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ABSTRACT

The orientation and relative magnitudes of in situ tectonic stress in the continental
United States have been inferred from a variety of indicators, including earthquake focal
mechanisms, stress-induced elliptical borehole enlargement (“breakouts”), hydraulic
fracturing stress measurements, and young fault slip and volcanic alignments. The data
come from a wide range of depths (0.1 to 20 km) and have been assigned a quality
ranking according to their reliability as tectonic stress indicators. The data show that
regionally consistent orientations persist throughout the seismic “brittle” upper crust.
Stress provinces are defined on the basis of uniform stress orientations and relative
stress magnitudes (style of faulting).

The sources of stress for all the major stress provinces are believed to be linked
either directly or indirectly to plate-tectonic processes. Most of the central and eastern
United States is part of a broad “midplate” stress province (which includes most of
Canada and possibly the western Atlantic basin) characterized by NE- to ENE-oriented
maximum horizontal compression. This orientation range coincides with both absolute
plate motion and ridge push directions for North America. With the exception of the San
Andreas region and most of the Pacific Northwest area, the remainder of the western
United States (generally, the thermally elevated region from the high Great Plains to the
west and including the Basin and Range province) is characterized by extensional
tectonism. Within areas of “classic” basin-range structure, both those currently active
and those largely quiescent, the least horizontal stress is oriented approximately E-W
(between WNW and ENE). In the Colorado Plateau interior and the southern Great
Plains, the least horizontal stress is NNE, roughly perpendicular to that in surrounding
areas. The state of stress in these two regions may be related to pronounced lateral
variations in lithosphere thickness beneath them.

New focal-mechanism data in western Washington and northern Oregon define a
region of NE compression apparently associated with subduction of the Juan de Fuca
plate. In the coastal region of central California there appears to be a zone approxi-
mately 100 to 125 km wide on both sides of the San Andreas fault in which the
maximum horizontal stress is oriented NE, nearly perpendicular to the fault itself. While
compression orthogonal to the San Andreas fault explains late Tertiary—Quaternary
folding and reverse faulting subparallel to the San Andreas, this NE compression seems
incompatible with right-lateral slip on the N40°W-trending San Andreas fault. The
observed stress field, however, is consistent with current estimates of the direction of
relative plate motions, provided that the shear strength of the San Andreas is apprecia-
bly lower than the level of far-field shear stress in the crust.

Zoback, M. L., and Zoback, M. D., 1989, Tectonic stress field of the continental United States, in Pakiser, L. C., and Mooney, W. D., Geophysical framework of
the continental United States: Boulder, Colorado, Geological Society of America Memoir 172.
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INTRODUCTION

In this chapter we present an update of our earlier compila-
tion (Zoback and Zoback, 1980) of stress-orientation data for the
continental (conterminous) United States. In the earlier work
we showed that the modern state of stress has regional uniform-
ity and is primarily tectonic in origin. The data we consider come
from a wide range of depths and indicate consistent stress
orientations throughout the upper crust (approximately the upper
20 km).

The data presented here are a subset of a new compilation of
stress data for all of North America we are preparing for the
Decade of North American Geology (DNAG) Neotectonics vol-
ume. Several changes have been made to our earlier compilation.
The data base has been considerably enlarged, from 226 to more
than 400 points, and we have slightly revised our criteria for
reliable tectonic stress field indicators. In addition, all of the data
points have been assigned a quality ranking, and a few points
have been deleted from the original data set based on the revised
criteria and quality-ranking procedure. This chapter focuses on a
new, quality-ranked stress orientation map of the United States.
A detailed listing of the individual data points in the new data
base is not included here; it will be part of the DNAG Neotecton-
ics volume.

As we pointed out in our previous study, the stress data
permit definition of stress provinces, regions characterized by
generally uniform stress orientations and relative stress magni-
tudes, or style of faulting. Our description and discussion of these
stress provinces parallels the discussion in the seismicity chapter
(Dewey and others, this volume), which divides the United States
into four major plate-tectonic provinces. Correlations between
the stress field and plate-tectonic interactions and other regional
geophysical parameters are also addressed.

Principal stress orientation indicators

Data on principal stress orientations come from four main
types of indicators: earthquake focal mechanisms, elliptical well-
bore enlargements, or “breakouts,” in situ stress measurements,
and geological data on young volcanic vent alignments and fault
offsets. The assumptions, difficulties, and uncertainties associated
with each type of indicator have been discussed earlier in some
detail (Zoback and Zoback, 1980). One of the primary factors
accounting for the marked increase in data in this compilation
compared to our previous one is the large number of new orienta-
tions from wellbore breakout analyses (e.g., Gough and Bell,
1981, 1982; Dart, 1985; Plumb and Cox, 1987; Dart and Zo-
back, 1987). The physical process leading to the occurrence of
these breakouts is now fairly well understood (Gough and Bell,
1981; Plumb and Hickman, 1985; Zoback and others, 1985a),
and the widespread availability of data from wells drilled for
petroleum exploration makes this technique a valuable data
source in the new compilation.

We have revised the age criteria for the geologic (fault-slip)
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indicators. Previously, in the eastern United States we used fault
offsets of Tertiary or Quaternary age as compiled by Prowell
(1983). We have now restricted our consideration to faults in the
eastern United States that show offsets of Miocene or younger
strata. The age criteria for geological data from the western Unit-
ed States remains the same, < 5 Ma, although most data are
younger than 3 Ma.

A new category of in situ stress measurements, petal center-
line or core-induced fractures (IS-PC, Table 1), has been in-
cluded. These planar, vertical or very steeply dipping fractures are
observed in oriented cores and are believed to be extensional
fractures formed in advance of a downcutting drill bit; their orien-
tation is thus thought to record the maximum horizontal com-
pressive stress direction (Kulander and others, 1977, 1979; Dean
and Overbey, 1980; Ganga Rao and others, 1979). Evans (1979)
has examined oriented cores from 13 gas wells in Pennsylvania,
Ohio, West Virginia, Kentucky, and Virginia, and determined
petal centerline fracture orientations for hundreds of meters of
core for most well. The inferred maximum horizontal stress orien-
tations are consistent within wells, between nearby wells, and
with adjacent hydraulic fracturing results and focal mechanisms
(Bollinger and Wheeler, 1982), and so these data have been
included in our compilation.

In addition to enlarging the data set, an additional contribu-
tion of this study is a quality-ranking system that is intended to
characterize how accurately a particular data point records the
tectonic stress field. Four qualities have been assigned, A through
D, with A the highest quality and D the lowest. Whenever possi-
ble, the quality ranking was based on a statistical analysis of the
accuracy of the data. A brief discussion of the rationale for the
ranking follows; a detailed description of the ranking for each
type of indicator will be included in Zoback and Zoback (1989).

