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Abstract

By means of detailed field mapping and a systematic strain analysis we investigated the development of the
Ninemile fault in western Montana. The fault has been considered to be either a Mesozoic or mid-Tertiary
strike-slip fault, or a Late Eocene-Early Oligocene normal fault. The rock of the study area experienced a Mesozoic
to early Tertiary NE-SW shortening expressed by thrusts, folds, and pervasive cleavage. We estimated total strain by
measuring preferred orientation of chlorite grains in samples from within and near the Ninemile fault zone and by
calculating the strain according to the March theory. Our goal was to explain how strain accumulated by successive
superposition of strains during the two deformation events onto an early compaction strain. In all samples the
minimum-elongation direction (= maximum shortening) is nearly vertical. The maximum-elongation directions of all
the samples outside the Ninemile shear zone are subperpendicular to the strike of the shear zone, whereas in the
shear zone they are cither parallel to the strike of the shear zone or form an angle of about 45°. The systematic
variation in the principal strain directions is the result of two deformational events expressed by local structures
created by early NE-SW shortening and later NE-SW extension. The observed strain requires that the Ninemile
fault, a normal fault during the Tertiary, had earlier been ecither a thrust or a zone of contractional shear
deformation, along which there was fault-perpendicular shortening and fault-parallel extension. Although the
average value of maximum elongation is greater within the Ninemile shear zone than outside, it varies significantly
inside the fault zone, suggesting a highly inhomogeneous strain distribution created by a complex deformation
history.

1. Introduction tana and Idaho, which consists of a series of
NW-WNW-trending faults and folds (Billingsley

The Ninemile fault is an important element of and Locke, 1939; Fig. 1). This fault was inter-
the E-~W-trending Lewis-and-Clark line in Mon- preted either as a large-scale, Late Cretaceous

left-slip fault on the basis of the apparent 170-km

separation of the Mesozoic batholith north and
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Fig. 1. Regional tectonic map of U.S. Cordillera and location of the study area. H—-N = Hope—Ninemile fault system.
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ment fault to the south (Fig. 1; Rehrig et al,,
1987), a map relationship implying that the faults
in the Lewis-and-Clark line are right-slip transfer
faults that connect the two Eocene extensional
domains. Recent field mapping and detailed
kinematic studies along the Ninemile fault and its
northern extension, the Hope fault, suggest that
it is a Tertiary normal fault (Yin, 1991; Yin, 1992;
Yin et al., 1994). The latter conclusion is based
on: (1) the consistent younger-over-older relation-
ship across the fault; (2) down-dip lineation on
phyllonitic foliation surfaces in the fault zone,
down-dip striations in the fault zone, and
widespread minor normal faults directly below
the fault; (3) microstructures, such as asymmetric
strain shadows observed in thin sections, and
mesoscopic structures, such as asymmetric folds
and offset beds in the shear zone.

In this paper, we show that the Ninemile fault
could have been a thrust during the Mesozoic to
early Tertiary and was later reactivated as a nor-
mal fault in mid-Tertiary times. This interpreta-
tion is based on both field relations and strain
patterns across the Ninemile fault. Strain was
determined by measuring in each sample the
preferred orientation of phyllosilicate minerals
using an X-ray pole-figure goniometer. The cor-
responding total strain was calculated according
to March’s theory. We first describe the geologic
structures in and adjacent to the Ninemile fault
zone near Quinns, Montana, and then present
the strain data, and finally discuss implications
for the structural evolution of the region.

2. Regional geology

In the western Montana study area (Figs. 1
and 2), the major stratigraphic units include mid-
dle Proterozoic argillite and quartz arenite of the
Belt Supergroup and Tertiary—Quaternary sand-
stone, mudstone, conglomerate. The latter are
distributed either in fault-bounded basins or as
alluvium and moraine deposits. The region expe-
rienced at least three major tectonic events: (1)
rifting related to the formation of the Belt Basin
in the Proterozoic (Harrison et al., 1974; cf. Win-
ston, 1986); (2) Mesozoic to early Tertiary thrust-

