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Abstract—The Broken Bow uplift in southeastern Oklahoma contains the oldest rocks exposed in Ouachita
orogenic belts and has expenenced four phases of detormation. First-gencration folds are tight. overturned, S-
verging. and have a well developed slaty cleavage. Sccond-generation folds are coaxial with first-gencration
structures. arc open o tight, are inclined. and reveal S-vergence. Northerly dipping faults truncate second-
generation fold limbs. Third-phase structures. including recumbent folds and pencil structures. are interpreted to
be contemporancous with S-directed thrusting. The hinges of carlier folds documented in the area least affected
by thrusting are horizontal and trend E-W. The hinges of folds of the saume generation within tault zones plunge
30-50° toward the north or northwest. Thus. it is concluded that the carlier folds have been passively rotated
during S-directed thrusting. as have the contemporancous folds and peneil structures. A simple-shear model
associated with S-directed thrusting is proposed to explain these geometrical relations. The rotated fold hinges
provide quantifiable shear-strain gauges which can be used to quantfy shear strain in the Broken Bow uplift as
well as in other orogenic belts. A model tor shear-strain caleulation is developed using the general geometric

relationship between told-hinge hines. the shear direction. and the shear planc.

INTRODUCTION

Subparallelism of fold-hinge lincs and stretching linea-
tions, such as deformed pebbles. pressure shadows, and
feldspar has been reported in many orogenic belts (¢.g.
Bryant & Reed 1969, Borradaile 1972, Roberts & San-
derson 1973, Bell 1978, Quinquis er al. 1978, Alsop
1992). Stretching hneations often parallel the tectonic
transport or shear direction of deformation in high-
shear-strain zones. The alignment of fold-hinge lines
and stretching lineations is therefore believed to result
from passive rotation of told-hinge lines towards the
shear direction during progressive detormation (Bryant
& Reed 1969, Roberts & Sanderson 1973, Escher &
Watterson 1974, Bell 1978, Williams 1978, Alsop 1992).
Fold-hinge lines are rotated into parallelism with this
direction either because small initial irregularities have
become amplified in progressive strain (Cobbold &
Quinquis 1980), or because the strain field includes a
wrench shear component developed where there is a
gradient in the shear strain rate in a direction perpen-
dicular to the ship direction (Coward & Potts 1983,
Ridley 1986). The tectonic sctting of this type of defor-
mation has most commonly been studied in highly de-
formed mid-crustal regions ot orogenic belts (Borradaile
1972, Roberts & Sanderson 1973, Rhodes & Gayer
1977, Bell 1978, Williams 1978, Alsop 1992).

By examining the geometry of sheath folds in the
Monte Rosa Nappe, Swiss Alps. Lacassin & Mattauer
(1985) were able to calculate the shear strain associated
with passive rotation of sheath-fold-hinge lines.
Although this model makes a number of assumptions. it
provides a gross estimate of regional shear strain vari-
ation, especially where traditional strain markers are

lacking. Using Lacassin & Mattauer’s model (1985),
Alsop (1992) evaluated the shear strain associated with
rotation of folds involved in crustal scale thrusting in
lower amphibolite-facies metasedimentary rocks of
northwest Ireland. Alsop (1992) demonstrated that fold
rotation is associated with temporal and spatial evol-
ution of the Ballybofey Nappe.

This article presents a detailed study of structures in
the Broken Bow uplift ot the Ouachita Mountains in
southeast Oklahoma, where deformation and rotation
of fold-hinge lines is believed to have occurred in the
upper crust. A model for shear-strain calculation is
developed using the general geometric relationship be-
tween fold-hinge lines, the shear direction. and the shear
planc. This relationship represents a generalization on
an existing model by Alsop (1992) and provides insight
into geometric and kinematic characteristics of thrust
nappe emplacement,

GEOLOGICAL SETTING

The Ouachita Mountains consist of folded Paleozoic
rocks that trend westward across Arkansas into Okla-
homa Irom beneath Mesozoic-Tertiary strata of the
Gulf Coastal Plain (Viele 1989) (Fig. 1). In Oklahoma
this beit turns southwestward and disappears beneath
Mesozoic-Tertiary cover rocks. The Marathon uplift of
southwest Texas and Quachita Mountains of southeast
Oklahoma and west—central Arkansas arc the only sur-
face exposures of the deformed belt.