In general, the A determinations come from averages of
closely spaced data or from multiple and/or very high-quality
observations at a single locality. We believe these data record the
horizontal principal stress orientations in the upper crust (to seis-
mogenic depths) to an accuracy of 10° to 15°.

The B determinations are intermediate in quality. Typically
they represent one or two determinations at a single site; they
may be very high-quality determinations but lack the statistical
strength of multiple measurements. Note in Table 1 that even a
well-constrained single-event focal mechanism rates only a B qual-
ity, because of the uncertainty in inferring principal stress orienta-
tions from even well-determined P- and T-axes (cf. McKenzie,
1969). The estimated accuracy of these B category stress orienta-
tion determinations is between 15° and about 20° to 25°.

The C quality determinations are the lowest quality mea-
surements considered to be reliable indicators of the orientation
of the tectonic stress field (probably +25°). Either these data have
some inherent uncertainty or inconsistency in the measurements
themselves, or there is not enough information available to con-
strain stress orientations accurately from the data. Still, these data
are included in the compilation because we believe they provide
some reliable information about the stress field.
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As indicated in Table 1, two general classes of information
are included in the D quality ranking: (1) data that may be more
indicative of local rather than tectonic stresses (e.g., G-FS, IS-OC,
IS-HF), and (2) single observations of questionable quality (FM,
IS-BO, G-VA) or multiple observations at a single site with a
broad scatter or bimodal distribution of orientations (IS-BO, IS-
OC). For some parts of the world these data may be the only type
of information available; however, given the overall quality and
density of the United States data set we see no reason to plot these
questionable points. Thus, the stress map included in this chapter
includes only A, B, and C quality data. Although the D-quality
determinations are not plotted, they have been retained in the
data base.

STRESS MAP OF THE
CONTINENTAL UNITED STATES

Using the quality-ranked data set described above, we have
prepared a map of maximum horizontal principal stress orienta-
tions (Fig. 1). In regions of known or inferred extensional stress
regimes, the stress axes plotted in Figure 1 are actually the inter-
mediate principal stress, 5. The length of the orientation arrow is
scaled proportional to its quality, and the center symbol desig-
nates the type of stress indicator. To emphasize broad-scale orien-
tation patterns we have consistently plotted the maximum
horizontal compressive stress orientation regardless of the actual
state of stress (compressional or extensional) suggested by the
indicator. The type of faulting or stress regime is given for each
point in the detailed data set included in Zoback and Zoback
(1989). Figure 2 is an index map showing the names of physio-
graphic provinces shown on the stress maps in Figures 1 and 3.

Figure 3 is a generalized stress map showing average princi-
pal stress orientations, stress regime, and stress province bounda-
ries. The stress provinces are characterized by a relatively uniform
stress field and stress regime. The boundaries between some prov-
inces are sharp (<75 km; e.g., between the Rio Grande Rift and
southern Great Plains); between others, they may be broad and
transitional (e.g., about 300 km wide between the San Andreas
and Cordilleran extensional stress provinces).

Nearly all of the central and eastern United States is charac-
terized by a compressive stress regime (reverse and strike-slip
faulting, with the vertical stress, .S, less than one or both of the
horizontal stresses); in these areas in Figure 3 the maximum
horizontal stress is indicated by inward-pointing arrows. Large
portions of the western United States, however, are currently
undergoing extensional tectonism (S, = maximum principal
stress). For the known or inferred extensional areas on the gener-
alized stress map (Fig. 3), the orientation of the minimum hori-
zontal stress (S3) is indicated by outward-pointing arrows.
Regions dominated by strike-slip tectonism (S, = intermediate
stress), such as the San Andreas fault system, are obviously transi-
tional in character and typically contain evidence of reverse and
some normal faulting subsidiary to the main strike-slip deforma-
tion. There are a few examples of extensional (normal faulting)
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points in the areas of compressional tectonics; however, we are
aware of no data documenting major reverse faulting (other than
a M = 3.7 reverse-faulting earthquake in northwestern Arizona:
Brumbaugh, 1980) within the areas of extensional tectonics.

Discussion and description of the stress provinces shown in
Figure 3 are divided into four sections covering the “plate-
tectonic” provinces (San Andreas transform, Rocky Mountain/
Intermountain intraplate, Cascade convergent, and midplate
central and eastern United States) as defined and discussed in the
chapter on seismicity elsewhere in this Memoir (Dewey and oth-
ers, this volume). The reader is referred to Dewey and others (this
volume) for a detailed summary of active deformation in these
regions. The four major plate-tectonic provinces generally coin-
cide with stress provinces; however, several of the plate-tectonic
provinces include more than one stress province. It is not our
attempt to describe each stress province exhaustively; the reader is
referred to our previous paper (Zoback and Zoback, 1980) for
further description and discussion of these provinces, which we
still consider generally valid except where noted.