ing and folding (Harrison et al., 1986; Fillipone
and Yin, 1994); and (3) Eocene to Early Oligocene
extension (Hyndman et al., 1988; Fillipone et al.,
1992; Fillipone, 1993). The first is expressed by
numerous mafic sills in the Prichard Formation
of the lower Belt Supergroup. These sills are
interpreted to be synchronous with the deposition
of the Prichard strata in the middle Proterozoic
(Buckley and Sears, 1992). Thrusts and folds that
developed during the Mesozoic and early Tertiary
trend mostly N-S north of the Thompson Pass
fault and WNW to NW south of it (Figs. 1 and 2).
The Ninemile fault is parallel to folds and thrusts
on both sides of it. Associated with them is a
spaced cleavage, a common feature in western
Montana (Fillipone and Yin, 1994; Fig. 3a). In
the study area, Tertiary extension produced both
the Ninemile fault and its northwestern exten-
sion, the Hope fault (Fig. 2). They formed syn-
chronously with the Bitterroot and Purcell Trench
detachment faults in western Montana and north-
ern Idaho, respectively, and the Rocky Mountain
Trench normal fault system that extends from
southeastern British Columbia to western Mon-
tana (Rehrig et al., 1987; Harms and Price, 1992;
Yin, 1992; Fillipone, 1993).

3. Structural geology

Geologic mapping at a scale of 1:24,000 de-
fined the structural setting of the samples col-
lected for the strain analysis (Figs. 2 and 3a). The
Ninemile fault is well exposed where the Clark
Fork River crosses the fault. The fault zone is 20
to 150 meters wide and is defined by a phyllonitic
foliation with a down-dip stretching lineation on
its surface (Figs. 4a and 4b). In thin section, the
lineation is defined mostly by stretched quartz
grains. Pyrite crystals are common, and many
carry strain shadows, both symmetric and asym-
metric.

The fault juxtaposes the Prichard Formation
(older) against the Burke Formation (younger),
both of the Proterozoic Belt Supergroup, but the
Prichard Formation occurs in both the hanging
wall and footwall. In addition to deformation
related to motion along the Ninemile fault, em-
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placement of the mafic sills in the Prichard For-
mation produced minor folds and thrusts with
variable orientations along their margins. In the
northeastern corner of the study area, the major
compressional structures of the footwall are
NW-striking thrusts and NW-trending folds (Fig.
3a). Offsets along the thrusts do not exceed sev-
eral hundred meters (Fig. 3). A well developed
spaced cleavage dips steeply (Fig. 3a) and gener-
ally strikes N-S. However, near the thrusts and
folds, its strike parallels the thrusts and folds
(Fig. 3a). This relationship may be due to the
effect of cleavage refraction controlled by litho-

logic contrast (e.g., Treagues, 1983), which would
imply that strain rates varied spatially during the
same episode of deformation.

Immediately above the Ninemile fault, intense
contractional deformation is expressed by closely
spaced thrusts and folds in the Burke Formation
(Fig. 5 and its location in Fig. 3a). These thrusts
and folds belong structurally to the eastern limb
of a 60-km-long, locally overturned anticline (Fig.
2). Because the contractional structures are paral-
lel to the Ninemile fault and found only along the
trace and in the hanging wall of the Ninemile
fault, we speculate that the Tertiary Ninemile
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Fig. 2. Regional geology of western Montana and northern Idaho and structures along the western Lewis-and-Clark line. C = Clark

Fork; T = Thompson Fall; S = Superior.
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Fig. 3. (a) Sample locations and directions of maximum elongation in a detailed geologic strip map along the Clark Fork River near
Quinns, Montana. (b) Geologic cross-section across the Ninemile fault (see Fig. 2 for location). Sample locations projected onto the
section plane. Symbols: S, = bedding; S, = axial-plane cleavage formed during the Mesozoic to early Tertiary E-W shortening;
S, = shear cleavage in the Ninemile shear zone; Yb = Burke Formation and Yp = Prichard Formation, both of the middle

Proterozoic Belt Supergroup; Ys = middle Proterozoic sills in the Prichard Formation; Qal = Quaternary alluvium deposits; and
Qg = Quaternary glacial deposits.
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normal fault was reactivated from a thrust or a
limb of an overturned anticline that had devel-
oped earlier.