The Ouachita Mountains were deformed during Mid-
die Pennsvivanian-Early Permian time. Deformation is
generally believed to be due to a collision between North
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America and an unknown continent or accreted terrane
and 1sland arc (Mickus & Ketler 1992). Ham & Wilson
(1967) believed that deformation in the Quachitas were
diachronous and that it took place during Middle Penn-
sylvanian time in Oklahoma and Arkansas and during
Late Pennsylvanian through Early Permian time in the
Marathon region. Denison er af. (1969) argued that
orogeny in the Ouachita Mountains was most intense
during Late Pennsylvanian time.

Rocks in the Broken Bow uplift are characterized by
low-grade metamorphic asscmblages.  Although re-
gional metamorphism may have reached lower green-
schist fucies. rocks in the Broken Bow uplift are
generally of zeolite facies (Flawn er ol 1961, Denison et
al. 1977). In the southern portion of the Broken Bow
uplift. shale units such as the Womble Formation (Fig.
2} have been metamorphosed to low-grade slate or
phyllitc (Denison er al. 1977). Studies using fluid n-
clusions from quartz and other vein mincrals indicate
that temperatures ranged trom 100°C 1o 315°C (Housck-
neckt & Matthews 1985, Keller er al. 1985). Herrin &
Clark (1956) studied heat flow in west Texas and eastern
New Mexico and concluded that the temperature gradi-
ent in interbedded sand and shale sequences 1s about
20°C km "', Adapting this geothermal gradient, the
depth of metamorphism and presumably that of defor-

mation in the Ouachita Mountatns ranged from 5 to
approximately 16 km, i.e. the upper crust.

Feenstra & Wickham (1975) divided the Oklahoma
portion of the Quachita Mountain into three structural
provinces. The frontal province is a highly imbricated
thrust zone bounded to the north by the Choctaw fault
and to the south by the Windingstair fault. The frontal
province varies in width from 2.4 km in the west to 19 km
in the east and consists of many narrowly-spaced, N-
verging thrust slices (Arbenz 1989). The central pro-
vince 1s bounded on the north by the Windingstair fault
and on the south by the Broken Bow uplift and is
characterized by a few large synclines cut by reverse
faults. The core province refers to the older more
complexly deformed rocks exposed in the Broken Bow
uplift.

Rocks in the Broken Bow uplift range in age from
i_ate Cambrian-Mississippian. These sedimentary rocks
include dark shales, cherts and sandstones, and are
characterized by a series of S-verging asymmetrical folds
which are cut by N-dipping faults. Nielsen (1985) and
Nielsen er al. (1989) subdivided the Broken Bow uplift
into four large structures (Fig. 3). To the north, the
Cross Mountain anticlinorium is a large, doubly-
plunging structurc approximately 50 km long along
strike. The Linson Creek synclinorium, which lies to the
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south of the Cross Mountam antchnoriun. is domi
nated by exposures of the lower Stanley Shale. although
three doubly plunging. ncarlv upright tolds of the
Arkansas Novaculite crop out in the trough of the
synclinorium. The Carter Mountam anticlinorium is the
next structure to the south. The Hochatown dome is
separated from the Carter Mountam anticlinorium by
the Dycr Mountain fault sone (g 3y This study
focuses in the western portion ol Curter Mountain
anticlinorium  and  the Dyer
(Fig. 4).

Mountan fault zonc

FOLD GEOMETRY AND SEQUENTIAL
DEFORMATION OF THE FOOTWALIL OF DYER
MOUNTAIN FAULT ZONE

The western flank of the Carter Mountain anticlinor-
ium and the Dyer Mountn fauht cone (DMEZ) s
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characterized by a multiply deformed middle Paleozoic
sequence (Honess 1923, Feenstra & Wickham 1975)
(Fig. 2y, Analysis of macroscopic and mesoscopic struc-
tures in the footwall of the DMFZ indicates a complex,
pulvphase deformational history with at least four
phases of deformation (Nielsen & Yang 1992). First-
generation folds are tight to 1soclinal, asymmetric, over-
turned to the south, subhorizontal with planar limbs and
sharp hinges that trend E-W (Fig. 5). First-generation
folds have been significantly modified during folding
associated with later deformation and the axial surfaces
are curviplanar. Upright limbs are attenuated and over-
rurned limbs are thickened. similar to those scen by Mies
(1991). Regionally developed slaty cleavage 18 associ-
ated with the carliest folds and 1s most common in the
southern halt of the Broken Bow uplift. We have pre-
viously argued that pressure solution is the dominant
mechanism of the cleavage formation (Yang & Nielsen
1992b),