SAN ANDREAS TRANSFORM PROVINCE

This province accommodates most of the relative motion
between the Pacific and North American plates. The dominant
structural feature is the San Andreas fault system, with deforma-
tion primarily concentrated along NW-striking, right-lateral
strike-slip faults. Surprisingly, the overall orientation of the max-
imum horizontal stress (Sgmayx) in central California is roughly
northeasterly, particularly when stress indicators from right-
lateral strike-slip focal mechanisms along the San Andreas fault
system (with N-trending P-axes) are ignored (Zoback and others,
1987). The pattern of generally NE compression in central Cali-
fornia has recently been confirmed by more than 100 stress-
induced wellbore breakouts from the California Coast Ranges
and eastern Great Valley area (Mount and Suppe, 1987; Mount,
in press). These data are not shown in Figure 1. Focal mecha-
nisms for moderate-size earthquakes in the central California
Coast Ranges—i.e., events that occur on faults subsidiary to and
west of the San Andreas system proper—show a combination of
reverse and strike-slip faulting with NNE- to NE—trending P-axes
(Eaton and Rymer, 1989). Inversion of all these “off-San An-
dreas” focal mechanisms in central California (including the 1983
M = 6.7 Coalinga earthquake that occurred east of the San An-
dreas) to find a mean best-fitting deviatoric stress tensor (using
the technique described by Angelier, 1984) yielded a rather good
fit with a maximum horizontal compressive stress direction of
N34°E. Similarly, focal mechanisms for events along the Coast
Ranges-Great Valley boundary in north-central California show
reverse and strikeslip faulting with NE- to E-trending P-axes
(Wong and others, 1988). In southern California, the direction of
maximum principal stress is more northerly. Jones (1988) ana-
lyzed groups of focal mechanisms within 10 km of the fault and
found P-axes trending generally northerly, 60° to 70° oblique to
the WNW strike of the San Andreas in this region.
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TABLE 1. QUALITY RANKING SYSTEM FOR STRESS ORIENTATIONS
A B o] D
Focal Average P-axis or formal Well-constrained single-event Single-event solution Single composite solution
Mechanism inversion of four or more solution (M>4.5) or average of  (constrained by first
(FM) single-event solutions in two well-constrained single-event motions only, often Poorly constrained single
close geographic proximity solutions (M23.5) determined based on author's event solution
(at least one event M24.0, from first motions and other quality assignment)
other events M=3.0) methods (e.g., momenttensor (M > 2.5) Single event solution for M<2.5
wave-form modeling, or event
inversion) Average of several
well-constrained
composites (M >2.0)
Welbore  Ten or more distinct At least six distinct At least four distinct Less than four consistently
Breakout  breakout zones in a single breakout zones in a single breakouts with S.D.<25° oriented breakouts or <30 m
{IS-BO) well with S.D. <12° and/or well with S.D.<20° and/or and/or combined length combined length in a single
combined length >300 m combined length >100 m >30m well
Average of breakouts Breakouts in a single well
in two or more wells with 8.D.225°
in close geographic proximity
with combined length >300 m
and S.D. <12°
Hydraulic  Four or more hydrofrac Three or more hydrofrac Hydrofrac orientations in a  Single hydrofrac measurement
Fracture  orientations in single well orientations in a single well single well with 20°<S.D.  at < 100-m depth
(IS-HF) with $.D.<12°, depth >300 m with S.D. < 20° <25°. Distinct hydrofrac
orientation change with
depth, deepest measure-
Average of hydrofrac orien- Hydrofrac orientations in a ments assumed valid
tations for two or more wells in  single well with 20°<S.D.<25°
close geographic proximity, One or two hydrofrac orienta-
S.D.g12° tions in a single well
Petal Mean orientation of
Centerline fractures in a single
Fracture well with S.D.<20°
(IS-PO)
Overcore  Average of consistent Multiple consistent (S.D.<20°)  Average of multiple All near-surface measure-
(1S-0C) (S.D. £.12°) measurements in  measurements in one ormore  measurements made near ments with S.D. >15°,
two or more boreholes boreholes extending more than  surface (depth >5-10 m) at  depth <5 m
extending more than two two excavation radii from two or more localities in
excavation radii from the excavation well, depth >100 m  close proximity with All single measurements
excavation wall, and far from S.D.<25° at depth
any known local disturbances,
depth >300 m Multiple measurements Multiple measurements at
at depth >100 m with depth with S.D.>25°
20°<8S.D.<25°
Fault Inversion of fault-slip Slip direction on fault plane, Attitude of fault and Offset coreholes
Slip data for best-fitting based on mean fault attitude and primary sense of slip
(G-FS) mean deviatoric stress multiple observations of the slip  known, no actual slip vector Quarry pop-ups

tensor using Quaternary-age
faults

vector. Inferred maximum stress
at 30° to fault

Postglacial surface fault
offsets
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TABLE 1. QUALITY RANKING SYSTEM FOR STRESS ORIENTATIONS (continued)

c D

A B
Volcanic  Five or more Quaternary vent  Three or more Quaternary
Vent alignments or "parallel” dikes  vent alignments or "parallel”
Alignment*  with S.D. <12° dikes with S.D. <20°
(G-VA)

Single well-exposed
Quaternary dike

Volcanic alignment
inferred from less than
five vents

Single alignment with at

least five vents

S.D. = standard deviation.

*Volcanic alignments must be based, in general, on five or more vents or cinder cones. Dikes must not be intruding a regional joint set.

Zoback and others (1987) explained the observed stress field
adjacent to the San Andreas as a consequence of several superim-
posed effects: current relative plate motions (resulting in a com-
ponent of convergence across the San Andreas), extension in the
Basin and Range province to the east, and a shear strength for the
San Andreas fault that is appreciably lower than the level of
far-field shear stresses in the crust. The inferred low shear strength
for the San Andreas fault is consistent with the implication of
relatively low heat flow all along the fault zone (Lachenbruch
and Sass, 1973, 1980).

The western boundary of the San Andreas province lies
offshore somewhere within the Pacific plate. Available stress in-
formation extends only as far west as the zone of high seismicity
associated with the fault zone itself; however, seismic reflection
data indicate abundant late Neogene folds and faults striking
subparallel to the San Andreas on the continental shelf (McCul-
loch, 1987). The boundary with the Basin and Range province to
the east lies somewhere within the seismically quiescent Great
Valley because both young fault offsets and focal mechanism data
indicate a combination of normal and strike-slip faulting within
the Sierra Nevada—Great Basin boundary zone. Focal mecha-
nisms of the 1975 M = 5.7 Oroville earthquake, as well as smaller
events in the western Sierra Nevada farther to the south, consist-
ently show normal faulting on north-striking planes; B-axes (as-
sumed to be approximately equal to the maximum horizontal
stress direction) vary from N15°W to N11°E (Langston and
Butler, 1976; Eaton and Simirenko, 1980; Eaton and others,
1981; J. P. Eaton, written communication, 1986). Within the
central Sierra Nevada block, a single hydrofracture measurement
and geological observations of conjugate small-displacement
strike-slip fault sets (Lockwood and Moore, 1979) suggest a
strike-slip stress regime with a NNE to NE Sy Orientation.
However, recent focal mechanisms from the Durwood Meadows
area of the southern Sierra Nevada (35.92°N; 118.317°W) indi-
cate nearly pure normal faulting on N-S—striking nodal planes
(Jones and Dollar, 1986). Similarly, Lake Tahoe is situated in a
late Cenozoic N-S-striking graben within the northern Sierra
Nevada block.

Deformation east of the Sierran front (the western physio-
graphic boundary of the northern Basin and Range province)
includes both strike-slip and normal faulting with a N to NNE
SHmax orientation and is discussed in more detail in the next
section. Because of the contrast between compressional (strike-
slip and reverse faulting) deformation in the California Coast
Ranges and the focal mechanisms indicating extensional (normal)
faulting within the Sierra Nevada and the paucity of data in the
intervening Great Valley, we have approximated the eastern
boundary of the San Andreas stress province along the axis of the
Great Valley in central California. In southern California, the
Garlock fault and the western Mojave block contain strike-slip
faults subparallel to the San Andreas system and are also included
in the San Andreas stress province.

ROCKY MOUNTAIN/INTERMONTANE
INTRAPLATE PROVINCE

As the title implies, the deformation in the region included
in this broad province occurs within the North American plate;
however, it is strongly influenced by interplate (specifically North
American-Pacific plate) interaction. Geological data indicate that
interaction between these two plates has been a major factor in
deformation of the region since middle Tertiary time (Atwater,
1970; Atwater and Molnar, 1973; Stewart, 1978; Eaton, 1979;
Zoback and others, 1981). Regionally high elevations (typically 1
to 2+ km above sea level) and a relatively thin crust characterize
the entire region, from the Rocky Mountains west to the Sierra
Nevada and Cascade Ranges. Various lines of geophysical data
indicate that the source of this elevation is an anomalous warm
upper mantle (or equivalently thin lithosphere) (Thompson and
Burke, 1974; Eaton, 1980).