4. Method

Figures 2 and 3 show the location and struc-
tural position of eight oriented samples in the
Ninemile fault zone and its footwall. Directions
and magnitudes of March strains (March, 1932;
Oertel, 1983,1985) were measured for these sam-
ples, and the spatial relationship of the strains to
bedding (S,), cleavage (S,), and phyllonitic folia-
tion (S,) are shown in Fig. 3a.

Based on measurements of the preferred ori-
entation of chlorite grains in the individual sam-

ples on an X-ray pole-figure goniometer (Oertel,
1985; Wenk, 1985), we calculated March strains
according to the theory of March (1932) by the
procedure discussed in detail by Qertel (1983)
and Oertel et al. (1989).

March’s theory of the preferred orientation of
platy mineral grains due to strain starts from the
assumption that the platy grains were originally
oriented at random, either at deposition or after
subsequent bioturbation. Later, the grains de-
velop a preferred orientation progressively more
parallel to bedding as compaction proceeds and
pores collapse, resulting in a pole distribution
that is axially symmetric about the bedding pole.
Where a tectonic strain follows compaction, or
proceeds simultaneously with it, platy grains ro-
tate so that their flat surfaces tend to face the

Fig. 4. (a) Shear zone along the Ninemile fault, characterized by a phyllonitic foliation with down-dip lineation, view to southeast.
(b) Photomicrograph of stretching mineral lineation on the phyllonitic foliation, a pencil of ~ 10 cm long as scale.
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direction of maximum tectonic compression. An
observed preferred orientation in a mudrock thus
reflects the cumulative strain from its deposition
onward. Because grain preferred orientation pro-
vides no information on volume change, March
strain is conventionally stated as strain at con-
stant volume; this is not meant to imply that no
volume loss has actually occurred.

The validity of strain estimates according to
March depends on the preservation, since deposi-
tion, of actual detrital phyllosilicate grains, or of
their crystallographic basal planes if they have
been diagenetically transformed from clay-
mineral to chlorite grains. Arguments in favor of
such preservation have been adduced by Oertel
(1983,1985, for rocks of lower greenschist or lesser
metamorphic grade. Dollase (1986) has demon-
strated that the assumptions of the March theory
correctly describe the Kinetic effects of com-
paction in X-ray diffraction powder samples.

5. Results

Four of the eight samples (NM-1, NM-2, NM-5,
and CF-8) were collected in the Ninemile fault
zone and another four (CF-3, CF-7, CF-9, and
CF-10) from the footwall (Fig. 3a). The magni-
tudes and directions of the maximum (e,), inter-
mediate (e,), and minimum (e,) principal elonga-
tions are shown in Fig. 6 (see also Table 1). Note
that all the principal strain directions are either
nearly vertical or nearly horizontal, regardless of
the attitude of bedding, S, cleavage, and S, phyl-
lonitic foliation. The minimum-elongation direc-
tion is nearly vertical for all samples, and the
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maximum-elongation direction is thus nearly hor-
izontal.

The maximum-elongation direction in the shear
zone is either parallel (NM-1) to the strike of the
phyllonitic foliation (S,) and the Ninemile fault
(Fig. 2), or it forms with them an angle of about
45° (NM-2, NM-5, and CF-8). Except for one
sample (NM-1), the maximum-elongation direc-
tions from the shear zone are perpendicular to
the strike of the spaced cleavage (S,). If the
cleavage were related to the measured strain, we
would expect the minimum-elongation direction
(e5), not the maximum-elongation direction (e,),
to be perpendicular to the cleavage strike, sug-
gesting that the cumulative strain is not directly
related to its formation. The maximum-elonga-
tion direction of all samples outside the shear
zone is perpendicular to the Ninemile fault, or
nearly so (Fig. 2), but is oblique to the strike of
the spaced cleavage (S,). This relationship sug-
gests that the strain outside the fault zone records
a NE-SW extensional deformation, probably as-
sociated with the development of the Ninemile
fault itself.

