,,, shale are common in the
Sikanni Chief River drainage both east and
west of Camp anticline.

MD,, shale is widespread but recessive in
the footwall of the Mount Bertha thrust.
Where the shale is involved in the second-
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order footwall faulting, it displays a moder-
ate to strong cleavage, which usually ob-
scures or transposes bedding. On the south
slope of Mount Bertha, however, a relatively
thick (~300 m) shale section beneath the
Mount Bertha thrust has a gentle dip with
broad undulations (see Fig. 3A).

CROSS-SECTION INTERPRETATIONS
Four cross-section interpretations of the

Mount Bertha structure have been gener-
ated at strike intervals of ~4 km (Figs. 6 and

10). The lines of section (oriented 080°) are
approximately orthogonal to the fold axes of
both Mount Bertha anticline and Cranswick
anticline. All sections are through areas with
arelatively high density of measurement sta-
tions. In all cases, control of structural ge-
ometry is much better for the hanging wall
of the Mount Bertha thrust than the foot-
wall region. The position of Mount Bertha
thrust beneath Mount Bertha anticline is
well defined in outcrop near each of the
cross sections. There is no subsurface con-
trol for these sections. Our interpretations
extend only to the limits of our mapping. A
broad valley (~3 km wide) of very little out-
crop lies west of our map area. Taylor (1979)
maps this as folded, but unfaulted, Dy,
shale. Cross section B-B’ (Fig. 10B) is the
most highly controlled of the sections and
provides a reference for the discussion of
the other cross sections.

Central Bertha (B-B'). The base of the
Sikanni Chief River drainage (~1200 m el-
evation) defines the lower limit of control
for this section (Fig. 10B). The geometry of
Mount Bertha anticline in this cross section
is similar to the Sikanni Chief River profile
(Fig. 5A), which is ~1 km south, except that
here the intermediate hanging-wall flat in
the Muncho-McConnell Formation is much
broader. The line of section coincides with
the cliff face exposure of Cranswick anticline
(Fig. 8), which, here, is interpreted to be a
fault-propagation fold developed above a
broad hinge or inflection in the Mount Ber-
tha thrust and superposed on a very broad,
low-amplitude fault-bend fold.

In the footwall, Camp anticline is well de-
fined in the Dy, limestone. The configura-
tion of Sidenius anticline is controlled by ex-
posures along the Sikanni Chief River,
which cuts down into D, dolostone in the
core of this anticline, but not to the level of
its transporting thrust. Other footwall struc-
tures are only roughly delineated by out-
crop. Both east and west of Camp anticline,
footwall exposures of the D, limestone are
consistently rich in amphoporoids, which in-
dicates a stratigraphic position in the upper-
most D,, limestone. We infer that nonout-
cropping MD,,, shale fills the covered areas
between these outcrops and the Mount Ber-
tha thrust. Our interpretation shows a rela-
tively planar Mount Bertha thrust that cuts
both up- and downsection through second-
order footwall structures, which indicates
this part of the Mount Bertha thrust formed
after these footwall structures.

There is no control on the footwall struc-
tural geometry within or below the D, do-
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Figure 6. Geological
map of the Mount Ber-
tha study area. Only rep-
resentative structural
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shown. Lines A-A',
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are cross-section loca-
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River profile exposure
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Figure 7. (A) Photograph and (B) line tracing of lower forelimb region of Mount Bertha
anticline as exposed in Bison Gully, east slope of Mount Bertha (see Fig. 6 for location).
This view shows a second-order fold developed in the Pine Point Formation dolostone
(Dpp) and structural attenuation in steeply dipping to overturned Slave/Sulfur Point For-
mation limestone (Dsp). Dbr, Besa River Formation; Qal, Quaternary (?) alluvium. View

is to the north.

lostone west of Sidenius anticline. We place
the footwall ramp(s) through the D, and
older dolostones beyond the west end of our
cross section (Fig. 10B). This interpretation
is forced by the contractional structures ob-
served in the Dy, limestone throughout the
footwall; the ramp in the Dy dolostone
must be west of the restored west end of
these D, limestone structures. Our inter-
pretation indicates a minimum displace-
ment on the Mount Bertha thrust of ~5 km
at the top of the D, dolostone.