This plate-tectonic province includes three distinct stress
provinces: Cordillera extensional, Colorado Plateau interior, and
the southern Great Plains. In our earlier work we attempted
further subdivision in the northern half of the region based on
scanty and generally poor-quality data. The current synthesis is
substantially simplified. Note that the Pacific Northwest region
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Figure 1. Map of maximum horizontal compressive stress orientations. Solid lines define physiographic
province boundaries shown in Figure 2. Quality of data indicated by weight and length of line. As
described in the text, three qualities (A, B, C) are plotted. Dashed line marks the 1,100-m elevation
contour based on 1° average elevations. The dot-dash line offshore from the eastern United States is the
200-m bathymetric contour, approximating the shelf-slope break.
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Figure 2. Index map showing physiographic provinces.

(including the Cascade convergent zone) is covered separately in
the next section.

Cordilleran extensional province

On the basis of the current stress data set we have greatly
increased the size of the “Basin and Range/Rio Grande Rift”
stress province to the extent that the earlier name no longer seems
appropriate. The new simplified “Cordilleran extensional” prov-
ince characterized by WNW to ENE-trending Sy, orientations
(Fig. 3) includes areas of classic “basin and range” structure
(generally north-trending normal faults) in Nevada and parts of
Utah, Oregon, Arizona, New Mexico, Colorado, Idaho, and
Montana, but also includes adjacent parts of southwestern
Wyoming and the Denver basin that do not exhibit characteristic
basin-range structure and are considered physiographically to be
part of the Rocky Mountains. These latter two areas are tenta-
tively included in this Cordilleran extensional province because
the data indicate horizontal stress orientations consistent with
nearby regions of the Basin and Range and because available
focal mechanisms (although limited) suggest normal faulting. In
addition, these two areas (as well as most of the rest of the
Cordilleran extensional stress province) coincide with a broad
zone of high regional elevation (see the 1,100-m elevation con-
tour, Fig. 1) and heat flow (Eaton, 1979).

The typically north-striking normal faults found within and

bounding the range blocks throughout much of this region indi-
cate extensional tectonism that began locally as early as 38 Ma
(Elston and Bornhorst, 1979; Reynolds, 1979; Zoback and oth-
ers, 1981; Ruppel, 1982). Deformation responsible for the mod-
ern physiography and structure in both the northern Basin and
Range (“Great Basin”—primarily Nevada and western Utah) and
the Rio Grande Rift physiographic provinces is probably consid-
erably younger, less than 10 Ma (Stewart, 1978; Zoback and
others, 1981; Golombek and others, 1983). The southern Basin
and Range province (Arizona and southwestern New Mexico)
has been tectonically quiescent for about the past 10 m.y. (Eberly
and Stanley, 1978), although moderate, low-level seismicity still
persists in this region (Brumbaugh, 1987). Areas of basin and
range structure north of the Snake River Plain in Idaho and
Montana remain relatively active to the present time, as indicated
by widespread evidence of latest Quaternary (last 15,000 yr)
faulting (Scott and others, 1985) as well as the 1983 M = 7.3
Borah Peak normal fault earthquake.

As shown in Figure 1, the data indicate Syyp,,« (intermediate
principal stress) orientations ranging between about N and NE in
the Rio Grande Rift and most of the Basin and Range province
south of the Snake River Plain about 40°N. The data within and
north of the Snake River Plain, southern Wyoming, and east-
central Colorado indicate Sypmay Orientations between N and
NW. The least horizontal stress (extension) directions shown in
Figure 3 are orthogonal to the orientations plotted in Figure 1.
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Figure 3. Generalized stress map for the continental United States. Outward-pointing arrows are given
for areas characterized by extensional deformation. Inward-pointing areas are shown for regions domi-
nated by compressional tectonism (thrust and strike-slip faulting). Stress provinces are delineated by the
thick dashed lines: CC = Cascade convergent province; PNW = Pacific Northwest; SA = San Andreas
province; CP = Colorado Plateau interior; SGP = Southern Great Plains.

There also appears to be a tendency for stress orientations
near the physiographic boundary between the Basin and
Range/Rio Grande Rift provinces and the Colorado Plateau and
North Rocky Mountains province to be aligned parallel and
perpendicular to the local trend of the boundary and often
topography.

A small local anomaly in this regional stress pattern occurs
in the area directly north of Yellowstone where earthquake focal-
mechanism data suggest approximately N-S extension (E-W
SHmax orientations). This area, as well as part of the adjacent
Idaho batholith, was included in the Hegben Lake/Centennial
Valley stress province of Zoback and Zoback (1980). Continuity
of the regional Sypayx oOrientations between N and NW around
this local anomaly and a revision, based on surface-wave model-
ing (Patton, 1985), of the single focal mechanism in the Idaho
batholith, resulted in elimination of the Hegben Lake/Centennial
Valley stress province. Thus, in contrast to our previous interpre-
tation, it now appears that a region of relatively uniform, approx-
imately E-W extensional stresses surrounds the Colorado Plateau
interior.

The regional variations in the pattern of stress in the north-
ern Basin and Range province (Nevada and Utah) shown in
Figure 1 are summarized in a recent paper (Zoback, 1989). The

abundance of data in this well-studied area permit the establish-
ment of constraints on the relative magnitude of the principal
stresses, as well as on their orientations. As noted previously
(Wright, 1976; Zoback and Zoback, 1980), the presence of both
strike-slip and normal surface faulting and focal mechanisms
along the western margin of the northern Basin and Range prov-
ince suggest a stress field of the form:

S, ~ SHmax >>Shmin OF
Sl =~ SZ >>S3.

In such a stress field it is possible for normal, strike-slip, or
oblique fault slip to occur, depending primarily on the orientation
of the fault plane (cf. Angelier, 1979, Fig. 4). Thus, in many areas
a variety of strike-slip and normal-faulting focal mechanisms are
observed that are simply associated with slip on preexisting faults
of varying orientations reactivated in response to the same re-
gional stress field. This appears to be the present situation at the
Nevada Test Site area in southern Nevada (Hamilton and Healy,
1969; Stock and others, 1985).

Detailed observations of faulting in the region of combined
normal and strike-slip faulting along the western side of the prov-
ince (including the Sierra Nevada-northern Basin and Range
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boundary zone and the Walker Lane belt of western Nevada, see
Stewart, 1988) can constrain both stress orientation and relative
magnitudes. Limits on variations in the stress field are simply
illustrated with field observations from a single site, the Owens
Valley area of easternmost central California, the site of M =~ 7.7
earthquake in 1872. Although a prominent NNW-trending east-
facing vertical scarp (typically 1 m high) was formed during the
earthquake, a recent careful field investigation of the fault zone
indicates that for most of the fault trace the dominant sense of
offset was right-lateral strike-slip, with an estimated ratio of lat-
eral to vertical offset during the 1872 event ranging between 4:1
and 10:1 and averaging 6:1 (Beanland and Clark, 1989; Lubetkin
and Clark, 1988). For much of its length the fault trends NNW
through Owens Valley, and is located 5 to 20 km east of the
subparallel Independence fault, which is a part of the Sierran
frontal normal fault zone. Late Pleistocene and Holocene slip on
the Independence fault has been dominantly dip-slip; no evidence
of lateral slip has been detected (Gilespie, 1982).