Second-generation  folds  are  coaxial with  first-
generation structures. but are open to tight, inclined,
and S-verging. These folds have curved limbs with
subhorizontal curved hinges that trend east—-west (Fig.
H). Sccond-generation folds are identificd based on the
tfolded carher slaty cleavage (Mattes & Nielsen 1983,
Niclsen 1985, Nielsen et al. 1989, Yang & Nielsen
1992h). On the south limb of the synform, clcavage dips
to the north, and on the north limb of the synform, the
cleavage dips to the south (Yang & Nielsen 1992b). A
megascopic  second-generation synform  has  been
mapped just south of the DMFZ (Fig. 4). Slaty cleavage
associated with this S-verging svacline dips to the south
on the north limby, also indicating folding of the earlier
slaty cleavage.

A series of N-dipping faults truncate first- and second-
generation tolds. Northerly dipping taults appear to
have rotated the carfier told-hinge lines. Third-phasc
structures mclude recumbent folds developed in the
steeply dipping limbs of first- and sccond-generation
tolds (Fig. 7). pencil structures. and a locally developed
spaced cleavage, These are interpreted to be related to
Hattening as a result of tectome thickening associated
with S-directed thrusting. Fourth-phase structures in-
clude crenalation cleavage and a tamily of open and
upright NE-trending folds. Although deformation has
been divided into four phases based on geometry. style,
refolding und truncating relations, the deformation is
helieved to have been progressive and represents a
tectonic continuum during late Carboniferous rather
than a series of events separated in time (Niclsen ef af.
1989, Yang & Niclsen 1992b). This is particularly true
for the first-. second- and third-gencration structures.

DYER MOUNTAIN FAULT ZONE

Fhe Dyver Mountain fault zone separates the north-
west portion of the Hochatown dome and Carter Moun-
tain anticlinorium (Niclsen ef wl. 1989, Yang & Nielsen
1992a. Nielsen & Yang in press) (Fig. 4). The DMFZ
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can be followed from the Stanley Formation on the
western flank to the Broken Bow reservoir (10 km) (Fig.
4). Within the fault zone. slices of Arkansas Novaculite
and tightened fold hinges have been isolated by the
faults. At the Broken Bow reservoir. the Bigfork Chert
ts in fault contact with upright Blaylock Sandstone (Fig.
4). While stratigraphic units along DMFZ, near the lake
shore indicate reverse separation, a Ccross-section across
the fault zone west of the culmination in the anticlinor-
ium (A-A’" in Fig. 8) shows normal separation. Striu-
tions and small steps identified on the slickensides in the
DMFZ indicate normal motion within the DMFZ ( Yung
1993). Honess (1923} concluded that many of these N-
dipping faults are normal faults associated with uplift.
Viele & Thomas (1989) suggested that these faults were
originally N-directed thrust faults that were rotated
during later folding resulting in normal separation.

The history of the DMFZ includes initial formation as
a thrust and reactivation as a normal fault during later
stages of deformation. Mesoscopic structures near the
DMFZ indicate that the S-verging second-generation
structures are associated with the initial thrust motion in
the DMFZ. Therefore. the carliest folds predate the
DMFZ while the second-generation folds are directly
related to its development. A common feature of the
second-generation folds is truncation ot the north limb
of sccond-generation synclines by a N-dipping fault.
These faults appear to repeat the section in the upright
limbs of first-generation folds. and cause zones of dis-
rupted folds in the overturned limbs of first-generation
folds (Nielsen & Yang in press).

While the hinges of the first- and second-generation
folds in the N-flank of Hochatown dome are subhorizon-
tal and trend E-W. hinges of folds of the same gener-
ation within Dyer Mountain. South Carter Creek. and
North Bee Creek fault zones plunge 30-35° to the north