North Bertha (A-A’). The line of this sec-
tion (Fig. 10A) passes through Mount Ber-

tha anticline near the Trimble Creek profile
exposure and through Cranswick anticline
at the position of its maximum amplitude
(see Fig. 6). The lower limit of control for
this section is ~ 1400 m elevation (base level
of the Trimble Creek drainage). Details of
the second-order structures within Mount
Bertha anticline are not shown at the scale
of these cross sections, but they are similar
here to those observed in the Trimble Creek
profile section (Fig. 5B).

Cranswick anticline is interpreted to be a
fault-bend fold modified by a second-order
forethrust, back thrust, and associated fault-

propagation folding (Fig. 10A). The Mount
Bertha thrust cuts laterally upsection in the
hanging wall between the Central Bertha
and North Bertha cross sections beneath
Mount Bertha anticline, but it stays flat in
the upper S, dolostone beneath Cranswick
anticline. As a result, the ramp height asso-
ciated with Cranswick anticline (and, con-
sequently, the fault-bend fold amplitude) in-
creases northward.

North of the North Bertha cross section,
both the Mount Bertha and Cranswick an-
ticlines plunge northward and eventually
lose definition (beyond the limits of our
mapping) in the poorly exposed MD,,, shale.
Sidenius anticline is east of the limit of this
cross section. Footwall outcrop is limited to
Camp anticline (Fig. 9), which we interpret
to be within a footwall imbricate slice
(Fig. 10A).

South Sikanni (C-C'). Outcrops of
Mount Bertha anticline are limited to the
backlimb of the fold along this cross section
(see Fig. 6). The geometry and position of
the fold crest are determined by projection
of surface data from a few kilometers to the
south. The backlimb has a maximum dip of
~20° in the line of this section (Fig. 10C),
but backlimb dips of over 40° are measured
within 1 km along strike to the north. These
steeper dips are probably the southernmost
vestiges of Cranswick anticline, which is
completely absent from the South Sikanni
cross section (Fig. 10C). The structural cul-
mination of Sidenius anticline coincides
with this cross section. The outcrop expres-
sion of Camp anticline does not extend as
far south as this section, but structurally in-
tercalated D, limestone and MD,, shale
are observed (see Fig. 6).

South Bertha (D-D’). In this southern-
most cross section (Fig. 10D), Mount Bertha
anticline has a simple fault-bend fold geom-
etry (see Fig. 1A) consisting of two broad
hinges scparated by a uniformly dipping
central limb, ~1 km wide. We have little
direct data of footwall structure through this
region (Fig. 6). Our footwall interpretation
is based on map data of Taylor (1979) within
the Embree Creek drainage and the foot-
wall gecometry observed in cross sections to
the north.

THE MOUNT BERTHA THRUST

Structure-contour and hanging-wall-cut-
off maps of the Mount Bertha thrust
(Fig. 11) have been generated using the
mapped trace of the Mount Bertha thrust
(Fig. 6) and the series of cross-section in-

Geological Society of America Bulletin, February 1996



*YI0U Y] 0} SI MAIA “(UonEdI0]

10§ 9 *31,] 995) adeaeapd deuepd-jeive Suoas 3joN a1 ajquiLL], Suoje ISNIY) LYLIDE JUNOTA]
JO [[BA\J00] 3Y) Ul UONBULIO] Julog Jnjng/aae]s ul padoppaap surpnue dwe) g 213y

‘g1 "SSI1]) SUOIDIS SSOID 22I] WIAYINOS Y]
ul pue (¢ pue ‘g¢ “v¢ 'ss1q) amsodxa aqy
-01d 19A1Y JAIYD TUUBRYIS AU} Ul UJIS SB ‘Uon
-00s orydesdnens juaredwod v ur Anowosd
PIOJ PrOIQ ® PIAIA [[IM JRY) J[41S 1SNIYI-P[O]
AJuo a1 *spjoj Juawydriap pue ‘uonesedord
-J|ney ‘puag-ine;} jo wnnoads ayy ulyIan