An analysis of stress and slip directions (Zoback, 1989)
indicates that the two observed contrasting styles of offset on the
subparallel faults can be explained with large fluctuations in the
relative magnitude of Syyax- For a consistent Sypin Orientation of
N80°W (suggested from nearby data), the nearly pure normal
dip-slip on the Independence fault requires that Syymax must be
close in magnitude to Stmin (Sy >> SHmax = Shmin), Whereas the
large component of strike-slip offset on the Owens Valley fault
zone in 1872 requires a regime in which Sgmax = Sy >> Shmin-
Thus, it appears that the approximatly N-S—oriented principal
stress (Sgmax) has had large temporal fluctuations in relative
magnitude, possibly accompanied by small horizontal rotations of
the principal stresses. The time scale of these fluctuations may be
tens of thousands of years.

Currently the Wasatch front region of north-central Utah
appears to be one area within the Basin and Range province
where the two horizontal stresses have approximately equal mag-
nitudes (Sgmax = Shmin)- Evidence for this comes from conflicting
hydrofracture orientations from nearby wells (Haimson, 1981,
1984; Zoback, 1984, 1989), stress magnitudes measured by hy-
draulic fracturing (Haimson, 1984, 1985), poorly defined and
inconsistently oriented wellbore breakouts (Zoback, 1984), and
nearly pure normal dip-slip on faults of a wide variety of trends
(both surface-slip vectors and focal mechanisms) (Zoback,
1983, 1984, 1989). Superposed striac on a fault surface near Salt
Lake City indicate temporal variations, suggesting that the mod-
ern stress regime characterized by approximately equal horizontal
stresses (SHmax =~ Shmin) May not be the representative long-term
pattern of stresses in this area (Zoback, 1989).

Colorado Plateau interior

The available data, though rather sparse, indicate that the
interior portion of the Colorado Plateau is characterized by a
distinct WNW Spy..x orientation, orthogonal to that in the sur-
rounding Cordilleran extensional province. New focal-mechan-
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ism from the Plateau interior, however, suggest that the stress
regime is extensional (Wong and Humphrey, 1989) and not
compressional as previously reported (Thompson and Zoback,
1979; Zoback and Zoback, 1980). These new, small-magnitude
events show primarily normal faulting with some shallow strike-
slip faulting events (Wong and Humphrey, 1989). True tectonic
compression (reverse faulting) is observed only in an area of
relatively shallow (generally, <3 km), apparently mining-induced
seismicity in east-central Utah, and P-axes within this region
show a 50° variation in strike (Wong, 1985).

The previously proposed compressive Plateau interior stress
regime (Thompson and Zoback, 1979; Zoback and Zoback,
1980), which was based primarily on the mining-induced events
in east-central Utah and relatively shallow strike-slip stress indica-
tors in the Rangely/Piceance basin area of northwestern Colo-
rado, now seems best reinterpreted as an extensional stress regime
characterized by a combination of normal and strike-slip faulting,
albeit with local variations in relative stress magnitudes. The
difficulty in interpreting the tectonic stress field in this region and
understanding the apparent variations in the stress field may be
related to generally low differential stresses suggested by the ab-
sence of major faulting or seismicity within the Plateau interior
(Zoback and Zoback, 1980). All the data do, however, convinc-
ingly demonstrate that the maximum horizontal stress in this
region is WNW, approximately orthogonal to that in the sur-
rounding regions.

This stress province is distinctly smaller than the Colorado
Plateau physiographic province, as Basin and Range-style exten-
sional tectonism has encroached upon the margins of the Plateau
proper (Best and Hamblin, 1978; Thompson and Zoback, 1979;
Zoback and Zoback, 1980). The transition between the Cordil-
leran extensional province and the Plateau interior may be quite
broad (100 to 150 km), particularly in Arizona where the nearly
orthogonal Spymay Orientations of the two provinces are observed
in closed proximity in several areas (see Fig. 1). Aldrich and
Laughlin (1984) have studied the plateau interior boundary in
westernmost Arizona and New Mexico and have suggested that
it is coincident with a 50-km-wide Precambrian province
boundary.

Southern Great Plains

The southern Great Plains stress province appears to form a
boundary zone between the active extensional tectonism of the
western Cordillera and the relatively stable midplate region of the
central and eastern United States. Contrasts in stress orientations
and a consistent indication of extensional tectonism (basaltic vol-
canism and normal fault focal mechanisms) distinguish this area
from the relatively stable midcontinent region adjacent to the
east.

This province generally coincides with the major topograph-
ic gradient (about 100 m/225 km) separating the thermally
elevated western Cordiltera from the midcontinent area. A lack of
data preclude delineation of the northern extent of this province;


http://memoirs.gsapubs.org/

Downloaded from memoirs.gsapubs.org on June 11, 2015

Tectonic stress field of the continental U.S.

however, on the basis of stress orientations, the Denver basin area
of central Colorado does not appear to be part of this province.
Changes in crustal thickness are not sufficient to explain this
major topographic gradient in the southern Great Plains area
(Braile, this volume); thus much of the decay in topography is
probably due to eastward lithospheric thickening beneath the
central United States (Zoback and Lachenbruch, 1984; Iyer, this
volume).

PACIFIC NORTHWEST AND CASCADE
CONVERGENCE ZONE

The active andesitic volcanoes of the Cascade Range are a
manifestation of subduction of the Juan de Fuca or “Cascadia”
plate. In early Tertiary time the Juan de Fuca plate was being
subducted beneath most of the western Cordillera of Canada and
the United States (Atwater, 1970; Engebretson and others, 1984).
The convergence rate between the Juan de Fuca and North
American plates, however, was greater than the spreading rate
along the Juan de Fuca-Pacific ridge (East Pacific Rise); hence
the Juan de Fuca plate was gradually consumed, bringing the
North American and Pacific plates into contact. The relative
motion between the Pacific and North American plates resulted
in development of the San Andreas and Queen Charlotte (Can-
ada) transform systems beginning about 30 Ma. At present these
transform systems dominate the 2,600-km Pacific-North Ameri-
can plate boundary between Alaska and the Gulf of California.
The Cascade volcano chain extends roughly 1,000 km from Mt.
Lassen in California through Oregon and Washington to Gari-
baldi Peak in southern British Columbia. Thus, the current zone
of subduction represents less than 40 percent of the length of the
western North America plate boundary between Mexico and
Alaska.