and northwest (Yang & Nielsen 1993) (Fig. 9). As the
DMFZ is approached from the south, the folds plunge
progressively  steeper. 15-20°0 toward the west—
northwest. This variation in orientation is interpreted to
reflect rotation associated with fault movement and will
be discussed in detail i following sections, Deformed
shale clasts within the Womble Formation are found in
the tootwall of the DMFZ along the eastern flank of the
Hochatown dome. The clasts vary in size from less than 1
cm to as large as 45 emin the elongated dimension. The
composition of these clasts varies from shale to fine
gramed siltstone and it 1s very similar to that ot the
matrix. suggesting an origin as an intraformational
debris flow with hittle competency contrast during sub-
sequent deformation. Long axes of these deformed
clasts plunge less than 25 NW or SE, with the most
commonly observed azimuth of 326° or 146° (Fig. 10). A
Flinn plot (Flinn 1962) indicates that most of the clasts
tall in the field of apparent constrictional strain (Fig.
LTud In addition, a high svmmetry-index value of (.93
calculated using R /¢ plot suggests that the clasts lack an
initial preferred orientation (Lasle 1985) (Fig. 11b).
Clearhv. o wide range of strain paths are possible for
these clasts. but the strong preferred  orientation
sugeests a dominant clongation direction in close prox-
imity to the overlying faults. This extension direction is
mterpreted to approximate the tectonic transport direc-
tion or shear direction in high-shear-strain zones (Lacas-
sin & Mattauer 1985).

CARTER MOUNTAIN ANTICLINORIUM

The southwestern portion of the Carter Mountain

antichnorium  has  been  subdivided into anticlines
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Fig. 3. Outerop sketeh and lower-hemisphere equat-arcit projections of orientation data of first-generation folds of

Blavlock Sandstone in the footwall of the DMEZ along highway 259, Poles to bedding are crosses (1 = 69), poles to

cleavages are triangles (1 = 4)_and evlindrical best-fit fold axis (270547 (bearing/plunge) 15 the dot. Mean dips for bedding

in the upright limb and overturned limb are 827723\ (strike/diph and S8Y68"N_ respectively: the mean dip of cleavage is
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Fig. 6. Outcrop sketeh and lower-hemisphere cqual-nrea projections of orienation data of a second-generation syncline
characterized by folded slaty cleavage. Note a small first-gencration antichne located in the hinge of the larger second
generation svncline. Closely spaced dark lines in the sketeh represent skaty cleavages: heavy fines are faults. Three second
generation mesoscopic folds near this onterop were tdentiticd. The projection includes data from all the three of these folds.
Poles to bedding are crosses (1= 79). poles to cleavage ave tnangles (1 - 15). and evlindrical best-fit fold axis is the dot
(273°/1°). The southern himb of the second-gencrition syncline dips Y2728"N and the northern limb dips 90°/80°S.
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Fig. 7. Lower-hemisphere cqual-arca projections of data trom recum-
bent folds associated with the third-gencration of deformation. Poles to
bedding arc crosses (7 = 61), pole to axial plane cleavage
(85°/9°NW) are triangles {n = 5). fold-hinge lines (8570%) are dots (1 =
4).the N-dipping limbis87%54°NW and the S-dipping imbis 82°/47°S T

separated by fault zones. Successive structures, from
south to north, arc described in the following sections
(Fig. 4).

Brigham anticline

The Brigham anticline consists of two smaller para-
sitic anticlines with onc synchine in the center (Figs. 4
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and 8). These folds are outlined by outcrop of the
Arkansas Novaculite along the western flank of the
uplift. The Blaylock Sandstone crops out over most of
the arca. The Bigfork Chert is exposed in the cast, near
the lake shore. These folds are cylindrical, asymmetric,
overturned to the south and are characterized by planar
limbs with interimb angles of 40-60° and sharp hinges
that plunge slightly (less than 10°) to the west (Fig. 8).
Slaty cleavage is subparallel to the axial surface. Based
on the characternistics of the hinge, interlimb angle,
cleavage and orientation, Brigham anticline is inter-
preted as due to the carliest deformation.

Sowuth Carter Creek faulr zone

The South Carter Creek fault zone (SCCFZ) separ-
ates the Carter Mountain anticline to the north and the
Brigham anticline to the south (Figs. 4 and 8). Two
boundary faults have been identified, within this fault
sone. surrounding a horse of a folded thick sequence of
Arkansas Novaculite. Field data indicate that the hinge
line of the folded Arkansas Novaculite has a bearing and
plunge of 350%/45° (Figs. 4 and 9). Mesoscopic folds of an
carlier generation developed in the Blaylock Sandstone
within this horse also plunge moderately to the north-
west and north. In addition. “recumbent folds’, inter-
preted as third-generation structures. are found at this
location and are belicved to have resulted from flatten-
ing during S-directed thrusting. These folds are cylindri-
cal with mterlimb angles of approximately 90°, have
relatively planar limbs and sharp hinges that plunge 35—
HITNW.