One may be tempted to explain the difference
in direction between the maximum elongation in
and outside the shear zone by a rigid-body rota-
tion in the shear zone about a vertical axis, taking
the strain axes with it; the direction of maximum
elongation in the zone appears to be consistent
with a right slip along the Ninemile fault which
may also have caused the rigid rotation. Such an
interpretation, however, is inconsistent with sev-
eral field observations. First, neither the bedding
(S,) nor the older spaced cleavage (S;) are ro-
tated in the Ninemile shear zone (Fig. 3). Second,

Fig. 5. Sketched cross-section across the hanging wall of the Ninemile fault (see Fig. 3a for location). Note the well-developed folds
and thrusts are located in the eastern limb of a large anticline shown in Fig. 2.
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Table 1

Table of principal elongations

CF-8 ;=143 e, =095 e;=10.74
NM-5 e; =252 e, =1.10 e;=0.36
NM-2 e; =179 e, =093 e;=10.60
NM-1 e, =284 e, =1.07 e;=0.33
CF-3 e; =161 e, =0.89 e;=0.70
CF-7 e, =2.09 e, =148 e;=032
CF-9 e; =130 e, =097 e;=0.79
CF-10 e; =224 e, =145 e; =031

the stretching mineral lineation on the phyllonitic
foliation surface that is observed in the shear
zone is oriented parallel to the foliation dip,
indicating dip-slip rather than strike-slip motion
on the Ninemile fault. An additional observation
makes the strike-slip interpretation implausible,
all measured strains in the study area have their
minimum-elongation direction vertical, indepen-
dently of the attitudes of bedding and cleavage.
This strain pattern is rather more consistent with
dip-slip than with strike-slip faulting.

Because March strain is a cumulative strain
since deposition, its geologic interpretation in-
volves consideration of the entire strain history in

the area, taking into account both the whole
deformational sequence and all constraints pro-
vided by field relationships. We interpret the
sequence of deformation events in the study area
as follows: (1) compaction during the deposition
of the Belt Supergroup, producing a strain pat-
tern that is axially symmetric about the bedding
pole; (2) shortening in the NE-SW direction,
creating thrusts, folds, rotation of beds about fold
axes, an axial-plane cleavage (S,), and strain with
a horizontal NE-SW least-elongation direction;
and (3) extension in the NE~SW direction, induc-
ing normal faulting along the Ninemile fault and
strain with a horizontal NE-SW maximum-elon-
gation direction.

It is a puzzling feature of the observed strain
field that the maximum-elongation directions
away from the Ninemile fault appear to be more
compatible with the Ninemile fault as a normal
fault than those in the very shear zone which
accompanies the fault (Fig. 2). This apparent
contradiction can be resolved by assuming that
the region had been pervasively but inhomoge-
neously deformed before the Ninemile fault ex-
isted and was later affected by another, more

CF-7 CF-8

CF-9 CF-10

Fig. 6. Stereographic representation of principal elongations and directions of March strains in the footwall of the Ninemile fault
(see Fig. 3a for locations). Maximum (e,), intermediate (e,), and minimum (e;) principal elongations.
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uniform, superposed, strain at the time of the
formation of the fault. The most intensive con-
tractional deformation is concentrated in the
hanging wall of the Ninemile fault, near its trace.

N O
O
OQO O
o O 0
oo O

(a) undeformed stage

contractional zone

(c) NE-SW contraction

extensional zone

(d) NE-SW extension

Fig. 7. Schematic diagram showing a possible strain history
leading to the observed pattern. (a) Undeformed strain mark-
ers are spherical; (b) markers after compaction; (c) after
NE-SW shortening and formation of the contractional zone
along the Ninemile fault; and finally (d) after superposition of
NE-SW extension.

This suggests one of two possibilities; either the
Ninemile fault was a discrete thrust before it
became active as a normal fault, or near its
present trace a zone of strong horizontal contrac-
tion formed with its minimum elongation perpen-
dicular to the strike of the future Ninemile fault.
This strain, in turn, would have been superposed
onto the ecarlier strain caused by compaction of
the Belt strata under their own overburden.

The intensity of the NE-SW shortening strain
was probably not uniform but greatest within a
zone near the present Ninemile fault, and it
generally tapered off outside that zone. Such a
strain pattern is schematically shown in Fig. 7.
When onto this strain field, and the correspond-
ing early structural framework, the later NE-SW
regional extension was superimposed, it modified
the inherited principal strain directions. It did so
most sharply where the older strains had been
weak, but only slightly in the shear zone, where
they had been intensive. The stress responsible
for the late extension might also have reactivated
the Ninemile fault as a normal fault.