Whereas the volcanic belt appears to be a clear indication of
subduction, supporting geophysical data are more ambiguous.
The trench offshore is poorly developed bathymetrically and
seismically, although refraction data clearly indicate its presence
(Taber, 1983; Taber and Smith, 1985). Deep earthquakes (>30
km) do occur beneath northwestern Washington and southern
British Columbia; these are primarily normal-faulting events be-
lieved related to the bending in the subducted slab (Taber and
Smith, 1985). The subduction zone may be poorly defined geo-
physically because of the limited size of the subducted plate and
its extremely young age (oldest magnetic anomalies in oceanic
crust at the current “trench” location are only 9 to 10 m.y. old).

Evidence on the state of stress in the crust of this region is
sparse and restricted to relatively few upper-crustal earthquake
focal mechanisms and volcanic vent alignments, most of which
indicate a roughly N-S Symay orientation in central Oregon and a
NNE orientation in southern Washington (Fig. 1). However,
Riddihough (1977) has estimated the Juan de Fuca-North Amer-
ican convergence direction to be NSO°E; geodetic data from the
Puget Sound region indicate a maximum compressive strain ac-
cumulation in a N71°E + 6° direction (Savage and others, 1981).
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The existing data, together with the lack of focal mechanisms
from the coastal regions of Washington and Oregon, led previous
workers to include that the entire Pacific Northwest region is a
single stress province characterized by N-S compression (Smith,
1977; Zoback and Zoback, 1980; Sbar, 1982) and apparently
unrelated to the NE-SW convergence with the Juan de Fuca
plate. Recent data, however, suggest reinterpretation of this
region.

Cascade convergent zone. Weaver and Smith (1983),
Yelin and Crosson (1982), and Weaver and others (1987) have
presented focal mechanisms in western Washington and Oregon
with distinct northeast-trending (average about N40°E) P-axes.
These mechanisms are all strike-slip events; one is beneath Puget
Sound (Yelin and Crosson, 1982) and several occur along the
90-km-long NNW-trending St. Helens seismic zone along the
west side of the Cascades (Weaver and Smith, 1983; see Dewey
and others, this volume). A common characteristic of all these
southwestern Washington and northwestern Oregon strike-slip
earthquakes is that one of the nodal planes strikes between N-S
and N20°W. Thus, it is unlikely that these events could be con-
sistent with the general pattern of N-S compression inferred from
events farther to the east and from volcanic vent alignments to the
south. Several focal mechanisms in southern Vancouver Island,
Canada also indicate NE to ENE compression, suggesting that the
Cascade convergent zone may extend into southernmost Canada
(see Fig. 3) (Adams, 1987).

Weaver and Michaelson (1985) and Weaver and Smith
(1983) have suggested that the subducting Juan de Fuca plate
beneath the Pacific Northwest may be divided into two segments
separated by a broad NE-striking boundary between Mt. Hood
(Oregon) and Mt. Rainier (Washington). Differences in earth-
quake distributions and late Cenozoic and Quaternary volcanism
led Weaver and Michaelson (1985) to suggest relatively low-
angle subduction and strong coupling in the northern segment
(resulting in the observed NE compression) in contrast to the
southern segment where the subducting slab may have broken off
and coupling between the two plates is weak. Thus, the observed
NE compression in western Washington may define a distinct
stress province characterized by strike-slip faulting and a NE
SHmax Orientation related to Juan de Fuca-North American
convergence.

Pacific Northwest. The balance of the Pacific Northwest is
included in a stress province characterized by N-S compression
but whose boundaries are poorly defined. As discussed in Zoback
and Zoback (1980), deformation in this region consists of both
strike-slip and reverse focal mechanisms and late Tertiary to Qua-
ternary folding along E-W axes in the Columbia basin to the east.

The N-S orientation of the maximum horizontal stress indi-
cates that the state of stress in this broader region, encompassing
most of the Pacific Northwest, may be more controlled by the
larger scale transform motion between the Pacific and North
American plates than by the Juan de Fuca-North American
convergence. Spence (1989) has suggested that collision of the
northwestward-moving Pacific plate with the Gorda-Juan de
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Fuca-Explorer plate system causes northward compression of
this offshore plate system that is transferred to the overriding
North American plate, creating the N-S compression in the Pa-
cific Northwest.

MIDPLATE CENTRAL AND EASTERN
UNITED STATES

Consideration of available focal mechanisms, in situ stress
measurements, and geological observations led Sbar and Sykes
(1973) to suggest that an area extending from west of the Appa-
lachian Mountains to the middle of the continent from southern
Illinois to southern Ontario was characterized by a relatively
uniform NE- to E-trending maximum compressive stress. Addi-
tional hydraulic fracturing stress measurements in the Great
Lakes area by Haimson (1977) further documented the consistent
NE to ENE orientation of the maximum horizontal stress in the
midcontinent. Expanding on this, in our 1980 paper we con-
cluded that a large portion of the central U.S. (roughly from the
Great Plains east to the Appalachians) was characterized by a
relatively uniform compressive stress field with a Sy, oriented
NE to ENE. Thus, in addition to the uniformity of stress orienta-
tion, there seems to be uniformity of relative stress magnitudes.
New data have expanded this province to include much of Can-
ada (Adams, in press) as well as the eastern seaboard of the
United States (Zoback and others, 1986).

The data available for the eastern seaboard region as of
1980 consisted primarily of young fault offsets and some poorly
constrained earthquake focal mechanisms and ambiguous hy-
draulic fracturing data. The largest and most consistent body of
data was the young reverse faults on the Coastal Plain (Prowell,
1983; Wentworth and Mergner-Keefer, 1983). These faults typi-
cally strike N to NE, dip steeply, and offset sedimentary rocks of
Late Cretaceous to Miocene age. Because of the poor exposure of
these faults, only the vertical component of offset is generally
detected. However, true offsets, when observed, are typically dip-
slip (D. Prowell, oral communication, 1984), although minor
lateral offsets of both right-lateral and left-lateral sense have been
reported.

The general N to NE strike of the faults with Miocene and
younger offset led Zoback and Zoback (1980) and Wentworth
and Mergner-Keefer (1983) to suggest a NW Sypax direction for
the Atantic Seaboard. Further support for a distinct “Atlantic
Coast” stress province came from a compilation of earthquake
focal mechanisms near the New York-New Jersey area that con-
sistently indicated reverse faulting on NE-striking nodal planes
(Yang and Aggarwal, 1981).