A’
NBCF
SCCFZ (m)

CA
1000

|- 1500

H =

Arkansas Stanley
Shale

Faults
Novaculite

Fig. 8. A down-plunge view of the western flank of the Carter Mountam anticimorium. the DMEZ and the footwall of
DMEZ. No vertical exaggeration
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Fig. 10. The bearing of principal clongation axes of deformed clasts in
the Womble Formation directly below the DMFZ (n = 73).

Carter Mountain anticline

The Carter Mountain anticline is an E-W-trending
anticline with a parasitic anticline and syncline devel-
oped on its northern mb (Fig. 4). The Carter Mountain
anticline has relatively planar limbs. a sharp hinge and
has interlimb angles of 40-50°. The fold is cylindrical,
asymmetric, and is overturned to the south. The Carter
Mountain anticline is interpreted to be equivalent to the
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carliest folds described in the footwall of the DMFZ.
The slatv cleavage is axial planar to the Carter Mountain
anticline. This fold is truncated to the north by North
Bee Creek fault zone (NBCF) and to the south by
SCCFZ (Fig. 4).

North Bee Creek fault zone

On the north side of Carter Mountain, the North Bee
Creek fault zone (NBCF) truncates the Carter Mountain
anticline and juxtaposes the Mississippian Stanley For-
mation against the Silurian Blaylock Formation (Honess
1923) (Fig. 4). This fault zone is thought to have a history
comparable to the DMFZ.

SIGNIFICANCE OF FOLD-HINGE LINE
DISTRIBUTION

Geological data suggest that the pre-existing and
contemporancous folds within fault zones of the Broken
Bow uplift have been passively rotated towards the
extension direction during S-directed thrusting. The
carlier folds in the footwall of the DMFZ, the Brigham
anticline. and the Carter Mountain anticline trend E-W
and show no rotation (Fig. 9). The recumbent folds
developed on the steeply dipping limbs of earlier struc-
tures are interpreted to be contemporaneous folds (San-
derson 1973, Williams 1978). These recumbent folds and
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Fig. 11. (a) Flinn plot showing aspect ratios of deformed clasts in Womble Formation below the DMEZ along the castern
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Fig. 12. Lower-hemisphere equal-area projections of all fold-hinge
lines measured in the study arca (n = 135). The best fit great circle
approximatcs the attitude of the shear plane (88°/51°N).

coeval pencil structures are believed to be products of
regional flattening associated with southerly directed
thrusting (Nielsen & Yang 1992). These structures also
appear to have been rotated.

Rotation of fold-hinge lines in the study area cannot
be explained by refoiding because: (1) second- and
third-generation deformations are coaxial with the first:
and (2) the hinge lines of earlier and contemporaneous
folds are rotated only within the fault zones or near the
fault zones. All the hinge lines including first-, second-
and third-generation folds in the footwall of the DMFZ.,
Brigham anticline and Carter Mountain anticline are
trending E-W and do not show rotation.

Rotation of fold-hinge lines toward the extension
direction can be accomplished in a variety of ways.
Borradaile (1972) showed that rotation of fold-hinge
lines can be achieved by progressive, irrotational, con-
strictional deformation. Sanderson (1973) and Ramsay
(1979) suggested that this rotation can also be accomp-
lished by flattening. Escher & Watterson (1974), Wil-
liams (1978), Minnigh (1979) among others have
demonstrated that pre-existing folds or contemporary
folds can be passively rotated toward the X-direction as
a result of simple shear associated with thrusting. By any
account, the amount of rotation depends on the orien-
tation of initial fold-hinge lines and the magnitude and
type of strain.

Although rotation of fold-hinge lines at upper crustal
levels has been documented in other orogenic belts (e.g.
Woijtal 1986, Handschy 1989, Cowan & Brandon 1994),
only Handschy’'s work compares with ours in the size of
the rock mass where fold-hinge lines are affected by
fault-related shear. Fold-hinge lines from the study area
are dispersed in a N-dipping plane. The best fit great
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circle for the rotated fold-hinge lines data has an strike
and dip of 88°/51°N (Fig. 12).

