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ABSTRACT

When viewed with stress transformation laws and an idealized physical model, ob-
servations of oblique slip and slip partitioning in the Basin and Range (western United
States) are interpreted to show that (1) separate regions with the same net extension
direction are not necessarily characterized by the same regional stress field, (2) fault
systems exhibiting partitioning where one of the faults is near vertical generally do not
require temporal changes in the stress field to explain the disparate slip vectors on the
adjacent faults, and (3) the relative strengths of active fault zones may vary by more than

an order of magnitude.

INTRODUCTION

The purpose of this note is to illustrate
how observations of oblique slip and slip
partitioning on major faults in the Basin and
Range, when viewed with simple stress
transformation laws and an idealized phys-
ical model, can provide insight into (1) spa-
tial and temporal variations in the regional
stress field, (2) the relative strength of active
faults, (3) the mechanics of low-angle fault-
ing, and (4) the pitfall in assuming that prin-
cipal stress directions determined from
fault-motion indicators, such as focal-mech-
anism or slickenside data, are the same ori-
entation as the principal directions of crustal
strain, particularly in regions of slip parti-
tioning. Toward that end, we limit our at-
tention to four active faults (Table 1 and
Fig. 1): the Owens Valley and Independence
faults of southeast California, the 1954 Fair-
view Peak earthquake rupture in central Ne-
vada, and the northern Panamint Valley
low-angle normal fault also in southeastern
California.

PHYSICAL FRAMEWORK

Our discussion is based on the develop-
ment of two separate parameters. The de-
velopment of each assumes a stress field
where one of the principal stresses is ori-
ented in the vertical.

Applying laws of stress transformation
and the assumption that slip vectors on any
individual active fault will parallel the shear
stress resolved on the fault plane, we define
the first parameter, the ratio of principal
stresses,
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where s and A are the slip azimuth and dip
of the fault plane, respectively, oy, is the min-
imum horizontal stress, o, is the vertical
principal stress, and £ is the angle between
the maximum principal horizontal stress oy
and the strike of the fault (Jones and Wes-
nousky, 1992). The relation indicates that
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TABLE 1. FAULT PARAMETERS

Fault Reference*  Strike Dip Raket Slip azimuth §
) A A 7 from north
(W] © ) e
Owens Valley 1 340 85 % 10%* -180 90 340
Independence 12 340 60+10 -90t0-105%t 0-38 250-288
Fairview Peak 3 350+5 60t5 -160t5 75-83 335-343
Northern Panamint 4 150+5 75175 -155+5 70 - 80 300 - 310

*1-Beanland and Clark (1993a,b), 2-Clark et al. (1984), 3-Doser (1986); 4-Burchfiel et al. (1987)

 Conventions according to Aki and Richards (1980).

§ Slip azimuth ¥ = 90° -tan -1 [tan(A)cos(A)] (Fig. 2). Value converted to geographic coordinates in
right-hand column.

#+ Assumed 90° when interpreted within the framework of partitioned slip; these values used in Figure
4.
"+t Generally considered a normal fault, the possibility of small lateral component (rake = -105°) is
assumed for illustrative purposes in this paper. Available observations do not rule out a small lateral
component of slip to the system.
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there is a stress field for any value of £ that
will satisfy the requirement that the shear
stress resolved on the fault parallels the ob-
served slip vector and is a specific case of more
generalized results put forth previously (An-
gelier, 1984; Gephart and Forsyth, 1984;
Michael, 1987). Values of § > 1 are equiv-
alent to o, = o5 (reverse faulting), 0 < S < 1
to o, = o, (strike-slip faulting), and S <0 to
o, = o; (normal faulting), where o, is the
most compressive principal stress.

The second parameter arises from inter-
pretation of the idealized physical model
shown in Figure 2. If the dipping fault in
Figure 2 existed in the absence of the strike-
slip fault (no partitioning), the slip azimuth
¥ on the dipping fault would parallel the
direction of oblique extension 6. When 6
surpasses a certain critical angle, it becomes
energetically favorable to partition a portion
of the oblique component of extension onto
an adjacent and parallel strike-slip fault, at
which point ¢ becomes =6. If partitioning
exists, one may apply (1) a least-work crite-
rion (Beck, 1991; Jones and Wesnousky,
1992), (2) a force-balance criterion (McCaff-
rey, 1992), or, with the continued assump-
tion that slip vectors on faults paralle] the
shear stress resolved on the faults, and (3)
simple stress transformation laws (Jones
and Wesnousky, 1992) to the simplified
model of Figure 1 and arrive at the relation