A large body of new data are incompatible with a separate
Atlantic Coast stress province characterized by NW compression.
The new data include a large number of wellbore breakouts both
onland and on the continental shelf (Plumb and Cox, 1986; Dart
and Zoback, 1987); in situ stress (hydraulic fracturing) studies at
several localities (Zoback and others, 1985b; M. D. Zoback and
others, 1986); and better constrained earthquake focal mecha-
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nisms, particularly for the New York-New Jersey area (Sebo-
roski and others, 1982, Houlday and others, 1984; Quittmeyer
and others, 1985; see also the discussion of the validity of some of
the earlier focal mechanisms in M. L. Zoback and others, 1986,
p- 307) and the Charleston area (Talwani, 1982). Analysis of
rather variable focal mechanisms in the New England area indi-
cates a mean bestfitting regional stress tensor with an Spmay
orientation of about E-W (Gephart and Forsyth, 1985). Thus,
the bulk of the data consistently indicate a Sypn,x orientation of
NE to nearly E-W for the eastern seaboard and continental shelf
(Fig. 1).

We have retained in the data set stress orientations inferred
from the young reverse faults that offset Miocene and younger
rocks. These data, a large number of which are in eastern Virginia
(note the small area with NW compression indicated on Figs. 1,
3), appear incompatible with the new data on the regional stress
field. Because most of these faults strike within 20° or less of the
inferred Symay direction (based on nearby wellbore breakouts in
northwestern Virginia, and West Virginia), it is unlikely that this
incompatibility can be explained by large amounts of undetected
strike-slip movement on these faults.

Thus, stress orientation data from the Great Plains east to
the Atlantic continental margin indicate a generally consistent
SHmax orientation between NE and E and averaging about ENE;
a similar pattern is noted throughout most of Canada (Gough and
others, 1983; Hasegawa and others, 1985; M. L. Zoback and
others, 1986). This compressive midplate stress province may
also extend eastward throughout much of the western Atlantic
basin, based on a few focal mechanisms from that area (M. L.
Zoback and others, 1986), most notably the 1978 Bermuda rise
event with a P-axis oriented N60°E (Stewart and Helmberger,
1981; Nishenko and Kafka, 1982).

SOURCES OF STRESS

We believe that the majority of the broad, regionally uni-
form in situ stress field, as mapped with the various types of
indicators, is tectonic in origin. Discussion of the sources of stress
can be neatly divided into two broad regions: a central and east-
ern United States midplate region and the western Cordillera
region (western Great Plains and regions to the west).

Central and eastern United States

As mentioned above, the central and eastern United States
appear part of a broad midplate compressive stress province that
includes most of Canada and possibly also much of the western
North Atlantic basin—to within about 250 km of the Mid-
Atlantic ridge (M. L. Zoback and others, 1986). Symay Orienta-
tions within the province vary between NE and E and average
about ENE. While localized stresses may be important in places,
the overall uniformity in the midplate stress pattern suggests a
far-field source. As the North American plate essentially lacks
any attached subducting slab, the most likely plate-driving forces
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are ridge push and basal drag. It is unlikely that the stress field in
the central and eastern United States is influenced by any resistive
shear forces on the San Andreas transform; shear stresses gener-
ated by Pacific-North American interaction are probably not
transmitted through the thermally weakened, actively deforming
western Cordillera.

Reding (1984) investigated the state of stress in the North
American plate with a single-plate elastic finite-element analysis,
using both ridge-push models (in which ridge-push forces were
distributed over the oceanic lithosphere) and driving basal-drag
models. Net torque on the plate was balanced by resistance pro-
vided by either pinning the western plate margin or by allowing
resistive basal-drag forces (in the ridge-push case). The predicted
maximum horizontal stress orientations were ENE, in good
agreement with the observations, and were nearly identical for
both the ridge-push and driving basal-drag models. Thus, the
stress orientation data base for the North American plate does not
allow discrimination between these two models.

Nevertheless, there are two general observations that lead us
to prefer ridge push over basal drag as the primary source of stress
in the midplate region. In a lower-mantle reference frame, cra-
tonic North America is moving southwesterly (Minster and Jor-
dan, 1978). Minster and others (1974) noted that the speed of a
plate varies inversely with its continental area and suggested that
deep roots beneath continents increase the basal drag and hence
slow the lateral movement. Drag-related compression associated
with thick cratonic lithosphere moving southwesterly through
relatively passive asthenosphere presumably would be most pro-
nounced along the leading southwestern margin of the craton
(southern Great Plains area). However, the observed N-S exten-
sional stress regime in the southern Great Plains stress province
demonstrates that drag-related compression at the leading edge of
the continent is not occurring. Furthermore, seismic activity
generally increases from west to east within the craton (from
Great Plains region east) rather than decrease from this “leading
edge,” which would appear to argue against anomalously high
compressive stress associated with the motion of the North Amer-
ican lithosphere with respect to the asthenosphere.

Western United States

The state of stress in the western United States is believed to
be closely linked to plate interactions along the western margin of
the continent, presently the NW-directed relative motion of
the Pacific plate with respect to the North American plate and the
NE convergence between the Juan de Fuca and North American
plates. Prior to the late Cenozoic development of the San Andreas
transform fault (post-30 Ma), subduction occurred beneath much
of the western United States (Atwater, 1970; Atwater and Mol-
" nar, 1973; Engebretson and others, 1985). Extensional tectonism
in the Basin and Range and Rio Grande Rift provinces and
regions north of the Snake River Plain was initiated during this
period of subduction, primarily in an “intra-arc” setting, as in-
ferred from contemporaneous calc-alkaline magmatism (Eaton,
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1978, 1979; Elston and Bornhorst, 1979; Reynolds, 1979;
Zoback and others, 1981). This earlier history of subduction and
extensive invasion of the western United States lithosphere by
magmatism profoundly influenced the lithosphere and upper-
mantle structure of the region as inferred from the regional topo-
graphic high, which begins in the central Great Plains and extends
westward to include the Sierra Nevada range (see 1,100 m con-
tour in Fig. 1). This elevation anomaly is probably best developed
in the northern Basin and Range, where broad regions of crust
with a thickness of 30 to 33 km stand at an average elevation of
about 1,700 m above sea level. In areas within this elevation
anomaly where thermal equilibrium has probably been obtained
(notably the Basin and Range and Rio Grande Rift province, and
excluding the Sierra Nevada and Colorado PLateau), heat-flow
values are high (averaging 80 to 100 m w/m?) (Lachenbruch and
Sass, 1978).

It appears that the modern state of stress throughout the
western United States is influenced not only by present-day plate
motions, but also—in some complex manner—by lateral varia-
tions in upper-mantle structure that are probably related to earlier
plate interactions. Two regions characterized by extensional tec-
tonism oriented nearly orthogonal to surrounding regions, the
Colorado Plateau interior and the southern Great Plains, are both
areas of proposed relatively abrupt lithospheric thickening (Po-
rath, 1971; Thompson and Zoback, 1978; Zoback and Lachen-
bruch, 1984; Iyer, this volume). The least horizontal stress
orientation in both these regions is generally perpendicular to the
extension direction in the surrounding actively extending areas.