NOLLOTOAT LSNUH.L-ATOA

aImea) pajeas-doop porrojur sy Ajn
-UDPI puv AJLI2A 01 BIBP 2IBLINSANS YOB] A\
“IDALY JOIYD) IUUBYIS 241 Yim paudie ainy
-e9] [eamonns doap swos jo ddudnyul pue
2ouasaxd ay) 1wdIpul ABW 11 10 ‘9DUIPIDUI
-00 B 2q ARW S2INIB2J [BIDADS 253Y] JO 20U
-puodsariod yuatedde ay -afeurelp sy jo
qaousnlar (W11 "811) eoegins jyney juasaid
oyl pue (g ‘Si4) oowpns jney Isniayl
BU1Ia¢] 1unop yuardour 2y yioq jo sysnon
Ay ], "uonEIO0] SIY1 1B 1220 1oq sdurer jjem
-surSuey a1y Jo ds a3 pue (v '514) sinol
-Uo0d 2IN1ONIS 2Y) Ul Sums e ‘aidwexs 10
‘afeuredp 1Ay JargD uueyig oy o1 diys
-uoneal awos aaey o3 Jeadde sdew aoepns
-JINBJ 289U} JO YJOQ UO SAINILIJ [RIDAIG
‘UOEI0] SIY} WOIJ YInos pue yiou
y1oq uondasdn Ljanbrqo 1nd aurpnue eyl
-12¢] JUNON paIeaId jey) dwer oy, 'uondas
a[gord 12A1Y Jo1yD) UUBYIS AU (1M SIpIOU
-0 Aprewrxordde jeyl ySnon e yim ‘padeys
-dooos Ajproi1q sem Anowoad jney juardour
ayL (411 Bid) ploy siyi Surkropun a3ury
durer 1omof 9y} pue SFoINd UONEBULIOJ U2aM]
-aq wsia[eieduou ayy Aq dew goino-jeam

-Surduey ay3 Uo pajedIpul SI AUIINUER BYLIDY
JUNoA yim pajemosse dwer anbijqo uy
‘paeaiiou pajeredos
AJapim 210w awodag Inq (v “S1) uonoas
aiyoad 19y JoIyD) ueyIs 2yl ul 1ay1aso)
asopd a1nb are Loy, sdwer 12unsip oml are
2191 9TRUIRIP SIY1 JO YIION] "9TRUIRID IATY
JAIYD) IURYIS 211 JO yinos paatosaid st dwer
a[8us v “dew syl U0 umoys os[e aIe sazuly
dwer jeam-3uiduey ayl Jo sUonEdO Suonis