Strain superposition must have ‘moved’ the old
maximum-elongation direction toward the new,
that is toward orthogonality with the Ninemile
fault, except in those rare cases in which the early
maximum-elongation direction was near-perfectly
parallel to the shear zone and the superposed
strain not very intensive, so that the principal
strain directions would remain virtually un-
changed. Such may be the case of sample NM-1.
However, where the parallelism of the early maxi-
mum-elongation direction with the zone trend
was imperfect and the superposed strain rela-
tively intensive, the new principal directions could
significantly differ from the old. The less coaxial
with its predecessor the superimposed strain was,
and the greater its relative intensity, the more the
principal directions of the compound strain are
affected. This could explain the axis orientations
in the shear zone samples NM-2, NM-5, and
CF-8 (Figs. 2 and 7).

Reactivation of thrusts as normal faults is
known to be common in western Montana and
southeastern British Columbia. For example, the
normal Oligocene Flathead fault along the east-
ern edge of the Rocky Mountain Trench normal-
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fault system was formed by reactivation of a ramp
of the Lewis thrust (e.g., Bally et al., 1966).

The variation of the principal compound-strain
elongations in the footwall of the Ninemile fault
as a function of distance from the fault is shown
in Fig. 8. Although the largest maximum elonga-
tion in every sample inside the fault zone exceeds
that of every sample outside, none of the elonga-
tions vary systematically within either of the zones.
Thus, the maximum elongations (e;) both in-
crease and decrease away from the Ninemile
fault (Fig. 8). The same holds for the intermedi-
ate and minimum elongations.

6. Conclusions

(1) March strains in all samples have their
minimum elongation (the direction of maximum

shortening) nearly vertical and thus the maximum
elongation nearly horizontal, independently of the
attitudes of bedding, cleavage and foliation.

(2) The maximum elongations in all samples
outside the Ninemile shear zone are perpendicu-
lar to its strike, whereas inside the zone they are
either parallel to its strike or they form with it an
angle of about 45°. This systematic difference in
strain orientation can be interpreted as the su-
perposition onto an early NE-SW shortening of a
later NE-SW extension in the zone near the
Ninemile fault. Together with the field relation-
ships, this requires either that the Ninemile fault
had been a discrete thrust that was reactivated as
a normal fault, or that a diffuse contractional
zone associated with early folding was later over-
printed by NE-SW extension.

(3) Although the maximum elongation is
greater inside the shear zone along the Ninemile
fault than outside, it varies significantly within
that zone, suggesting inhomogeneity of deforma-
tion.

Acknowledgements

A. Yin would like to thank Regina Hong and
Rob Stover for assisting in the field. This project
was supported by NSF grant EAR-9117525
awarded to A. Yin. We appreciate reviewers of
Tectonophysics for constructive suggestions that
improved the paper.

References

Bally, A W., Gordy, P.L. and Stewart, G.A., 1966. Structure,
seismic data, and orogenic evolution of southern Canadian
Rockies. Bull. Can. Pet. Geol., 14: 337-381.

Billingsley, P. and Locke, A., 1939. Structure of Ore Districts
in the Continental Framework. Am. Inst. Min. Metall.
Eng., New York, NY, 51 pp.

Buckley, S.N. and Sears, J.W., 1992. Evidence for emplace-
ment of mafic sills into wet sediments in the Prichard
Formation, Middle Proterozoic Belt Supergroup, Perma
area, western Montana. 1992 Rocky Mountain Meeting.
Geol. Soc. Am., Abstr. Programs, 24: 4-5.

Dollase, W.A., 1986. Correction of intensities for preferred
orientation in powder diffractometry: Application of the
March model. J. Appl. Crystallogr., 19: 267-272.



A. Yin, G. Qertel / Tectonophysics 247 (1995) 133-143 143

Fillipone, J.A., 1993. Tectonic and thermochronological evo-
lution of the Cabinet and Selkirk Mountains, northwest
Montana and northeast Idaho. Ph.D. thesis, University of
California, Los Angeles, CA, 341 pp.

Fillipone, J.A. and Yin, A., 1994. Age and regional tectonic
implications of late Mesozoic thrusting and Eocene exten-
sion, Cabinet Mountains, northwest Montana and north-
east Idaho. Geol. Soc. Am. Bull,, 106: 1017-1032.