Ts sin ¢
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where R is the ratio of shear resistance be-
tween the strike-slip (7,) and dipping fault
(74) and the remaining variables are defined
in Figure 2. The relation indicates that when
partitioning exists, the slip azimuth ¢ is not
controlled by the obliquity of extension
but, rather, by the fault dip A and shear-
resistance ratio R (Fig. 3). If all fault systems
were characterized by the same shear resis-
tance, the relation between ¢ and A would
follow the curve R = 1. More important to
this analysis, equation 2 provides a tool to
place bounds on the relative strengths of
paired fault systems from field observations
of fault dip and slip azimuth. Equation 2
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faults in western Basin
and Range showing loca-
tion of fault zones dis-
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lines). Block diagram il-
lustrates partitioning of t
dip-slip and strike-slip iy
motion between Indepen- PHUGDEHUEH el
dence and Owens Valley

faults, respectively.

1‘1:872”' Owens

e | T
1‘1;3)54 Fairview Peak] "

I L . [
] -t r |. b N { .
F AN §J Sierra Owens
Poa L R
X N

o SR 50 km
L] kst e F L |
e Xl { \‘\ Northern
\\\\- "4 Panamint

Valley |
arthquake (M7.8)

7.1) (SR

"

Nevada Valley |54 pmtns \

/
Independence
fault

Owens Valley
fault

A}

(1 Valley fault

3E6°N

may also be applied to dipping oblique-slip
faults that are not paralleled by an active
strike-slip fault. In this instance, an estimate
of R derived from measures of ¢ and A on
the dipping fault will necessarily be a mini-
mum value (it is minimum because the lack
of partitioning indicates that { is below the
critical value for partitioning) and reflects
only the minimum ratio of the strength of
unbroken rock (in a vertical plane parallel to
the dipping fault) to the dipping fault. Al-
though currently limited to elastic or rigid
blocks in the two-dimensional geometry of
Figure 2 (McCaffrey, 1994), the model pro-
vides a useful framework for examining
oblique and partitioned slip in the Basin and
Range.

EXAMPLES FROM THE BASIN

AND RANGE

Spatial Variations in Regional Stress Field
The faults indicated in Figure 1 exhibit

contrasting fault geometries and slip-vector

Oblique extension

Figure 2. Oblique convergence or extension
oriented at angle 6 may be accommodated by
slip partitioning: combination of oblique dip-
slip motion on dipping fault plane (dip = A)
and strike-slip motion on adjacent vertical
fault plane. Slip azimuth ¢ for dipping fault is
generally less than 0 in fault systems charac-
terized by partitioning. Both 6 and s are meas-
ured with respect to normal to fault strike.
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orientations (Table 1). We can use equation
1 to examine whether there exists a single
value of both § and the orientation of the
principal stress directions that is compatible
with the observed slip on the separate fault
systems. Figure 4 is a plot of the stress ratios
S that will produce the observed slip on the
Independence, Fairview Peak, and Pana-
mint Valley faults for different azimuths of
least compressive horizontal stress. To sat-
isfy the hypothesis that slip on each fault
may be explained by a single stress field, the
curves must intersect at a single point. Such
is not the case. Hence, no single stress field
explains the sense of slip observed on the
faults. For example, the intersection of
curves for the Independence and Panamint
faults at values of § = 0.8 indicates that they
may be explained by the same stress field
with a principal horizontal stress direction of
about 250°. But the same stress field cannot
explain observed displacements on the Fair-
view Peak fault. The example shows how

knowledge of fault geometries and slip vec-
tors can place limits on possible variations in
regional stress fields across the Basin and
Range and supports the presence of lateral
variations in stress fields akin to (but not
necessarily identical to) those inferred by
Zoback (1989).