0661 ATeniqa ‘unang esuawy jo A121008 [ea150j0a0)

-od goina [jem-Suiduey 0y puodsariod dew
SI{) UO SUONBLIIO] SNOLIBA 3} JO SALIEPUNOY
ST BYLIag JUNOJA U1 1A 1DRIUOD Ul SI
eI [[em SurSuey a4) Ul UONBILIOT 311 SMOUS
(g11 514) dew gono-[em-SuiSuey auy,
", D= UOID3S SSOID IEau
a8pLI © pue BYIIAE JUNOJA JO PUS WIdYINOS
oy Ieau yinon e yum ‘ASojoydiow yney
adeys-padooss proaq e saearpur (i1 51q)
vore dew o3 yInosy) simojuod 2Im
-DNUIS AU JO AIMIBAIND MdIA-dR [[RIDA0 3,
“QUIDIUR YIIMSURID) JO qUIIDIO0T 1) [Ieauaq
pIEMISOM SUDNRY UDY] INQ ‘BYMAE LON
jo yfuap ayy Suope (Lge~) dip piemisom
doays Ajpaneredwos e sey yney ayp (L0
01 ()7 01) pIemisam Fulseaioul ‘eylIag yimos
pue ByLIag JUNOJA] YSNOIY) SUIPNUE BYLIdg
JUNOJA JO UOTF2I 2100 3y reauaq (,z] 01 .8)
dip premisam 2pjuad £jaane(al e sey ooepns
1NeJ YL, "SIUIPNUR YOIMSUBID) PUBR B¢
JUNOJAl 10q JO puai) SIXe pjoj [eroudd oy
YA sapIautod yatym (V11 "81) (09¢ 01 0S¢
JO pua) [BIOUDT B DARY SINOJUOD INJONIS
aoepns-yney oyl ‘(afeurerp raany oIy
IueYIS 2yl SSOIR “2'1) g—¢ pue D)= suon
-D3$ $S0ID U2aMm12q uoIgar a1 Sundaoxy
quawadefdsip Jo safe)s 1sarjIea s e
uoneImnsyuod jnej [[em-sulduey ay) s1apal
(g111 81.1) dew gono-jfem-Surfuey a1 “1sen
-U0d U] "A0BJINS [NBJ JY] JO UOHEIYIPOW
1uanbasqns pue Anowoad nep [Emi00)
[eniun jo 1onpoxd o) sioyorym ‘uoneingy
-u0d ey juasaxd ayy saworpur (Wi T
dew nojuos-armonns  ayyp (01 Siq)
2INIINIIS BYLIDE JUNOJA] 93 JO suone1didia

‘10U ay) 03 ST MIA *(UonedI0] 10j 9 ‘31,1 93S) By
junopy jo adofs yInos ayy uo pjoy xoq apmyjduie-mo] e ‘QuIPUE YPIMSUERL) *g N

ANITOLLNY VHIYEE LINNOW ‘NOLLNYTOAT ANV AYLANOTD



2000m

1000m

SiL

2000m

1000m

SL

JAMISON AND POPE

2000m

1000m

SiL

B MBA i
2000m SA D
1000m
siL 1km South Bertha

Figure 10. Cross-section interpretations of the Mount Bertha structure. Lines of section
identified in Figures 6 and 11. BR, Besa River Formation; SP, Slave/Sulfur Point Forma-
tion; PP, Pine Point Formation; S-M, Stone and Muncho-McConnell formations; N, Nonda
Formation; MBA, Mount Bertha anticline; CA, Cranswick anticline; SA, Sidenius anticline;

ca, Camp anticline.

10C, and 10D), is the fault-bend fold
(Fig. 1A). Fault-propagation folds inher-
ently have a tighter fold geometry, and de-
tachment folds can develop this broad fold
geometry only if a thick sequence of rela-
tively ductile material is available to flow
into the core of the fold (Jamison, 1987),
which is not observed here.

Several aspects of the Mount Bertha
structure, though, are inconsistent, to
varying degrees, with a strict fault-bend
fold interpretation. The geometry of
Mount Bertha anticline on North Bertha
(Figs. 3C, 3D, and 5B) is much more com-
plex than is suggested by the basic fault-
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bend fold model (see Fig. 1). The devel-
opment of extensive deformation in the
footwall region in advance of the thrust, as
indicated by structures in the Sikanni
Chief River drainage region (see Fig. 10B)
is also not characteristic of the Rich/fault-
bend fold model (Suppe, 1983). In our
cross section interpretations (Fig. 10), dip
separation of the hanging-wall and foot-
wall cutoffs at the top of the D, limestone
(~2 km) is much less than at the top of the
D,,,, dolostone (>5 km). In the basic fault-
bend fold model (Suppe, 1983), the dif-
ference in dip separation at these two
levels should be no more than ~300 m,

an order of magnitude less than our
interpretation.

To account for our various observations
and inferences of structural geometry, we
offer a fold-thrust interpretation for the
Mount Bertha structures that is based upon
the fault-bend fold model (see Fig. 1) but
includes, locally, a hinterland deformational
sequence and varying contributions of de-
tachment and fault-propagation folding.