Fillipone, J.A., Harrison, T.M., Sample, J.C. and Yin, A,
1992. Thermochronological evolution of the Hope and
Moyie fault systems, NW Montana and NE Idaho. A
progress report. Geol. Soc. Am., Abstr. Programs, 24: 11.

Harms, T.A. and Price, R.A., 1992. The Newport fault: Eocene
listric normal faulting, mylonitization, and crustal exten-
sion in northeastern Washington and northwestern Idaho.
Geol. Soc. Am. Bull., 104: 745-761.

Harrison, J.E., Griggs, A.B. and Wells, J.D., 1974. Tectonic
features of the Precambrian Belt basin and their influence
on post-Belt structures. U.S. Geol. Surv., Prof. Pap. 866,
93 pp.

Harrison, J.E., Griggs, A.B. and Wells, J.D., 1986. Geology
and structure map of the Wallace 1°x2° Quadrangle,
Montana and Idaho. U.S. Geol. Surv., Misc. Invest. Ser.,
Map 1-1509.

Hyndman, D.W., Alt, D. and Sears, J.W., 1988. Post-Archean
metamorphic and tectonic evolution of western Montana
and northern Idaho. In: W.G. Ernst (Editor), Metamor-
phic and Tectonic Evolution of the Western Cordillera,
Conterminous United States. Rubey Volume, 7: 332-361.

March, A., 1932. Mathematische Theorie der Regelung nach
der Korngestalt bei affiner Deformation. Z. Kristallogr.,
81: 285-297.

Oertel, G., 1983. The relationship of strain and preferred
orientation of phyllosilicate grains in rocks — A review.
Tectonophysics, 100: 413-447.

Qertel, G., 1985. Reorientation due to grain shape. In: H.-R.
Wenk (Editor), Preferred Orientation in Deformed Mod-
els and Rocks: An Introduction to Modern Texture Analy-
sis. Academic Press, San Diego, CA, pp. 259-265.

Qertel, G., Engelder, T. and Evans, K., 1989. A composition
of the strain of crincoid columnals with that of their
enclosing silty and shaly matrix on the Appalachian
Plateau, New York. J. Struct. Geol., 11: 975-993.

Rehrig, W.A., Reynolds, S.J. and Armstrong, R.L., 1987. A
tectonic and geochronologic overview of the Priest River
crystalline complex, northeastern Washington and north-
ern Idaho. Washington Div. Geol. Earth Resour. Bull., 77:
1-14.

Sales, J.K., 1968. Crustal mechanics of Cordilleran foreland
deformation: a regional and scale-model approach. Am.
Assoc. Pet. Geol. Bull., 52: 2016-2044.

Treagues, S.H., 1983. A theory of finite strain variation
through contrasting layers, and its bearing on cleavage
refraction. J. Struct. Geol., 5: 351-268.

Wenk, H.-R., 1985. Measurement of pole figures. In: H.-R.
Wenk (Editor), Preferred Orientation in Deformed Mod-
els and Rocks: An Introduction to Modern Texture Analy-
sis. Academic Press, San Diego, CA, pp. 11-47.

Winston, D., 1986. Sedimentation and tectonics of the Middle
Proterozoic Belt Basin and their influence on Phanerozoic
compression and extension in western Montana and north-
ern Idaho. In: J.A. Petersen (Editor), Paleotectonics and
Sedimentation in the Rocky Mountain Region, United
States. Am. Assoc. Pet. Geol. Mem., 41; 87-118.

Yin, A., 1991. Kinematics of the Hope-Ninemile fault and its
tectonic implications, northern Idaho and northwestern
Montana. Geol. Soc. Am., Abstr. Programs, 22; 96.

Yin, A., 1992. Kinematics of the Lewis and Clark fault system
in northern U.S. Cordillera: Implications for segmentation
mechanisms of Andean-type magmatic arcs. 29th Int. Geol.
Congr., 2: 414,

Yin, A., Fillipone, J.A., Harrison, T.M. and Sample, J.A.,
1994. Fault kinematics of the western Lewis and Clark line
in northern Idaho and northeastern Montana: Implica-
tions for possible mechanism of Mesozoic arc segmenta-
tion. Belt Symposium III, Special Volume, in press.