Deformation due to simple shear exists not only in the
Broken Bow uplift but in the Benton uplift as well (Fig.
1). Sturgess (1986) studied the Alum Fork area of the
Benton uplift in Arkansas. He found that hinge lines of
F5 folds are curvilinear and define a continuous great
circle, approximately parallel to the average axial plane
of the F, phase folding. He observed that stretching
lincations on many cleavage surfaces throughout the
area coincide with the maximum concentration of F,
hinge lines. Sturgess (1986) demonstrated that the Alum
Fork area revealed many characteristics of sheath folds
described elsewhere (e.g. Borradaile 1972, Ramsay
1979). Viele & Reader (1985) argued that sheath folds
are common across most of the Benton uplift. Sheath
folds generated as the result of progressive simple shear
have been documented both in the field and the labora-
tory (Borradaile 1972, Ramsay 1979. Cobbold & Quin-
quis 1980, Lacassin & Mattauer 1985, among others).
Evidence for simple shear in Benton uplift include
extreme attenuation and faulting on regional fold limbs,
and rotated pyrite grains (Sturgess 1986).

Traditionally, determination of shear strain in de-
formed rocks depends on the presence of suitable strain
markers. Unfortunately, such strain markers are lacking
in the Broken Bow uplift except for the deformed
pebbles found near the DMFZ. Lacassin & Mattauer
(1985) studied a kilometer-scale sheath fold at Matt-
mark in the Alps. They concluded that hinge lines of the
sheath fold had been passively rotated as a result of
simple shear. By assuming a simple-shear model, Lacas-
sin & Mattauer (1985) were able to calculate the shear
strain associated with those rotations. They proposed
that such an estimate of shear strain would be more
significant than the commonly used center to center
strain techniques (Fry 1979) because it would represent
the average bulk shear strain for the whole volume of
rock.

Alsop (1992) modified this gcometrical model to cal-
culate bulk shear strain from rotated fold-hinge lines in
the Ballybofey Nappe, northwest ITreland. Alsop’s
model assumed that the original fold-hinge lines (xy) lie
in a plane that is perpendicular to the shear direction
(Fig. 13a). As a result of progressive simple shear,
original fold hinge lines are rotated to x’y’. In this
model. B/C describes the initial obliquity between fold-
hinge lines and the shear direction and «’ is the angle
between rotated fold-hinge lines (x'y’) and the transport
direction, which is ‘mineral lineation® (Fig. 13a). Minor
tolds oriented at angles of 70°-80° from mineral lineation
are subsequently rotated towards the shear direction.
Clearly B/C only gives the angle between initial fold-
hinge lines and the shear plane in the plane perpendicu-
lar to shear direction instead of the initial obliquity
between fold-hinge lines and shear direction. In Alsop’s
model the angle between initial fold-hinge lines and
shear direction is always 90°. The plane containing XY’
in Alsop’s model (Fig. 13a) is neither the shear plane nor
the flattening plane. Therefore, @’ does not represent
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(B=5.7C)
(ii)
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LINEATION

(iii) SCHEMATIC FOLD
GEOMETRIES
X

Fig. 13. (a) Progressive rotation of told-hinge lines (after Alsop 1992) (1) Idealized simple shear deformation of a cube

(side €) and shear strain y. (i) The same deformation applied 1o a cross-section (B—C) representing obliquely oriented

fold-hinge lines. «’ represents the acute angle between fold-hunge lines und the transport direction. which is a function of y

and the initial fold orientation (B—C). (iii) Schematic fold geometry pertaining to (ii). (b) Progressive reorientation of fold-

hinge lines by simple shear (modified from Alsop 1992). (i) ldealized deformation of a cube with side equal to € and shear
strain . (i) The same deformation applicd 1o 4 cube with edge A parallel to shear direction.

the angle either between rotated fold-hinge lines and the
shear direction or between rotated fold-hinge lines and
extension direction although these angles will be close to
each other at high strain.

Alsop’s model is only suitable for a special case. A
more generally applicable modecl is proposed (Fig. [3b).
Assuming that fold-hinge lines are passively rotated due

to progressive simple shear and that initial angles be-
tween the shear direction and fold-hinge lines are
known. shear strain (y) can be calculated using the
following geometric relationship (see Appendix):

L _cot(a)x VB 4+ - A
’ C
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_cot(a)xsin ()
sin (6)

- CON ()

(1

In this model. « is the angle between initial fold-hinge
lines (D) and the shear direction (A). « is the angle
between rotated fold-hinge lines and the shear direction.
0 represents the angle between initial fold-hinge lines
and the shear plane. The lengths of A, B and C depend
on the angles « and 6. By equation (1), shear strain can
be estimated if the initial orientation of fold-hinge lines.
the shear direction and the shear plane are known or can
be estimated.