Mount Bertha Anticline

Fault ramp formation preceded any sig-
nificant macroscale folding within the dolo-
stone units of these units. The Mount Ber-
tha thrust simply cut upsection along one or
two thrust ramps (r and s in Fig. 12A) to an
upper flat at or near the base of the D,
limestone. A fault-bend fold (Fig. 1A) de-
veloped as the hanging-wall section moved
toward the foreland over each footwall ramp
(Fig. 12B). In the early phases of fault move-
ment, the Mount Bertha thrust died out into
a series of detachment or lift-off folds in the
D,, limestone (Fig. 12B). Eventually, the
main fault began to break back through the
limestone folds (Fig. 12C). This produced a
trailing imbricate fan (Boyer and Elliott,
1982) in the D, limestone folds and created
thrust ramp(s) ¢, which connects to a thrust
flat at some horizon well up in the MD,,
shale (Fig. 12D).

Our scenario for fold-thrust development
to this stage is similar to one proposed by
Thompson (1981), with the important dif-
ference that Thompson (1981) indicated the
fault-tip folding occurs in the MD,, shale
and does not involve the underlying carbon-
ate rocks. Thompson (1981) suggested that
the change in deformational style is fostered
by the contrast in mechanical characteristics
between the carbonate and shale units.
Whereas we agree with the general model
and concepts of Thompson (1981), our ob-
servations indicate that the contrast in me-
chanical characteristics between dolostone
and limestone is the more significant factor
in the fold-thrust development of the Mount
Bertha structure.

The structural geometry of Mount Bertha
anticline was altered during progressive
foreland movement of the hanging-wall
structure according to the composition of
the involved mechanical-stratigraphic se-
quence. Where the thickness of the lower
dolostone mechanical stratigraphic unit (see
Fig. 4) within the core of the fold is >~100
m (e.g., Figs. 10B, 10C, and 10D), it has pro-
vided a relatively rigid core to the anticlinal
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contour interval; r
100 m

Figure 11. (A) Structure-contour map and (B) hanging-wall-cutoff map of the Mount Bertha thrust surface. The variable spacing
between the fault-surface structure contours in A reflects changes in the dip of the fault surface. Lines A-A’, B-B’, C-C’, and D-D’ are
cross-section locations (see Fig. 10). SCR is line of Sikanni Chief River profile exposure (see Figs. 3A, 3B, 5A, and 15). TC is line of Trimble
Creek profile exposure (see Figs. 3C, 3D, and 5B). MBA, surface location of Mount Bertha anticline; CA, surface location of Cranswick
anticline; MBT, trace of Mount Bertha thrust. Narrow, horizontally striped zones on B indicate location of hanging-wall ramp hinges,
where [ and « indicate upper and lower ramp hinges, respectively.

structure. Some second-order folding and
faulting occurred in these relatively massive
dolostone units, but the macroscale struc-
tural geometry was altered very little. D,
dolostone and, especially, D, limestone,
though, were faulted and/or tectonically at-
tenuated in the forelimb region and over-
ridden during advance of the thrust sheet
(see Figs. SA and 12D).

Where the lower dolostone mechanical
stratigraphic unit is thin or absent in the
core of the fold, as in the northern part of
the study area (see Figs. 5B, 10A, and 11B),
the structural geometry of Mount Bertha

Geological Society of America Bulletin, February 1996
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anticline is dominated by second-order con-
tractional structures
folds, forethrusts, backthrusts, and fault-
propagation folds) developed within the D,
limestone and D, dolostone. Some of these
second-order structures may have devel-
oped at the tip of the evolving Mount Bertha
thrust (Fig. 12B), but others are probably
associated with hanging-wall advance.

Cranswick Anticline

Cranswick anticline initiated as a fault-
bend fold above the western thrust ramp

B'
Cl
[==3 Besa River Formation
X [] Slave / Sulfur Point Formations
[ Pine Point Formation
[7] Stone Formation
D' 2 Muncho-McConnell Formation

(detachment/lift-oft

through the dolostone units (r in Fig. 12).
This fold geometry was significantly modi-
fied and amplified by fault-propagation fold-
ing associated with second-order forethrusts
and back thrusts in the core of the fold
(Figs. 10A, 10B, and 12E). These second-
order thrusts probably developed during the
final stages of movement on Mount Bertha
thrust, after fault movement on the foreland
side of ramp ¢ (Fig. 12) had ceased. It evi-
dently became easier to produce new defor-
mation at this inflection in the fault surface
than to move the hanging wall through this
zone and the footwall flat to the east. An