Of course, the most obvious manifestation of the influence
of modern plate interactions is the deformation along the San
Andreas fault. The relative transform motion between the North
American and Pacific plates results in a strike-slip stress regime.
Based on global plate kinematics for the last 3 m.y., Minster and
Jordan (1978) predicted a relative velocity in central California
between the Pacific-North American plates of 56 + 3 mm/yr,
N35° + 2°W (RM2); they estimated the actual slip vector from
Holocene geological data in the same region to be 34 + 3 mm/yr,
N41° + 2°W (Minster and Jordan, 1984). Including estimates of
Basin and Range extension, Minster and Jordan (1984) con-
cluded that deformation west of the San Andreas fault must
include 4 to 13 mm/yr of crustal shortening orthogonal to the
fault. As noted above, regional earthquake, geological, and well-
bore breakout data in the Coast Ranges both east and west of the
fault suggest a general NE-SW trend for Syypay, approximately
perpendicular to the San Andreas. The compression across the
San Andreas fault may be related to a change in relative motion
between the North American and Pacific plates tied to recent
changes in the absolute motion of the Pacific plate (Cox and
Engebretsen, 1985; Pollitz, 1986). Cox and Engebretson (1985)
indicated that there has been a 17° clockwise rotation of the
Pacific-North American relative motion vector in the past 5 m.y.,
which would result in a component of convergence across the
San Andreas in central California.
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DISCUSSION

The stress data base has been significantly improved as a
result of several factors. First, the establishment of wellbore
breakouts as reliable indicators of horizontal stress orientation
(Bell and Gough, 1979; Gough and Bell, 1981, 1982; Hickman
and others, 1985; Zoback and others, 1985a) has greatly in-
creased the size of the data base, particularly for the eastern
United States. These data are interpreted from high-resolution
dipmeter logs, a log frequently run in petroleum exploration
wells, or from acoustic borehole televiewer logs, a less widely
used but more sensitive instrument (Zoback and others, 1985a).
In each well, the statistical weight of multiple determinations of
stress orientations, often made over a significant range of depths,
makes this technique one of the best indicators of horizontal stress
orientation. Thus, this stress indicator offers the opportunity to
obtain, relatively inexpensively, high-quality new data on stress
orientations wherever there are petroleum exploration wells.

A second factor that has greatly improved the data base is
the introduction of the quality-ranking system (Table 1). The
significance of single points in areas of sparse data coverage is
now much clearer. In addition, interpretation of sometimes con-
flicting data in regions of dense coverage is also simplified.

The use of higher quality earthquake focal mechanisms has
also improved the data base. Better constrained mechanisms are
frequently reported now as a result of the use of wave-form
modeling (both body and surface waves), P/SV ratios, and sys-
tematic grid searches seeking all possible solutions. While all
these tools help to improve the focal mechanisms, the inherent
ambiguity in inferring stress orientation from P- and T-axes re-
mains a problem.

The pattern of stress provinces inferred from the new data
base are somewhat simplified from our earlier study, both in the
western and eastern United States. One of the most significant
changes in our interpretation of the stress data is the elimination
of an Atlantic Coast stress province characterized by NW com-
pression. The new data indicate a remarkable uniform Sgpay
orientation (between NE and E) for all of the U.S. east of the
Great Plains, including the continental margin. This uniform
midplate stress province includes most of Canada east of the
westernmost Cordillera.

Tertiary vertical offsets on generally NE-striking steep re-
verse faults in the Atlantic Coastal Plain reported by Prowell
(1983) are inconsistent with this uniform midplate NE to ENE
SHmax Orientation. As noted previously, their strike precludes
their activation as primarily strike-slip faults even if large lateral
offsets on these faults have gone undetected. At present we can
offer no good explanation for these NW-striking reverse faults
other than to note that nowhere have these young faults been
identified as being seismically active. It has been suggested that
they may represent deformation in an earlier stress regime; how-
ever, we consider this highly unlikely as the inferred source of the
broad midplate stress field is believed to be plate tectonic in
origin, and there have not been major changes in plate geometry
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in post-Miocene time. Most of these young fault offsets have been
observed near the Fall Line, the boundary between the coastal-
plain sediments and basement of the Piedmont, generally a major
break in topography. Possibly these primarily vertical offsets on
steep faults parallel to the Appalachian trend are a result of the
same mechanism responsible for a hypothesized young uplift of
parts of the Appalachian Mountains (Hack, 1979). In the central
Virginia area where the faults are best documented, focal mecha-
nisms of microearthquakes seem to indicate both NE- and NW-
striking P-axes (Munsey and Bollinger, 1985), although there has
been some dispute of the validity of the composite mechanisms
with NW P-axes (Nelson and Talwani, 1985).

CONCLUSIONS

An almost two-fold increase in the number of data points
substantiates earlier studies that indicate regionally uniform stress
orientations throughout the upper crust. These data and adoption
of a quality-ranking system have enabled us to modify and
somewhat simplify previously defined stress provinces in the con-
tinental United States. The most important differences between
this data compilation and interpreted stress provinces reported
here and those of Zoback and Zoback (1980) are as follows:

1. General ENE compression associated with the midcon-
tinent stress field now appears to extend all the way to the Atlan-
tic continental margin and possibly well into the western Atlantic
basin. A distinct Atlantic Coastal Plain stress province (character-
ized by northwest compression) is not supported or justified by
the available data.

2. Data defining NE compression associated with subduc-
duction of the Juan de Fuca plate are observed in western
Washington and Oregon, and these areas make up the Cascade
convergence zone stress province.

3. The extensional stress field associated with the Basin and
Range and Rio Grande Rift is now observed in central Colorado
and western Wyoming. Thus, an approximately E-W-oriented
extensional stress field is generally associated with the broad up-
lifted region of the western Cordillera and may completely sur-
round the Colorado Plateau.

4. The previously reported WNW Synax oOrientation
within the Colorado Plateau interior has been further substan-
tiated; however, the plateau interior now appears to be character-
ized by an extensional, not a compressive, stress regime (Wong
and Humphrey, 1989).

Earthquake focal mechanisms, geological, and wellbore
breakout data adjacent to the San Andreas fault suggest generally
northeast (fault-normal) compression in central California, in
contrast to a N-trending Symax Orientation that would be inferred
from the right-lateral strike-slip faulting along the NW-striking
fault itself. The fault-normal compression may be the result of
very low shear strength on the San Andreas fault coupled with a
clockwise change in Pacific-North American relative plate mo-
tion in the past 5 m.y., as well as extensional processes in the
Basin and Range.


http://memoirs.gsapubs.org/

Downloaded from memoirs.gsapubs.org on June 11, 2015

Tectonic stress field of the continental U.S.

In many regions the substantially enlarged data set confirms
the generally broad-scale, tectonic origins of the stress field in the
various provinces defined. The expanded data set also defines
numerous localized, relatively small-scale variations in the stress
field within individual provinces. Improved resolution and future
study of these variations will yield new insight into the forces that
deform the crust.
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