Temporal Changes in Regional
Stress Field

The phenomenon of slip partitioning is
well exhibited by the subparallel right-lat-
eral Owens Valley and dip-slip Indepen-
dence faults in southeastern California
(Fig. 1). It has been suggested that either the
orientation or relative magnitudes of the
principal axes of the stress field must change
significantly over periods of time, on the or-
der of multiple earthquake cycles, to explain
the coexistence of the active high-angle dip-
slip Independence fault and the Owens Val-
ley strike-slip fault (Zoback, 1989). We ex-
amine the hypothesis in Figure 5 by using
equation 1 to plot the slip azimuth s vs. dip
A for constant values of S and the minimum
principal stress orientation of N80°W as-
sumed by Zoback (1989). The lack of sen-
sitivity of S to estimates of fault dip for near-
vertical faults is illustrated by the merging of
S lines at values of dip greater than about
80°. We also plot in Figure 5 the dips A and
slip azimuths ¢ for the two faults. For com-
parison with Zoback (1989), we allow dip on
the Owens Valley fault to range between 80°
and 90°. Clearly, any value of § < 0 can sat-
isfy observed slip on the Owens Valley fault
if the dip is vertical. The shaded region of S
values for the Independence fault reflects a
range of rake values between —90° and
—105°. Because of the extreme sensitivity of
determinations of S to fault geometry and
slip azimuth for both faults and the obser-
vation that curves of constant S of <~2 pass
through the uncertainties for both fault
zones, we assert that the available data are
not sufficient to argue strongly that temporal

E-N

Slip azimuth of dipping fault, ¥

Dip of dipping fault, A

Figure 3. Contours of
constant values of R
computed with equation
2 on plot of dip angle A
vs. observed slip azi-
muth ¢ on dipping fault.

/ Observed values of A
/ and s indicate that R for
Panamint Valley, Fair-
view Peak, and Indepen-
dence faults range over
more than an order of
maghnitude. See text for
discussion of uncertain-
ties (arrows and shaded
area).
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Figure 4. Ratio of principal
stresses S determined
from equation 1 vs. as-

Stress fields producing observed slip

sumed azimuth of princi-
pal minimum-compres-

sive horizontal stress.
Lines represent com-
puted values of S for
known geometries and
slip azimuths of Indepen-
dence, Fairview Peak, and
Panamint Valley faults.
Crossings of lines indi-
cate where slip on respec-
tive faults may be ex-
plained by a common
stress field. Patterned ar-
eas show uncertainties in
estimates of S§ arising
from uncertainties in fault
parameters (Table t1).
Owens Valley fault not A
shown because strike slip -6

Stress ratio (S)

on a vertical fault can be
explained by any value
of S.

vatiations in the stress ratio S are needed to
explain the different mechanisms and geom-
etries of the Independence and Owens Val-
ley faults. Rather, an equally viable and
simpler hypothesis is that, within the uncer-
tainties, the slips on the faults are produced
by the same stress field. The result is not
sensitive to the assumed direction of mini-
mum horizontal principal stress, and we may
further generalize that fault systems exhib-
iting partitioning where one of the faults is
near vertical do not generally require tem-
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Figure 5. Constant values of stress ratio $
computed with equation 1 are placed on plot
of slip azimuth s vs. dip angle A. Values of §
for Owens Valley and Independence faults are
determined with values of fault dip and slip
azimuth listed in Table 1. Shaded region indi-
cates uncertainty for independence fault, re-
flecting dependence of s on A. Curves for a
constant stress ratio of S < ~—2 pass through
uncertainties for both fault zones, indicating
that slip on both faults may be explained by a
single stress field.
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poral changes in the stress field to explain
the disparate slip vectors on the adjacent
faults.

Stress vs. Strain and the Use
of Focal-Mechanism and Slickenside
Data in Tectonic Analysis

We observed that slip on the Owens Val-
ley and Independence faults may be de-
scribed with the same regional stress field
(Fig. 5), but the slip azimuths of 250° and
340° for the Independence and Owens
faults, respectively, are very different (Ta-
ble 1). Therefore, the observation that the
stress field across two faults is the same does
not require that the slip azimuth across each
fault also be the same. Similarly, if the net
extension direction across two regions is the
same, it is not required that the stress field
across the two regions be the same. For ex-
ample, if we consider that the slip rate on
the Independence fault is one tenth or less
that along the Owens Valley fault (Beanland
and Clark 1993a, 1993b; Clark et al., 1984),
the net displacement vector summed across
Owens Valley and Independence faults is
better defined at ~334°-340°. The value can
be compared to the net extension direction
of between 337° and 342° indicated by the
focal mechanism of the 1954 Fairview Peak
earthquake to the north in central Nevada,
which occurred on a fault not characterized
by partitioning. The similarity of displace-
ment vectors for the Owens Valley and Fair-
view Peak regions indicates that the two re-
gions probably share the same net extension
direction. Prior tectonic analyses of focal-
mechanism and slickenside data indicate
that the least horizontal principal stress di-
rection ranges between about 245° and 310°
across the two regions (e.g., Zoback, 1989;