219



JAMISON AND POPE

identical model of late, second-order fault-
propagation folding above a footwall upper
ramp hinge was proposed by Mitra (1990)
for Dry Horse Springs anticline in the Ab-
saroka thrust sheet in Wyoming (Lamerson,
1982). Note that the second-order back
thrust in the core of Mount Bertha anticline
in the Trimble Creek profile similarly ema-
nates from an inflection in the Mount Ber-
tha thrust (Fig. 5B).

DETRUSION AND EXTRUSION
Detrusion
In our examination of the Mount Bertha

structure we observe repeated indications
that the D, limestone has been or was in the

sp

process of being removed from the lower
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Figure 12. General model for
fold-thrust evolution of Mount
Bertha and Cranswick anti-
clines. See text for discussion.
Units are designated I to IV to
represent the four mechanical-
stratigraphic units observed on
the Mount Bertha structure
(see Fig. 4); r, s, and ¢ identify
discrete thrust ramps.

forelmb region of the hanging-wall struc-
ture. This is accomplished by a combination

of break-back thrusting and delamination of

overturned and attenuated beds (Fig. 13).
This process was continuous through, at
least, the last 2 km of movement on the
Mount Bertha thrust, for we observe a con-
tinuous zone of overridden D, limestone
that extends along the fault contact for 2 km
in the transport direction in the Sikanni
Chief River profile exposure.

We term this process detrusion (from the
verb detrude, meaning “to force down™), in
reference to our interpretation that the
lower forelimb material is being forced
down from the hanging wall into the foot-
wall by the advancing thrust sheet. Along
the Sikanni Chief River profile exposure,
the D, limestone pods along the fault zone

have been cataclastized at the contact with
the hanging-wall dolostone units (along the
Mount Bertha thrust) but display no shear
fabric at the contact with the underlying
MD,,, shale. The detruded D, limestone
pods have been impressed into the shale.
They are not horse blocks, because the
lower bounding surface is not a fault. In
other circumstances, the material removed
from the hanging wall may be incorporated
into true horse blocks along the fault zone
(e.g., Serra, 1977; Knipe, 1985) or into foot-
wall imbricate thrust sheets.

The process of detrusion is important in
the context of most balancing procedures
because it moves material between neigh-
boring thrust sheets during movement along
the intervening thrust. Section balance is
generally evaluated assuming that major
fault-bounded components of rock contain
the same mass of material before and after
deformation. If a significant quantity of
hanging-wall material is detruded, a geolog-
ically accurate cross section may appear
“unbalanced” and be difficult to reconstruct.

Extrusion

The north-northwest—trending second-or-
der folds that developed on North Bertha
cast of the North Bertha strike-slip lault
suggest a northward component of transport
that is not evident elsewhere in the Mount
Bertha structure. This northward movement
is compatible with the sinistral displacement
along the North Bertha strike-slip fault. We
suggest that the north-northwest-trending
folds and the strike-slip fault arc a linked
system of structures developed in associa-
tion with lateral displacement, or tectonic
extrusion, that accompanied the general
castward transport of the Mount Bertha
structure.

The North Bertha strike-slip fault defines
the western boundary of the region with lat-
eral displacement. It produces a well-de-
fined lineament along the length of North
Bertha, but does not extend across the
Trimble Creck drainage. The width of the
Trimble Creek valley (~1.5 km) places an
upper limit on the magnitude of strike slip
on this fault, but the actual strike displace-
ment is probably much less than this.

Apotria et al. (1992) suggested that an
oblique thrust ramp can produce a compo-
nent of lateral displacement in the overlying
thrust sheet. The hanging-wall-cutoff map of
the Mount Bertha thrust (Fig. 11) indicates
the hanging-wall ramp cuts upsection to the
north in the vicinity of the Trimble Creek
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