The geometry of the carliest told has been docu-
mented throughout the Broken Bow uplift (Feenstra &
Wickham 1975, Niclsen er wl. 1989, Yang & Niclsen
1992a4). We assume that orientation of folds in the
footwall of the DMFZ represents initial folds because
these folds are least atfected by simple shear associated
with the fault zones. Sanderson (1973) suggested that
the variation of fold-hinge-line orientation is commonly
up to 257 We believe that the initial fold-hinge lines in
this portion of Broken Bow uplift varv much less. All the
earliest folds documented generally trend E-W and are
subhorizontal (Figs. 5. 6 and 7).

As discussed carlier. fold-hinge lines within the fault
zones have been significantly rotated (Fig. 9). If all the
fold-hinge lines within the fault zones have been rotated
towards the shear direction. the best fit circle defined by
the fold-hinge lines (Fig. 12) outlines a plane that ap-
proaches the attitude of the shear plane at high shear
strain.

At high shear strain. the shear dircction approximates
extension direction. Thus, the shear direction is approxi-
mated by the deformed clasts along the DMFZ._ since no
other strain markcers have been found in the study area.
We would like to emphasize that the shear direction may
vary locally or from region to region. The extensional
lineations documented in the Monte Rosa nappe. Swiss
Alps by Lacassin & Mattauer (1985) indicate 70° (N70°E
to N140°E) variation. Our data also show variation of
about 80° (N8O°W to N). Thus, the shear strain caleu-
lation 1s only an approximation and represents an aver-
age shear strain for the whole volume ot rock.

Based on these assumptions. the shear strain associ-
ated with cach rotated fold-hinge lines can be calculated.
The large variation of shear strain (0 - ;- <0 180°) across
the study area makes it difficult to analyze and contour.
Therefore. In 3 has been caleulated. plotted. and con-
toured on the map where only fault traces are shown
(Fig. 14) The strain pattern has the following character-
istics. Shear strain is mainly concentrated in the fault
zones. There seems to be no shear strain associated with
the footwall of the DMFZ. the Carter Mountain anti-
chine. or Brigham anticline. which are interpreted to be
associated with the ecarliest folds. As the fault zones arce
approached from cither the footwall or hangingwall, a
small amount of shear strain is recorded. However, high
shear strains arce also indicated in the castern end of
Brigham anticline in the proximity of the DMFZ and
SCCFZ. Our current interpretation is that the variation
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indicates possible fault splays and small horse blocks
developed in this area.

In general ¥ values are around 20 (In y = 3) within
the fault zones although strain values as high as 180 (In
v = 5) are indicated locally. Within the SCCFZ the
shear strain increases from north to south. The In y
values are usually around 2 in the north and 3 to 4 in the
south. Within individual horse blocks of the DMFZ,
shear strain also increases from north to south. The
other characteristic of the DMFZ is an increase of shear
strain as the tip of horse blocks are approached. The
pattern of shear strain reflects inhomogeneous de-
formation within the fault zones. As the fault planes
arc approached. shear strain incrcases significantly.
However. this variation may partly be related to the
tangent function. A small change of a value can signifi-
cantly change the value of ¥ when « is small. That is to
sav, where the fold-hinge lines are rotated nearly paral-
tel to the shear direction, the relationship is less sensi-
tive.

DISCUSSION

I'his model assumes constant volume deformation.
Cleavage development in the footwall of the DMFZ is
attributed to the earliest deformation and rotated by
second generation folding. Microfold morphology indi-
cates that at least 30% volume loss during cleavage
formation due to pressure solution (Yang & Nielsen
1992b). In addition to the slaty cleavage, a rough cleav-
age 1s associated with third generation structures (Shore
& Nielsen 1987). This N-dipping rough cleavage is
usually located on the S-dipping limbs of second gener-
ation synforms and believed to be related to the flatten-
ing. No similar cleavage has been documented within
the fault zones. It is assumed that no significant volume
loss is associated with the fault zone development. If
there is. then the shear strain has been over estimated.

Our studics indicate that only fold-hinge lines within
the fault zones have been significantly rotated during S-
directed thrusting. Therefore, by calculating and con-
touring the shear strain associated with each rotated
fold-hinge line, fault zones may be mapped in area of
poor exposure.