Reches, 1987). If we limit our attention in
Figure 4 to this latter range of stress orien-
tations, we observe that slip on the Fairview
and Independence faults cannot be ex-
plained by a common stress field. The result
illustrates the potential pitfall in assuming
that principal stress directions inverted
solely from collections of slickensides or fo-
cal mechanisms necessarily reflect the prin-
cipal directions of crustal strain, particularly
in regions of slip partitioning. It is interest-
ing that, if we allow the possibility that min-
imum principal stress directions are not lim-
ited to between 245° and 310°, examination
of Figure 4 allows an alternative hypothesis
that the two regions do share a common
stress field with S = —0.2 and the minimum
stress oriented about 337°, a direction ap-
proximately parallel to the calculated direc-
tions of extension in the two regions.

Variations in the Strength of Active Faults
and the Mechanics of Low-Angle
Normal Faults

The mechanics of low-angle normal fault-
ing is a topic of considerable discussion (e.g.,
Buck, 1990; Forsyth, 1992). However, ob-
servations that bear directly on the physics
of such faulting are rare, though several in-
stances of active (post-Miocene to possibly
Holocene) low-angle faulting have been in-
ferred (e.g., Johnson and Loy, 1992; Burch-
fiel et al., 1987; MIT 1985 Field Geophysics
Course and Biehler, 1987; Scott and Lister,
1992). We may use equation 2 to take ad-
vantage of information bearing on the
oblique component of slip to constrain the
strength of any low-angle fault relative to
either an adjacent strike-slip fault or unrup-
tured rock and, hence, provide observa-
tional constraints for physical models at-
tempting to explain the occurrence of slip on
low-angle normal faults. Entering the ob-
served values of fault dip and slip azimuth
for the Panamint Valley low-angle normal
fault (Table 1) into equation 2 yields a min-
imum estimate of =3 for the shear-resis-
tance ratio R (Fig. 3). Thus we infer that the
Panamint Valley can be no more than 1/3
the strength (R = 3) of unbroken rock. The
same approach estimates the shear-resis-
tance ratio R to be =1 for Fairview Peak. In
contrast, an estimate of R for the Owens
Valley-Independence fault system yields
values of R that are possibly more than an
order of magnitude less than observed for
either the Fairview Peak or Panamint Valley
faults (Fig. 3). It is possible that the northern
Panamint Valley fault also partitions slip
with the Owens Valley fault (Fig. 6). If so,
the shear resistance of the Panamint Valley
fault is at least three times less than that of
the Owens Valley fault. Therefore, the low-
angle normal fault in Panamint Valley may
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Figure 6. Shallow dip of northern Panamint Valley fault allows speculation that slip is also
partitioned between Panamint Valley and Owens Valley fault zones.

have an apparent strength perhaps an order
of magnitude less than that of the Indepen-
dence fault. In the absence of partitioning,
the large oblique component of slip on the
northern Panamint Valley fault in itself still
seems to require the fault to be very weak.
For example, even if we were to relax our
model assumptions (e.g., Spencer and
Chase, 1989; Yin, 1989) to allow rotation of
the stress field out of the vertical, it is dif-
ficult to reconcile a large component of
oblique slip on a low-angle normal fault un-
less the fault is very weak; otherwise, it
would partition the oblique component of
slip onto a vertical strike-slip fault.

The large range in strength ratios R ob-
served across these Basin and Range faults
differs greatly from the more uniform
strengths of faults found along the trans-
pressive San Andreas fault system (Jones
and Wesnousky, 1992). The apparent strength
of the Independence fault might reflect the
inability of the Independence fault to absorb
additional extension because of the large to-
pographic relief and, therefore, vertical
component of displacement that has already
been accommodated across the fault. Such
an inference would be in line with the sug-
gestion by Forsyth (1992) that high-angle
normal faults become energetically less
favorable with increasing amounts of
extension.

SUMMARY AND CONCLUSIONS

We have presented an idealized physical
framework to view the phenomena of
oblique slip and slip partitioning in the Ba-
sin and Range. When considering the results
in the context of the entire Basin and Range,
the use of the framework serves to illustrate
that (1) the relative strengths of active fault
zones may vary by more than an order of
magnitude, (2) separate regions exhibiting
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slip partitioning and the same net extension
direction are not necessarily characterized
by the same regional stress field, and (3)
fault systems exhibiting partitioning where
one of the faults is near vertical do not gen-
erally require temporal changes in the stress
field to explain the disparate slip vectors on
the adjacent faults.
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