Due to lack of any other strain markers. the best fit
great arele to hinge lines (Fig. 12) 1s used to approxi-
mute the shear plane. The shear plane is separated from
the best fit great circle by the angle (8) which is equival-
ent to arctan | L/(y + cos afsin 6)] or in this specific case
arctan /(7 + 12.6) (Fig. 13b). Thus, the calculated
shear strain will be overestimated. In a high-shear-strain
regime. 3 becomes very small. In the Broken Bow uplift,
(s around 37 at y values of 5 and as small as less than 2°
at 3 values of 200 Our ability to refine the orientation of
fault zones 1s limited by the poor exposure.

Initial geological mapping of the Broken Bow uplift
by Honess (1923, p. 216) led him to believe that defor-
mation obscerved in rocks overlying the Womble For-
mation represent a shrinkage or shortening of the
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earth’s crust in this region of several miles’. Miser
(1929) mapped the Potato Hills, which are located
approximately 50 km northwest of the Broken Bow
uplift. He stated that the Windingstair fault had been
folded and rocks of Ordovician, Silurian and Devonian
age have been thrust northward over the Stanley Shale
along the Windingstar fault. Similarly, based on
Honess’ mapping, Miser (1929} interpreted that the
flank sequence in the Broken Bow uplift is detached
from the core of the uplift. Pitt (1955) remapped the
central core of the Broken Bow uplift and concluded
that the sequence is autochthonous and forms a large
anticlinorium rather than part of a thrust sheet. Misch
& Oles (1957) agreed with Pitt and said that the Qua-
chita Mountains are an autochthonous folded system
rather than an overthrust. Based on the calculated
shear strain values presented in this paper. it is clear
that large shear strains arc associated with the §-
directed thrusting in the Broken Bow uplift. As Lacas-
sin & Mattauer (1985) pointed out, these y values
suggest significant amount of displacement. For a fault
zone of 0.3-1 km thick in the study area, the displace-
ment may range from 6 km to 20 km. Thus the Carter
Mountain anticlinorium is allochthonous relative 1o
Hochatown dome and tens of kilometers of translation
are indicated.

CONCLUSIONS

(1) Compared with Alsop’s model, our geometric
model is more generally applicable and can be used 10
calculate shear strain from rotated fold-hinge lines.

(2) The shear strain calculated from passively rotated
fold-hinge lines provides an estimate of the incremental
strain associated with shear-zone development. There-
fore, this improved method provides an approach for
studying strain factorization associated with progressive
deformation in Ouachita Mountains as well as other
orogenic belts.

(3) The study indicates that the Carter Mountain
anticlinorium north of the DMFZ is allochthonous rela-
tive to the Hochatown dome and has been translated
southwards for tens of kilometers.
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APPENDIX

To find the shear strain associated with rotated fold-hinge lines, one
simply applics a simple shear strain of y so that an original cube will be
deformed into rhombohedron. The shear strain can be determined
based on the gencral geometrical relationships among the initial fold
hinge lines, rotated fold hinge lines, shear plane, and shear direction.
The following lists the main steps for the derivation (also see Fig. 13b)

mn =V (21 CHE=CV] 447 (A1)
ng = \/qu“# mn® =VB+ (1 +W (A2)
Py = \/(72‘+(C7)+AF (A3)
og = \”;;2 ;7[? =VE 1 C ZTC ;T‘l)é (Ad)
For triangle nogn. the law of cosine gives
ng~ =no’ + og> — 2% no #oq *cos (a'). (A5)
Substituting using cquations (A1)-(A4) yiclds
B+ C(+y)=A"+ B +C +(Cr+ A7
— 2+ Ax VB 3 2+ (Cy + A)2=cos (). (A6)
Rearrange the above equation to get
A+ (Cy= \/BTTAC??A + CTF* cos (a'). (A7)
Then
(@) VB (P A (A8)
¢
or
}‘:cot ((1')*\/314— (,'Z—A. (A9)
Since
C=D=sin(8). A= D=*cos(u),
and
B =D V(cos’ () — cos’ (a)
OV 08 (0] = cod” () i 0) ~ <o (@) (41

sin (6)
Substituting sin” (#) + cos” (8) = 1 and | — cos® (a) = sin® (a) yields

L, = cot(a)=sin(a) = cos («)
! sin ()

(A11)



