Tt AsLuLARLIL,

O H LoD

granite at high

oy
-582, 1970, ¢

nd D, L. '_I‘urcolte, p
*kness, Geophys, J g

‘Heat in Solids, 386.7 Inferring principal stress directions from

¥ near major strik
24-7346, 1971,
. G. Moore, Stoam

States. Stress provinces with

orientations appear quite uniform
ods used to determine stress). Availabl
stress provinces indicate that these
western United Staes,
ally high heat fow, the

rlumc—tcmperature
Handbogk of Physjed
183, 1966,
mechanical aspegy,’
v of the Conference 2%
ault System, pp. 19
hf., 1973 -3
1eating, fAuid Dressiied
5. Res., 83, thig 55wy
logi Colorado Platean tntetior,
gevloglc processy faulting along the Gulr Coastal Plain,

f fault planes gy relative magnitude of the

» 29, 65-78, 1972, <4
&8s law for elastic i3
76, 64146419, )97
nd earthquake stress
ental Studtes o i R
liction, pp. 291-304
977.

States can be attributed to

actively extending

and asthenospheric
1uake fault: A threg.
s 66, 1-32, 1976,
anular materigls
, 1979
mal metamorphigem, 3
iine fault, New Zeg.

flow modefs do not

is defined by the stress

nd pore-fluid pr‘& ponent of compression across the coastal area,
strain) due 1o anisotropic

and isostatic rebound of the Appalachians,

itsziffer des Tm&i{
mgserscheinungen,

KI dbe 24, 132 INTRODUCTION
5 in rock joints at 4|
B25-828, 1979. .%
devaux, Shear de- N
| subducting slabs, § -

vides importan; comstraints

both the pattern of stress and variations in
OW2 to understand
Properly. In addition,

'eation of potential
“Xisting zones of weakness in the crust.
field (pl‘ima;‘i_ly
el"liary an(; Yo
from geologic
A in g g
T Made ¢ categ

a5 inferreg from currently active tectonism.

Thig paj

SWCF-F . f.]. v 3¢ Kers

stress field from one province to angther, Much or

Detailed knowledge of the pattern of intraplate stress pro-
on models of global tectonic proc-
S%¢s and the mechanism of Plate motions. On a finer scale,
the pattern must be
intraplate volcanism and tectonism
in regions of relative tectonic quies- -
cence, knowledge of the in sty stress field is required for de-
seismic hazards associated with pre-

his study répresents an attempt to map the modern stress
Quaternary in the western United States and
unger in the East) in the conterminous United
Lates, Principal stress orientations have beeq determined
observations, earthquake focal mechanismsg,
€58 measurements, Ap attempt has also been
orize broad regions not only by the orientations
of Fhe Principal stresszes but also by their relative magnitudes,

YUL. 83, NO. B1l, PAGES 6113-6156, NOVEMBER 10, 1980

SO LW TSidedz ih&héﬂﬁlqpntcrminous United States

MARY Lou Zopack AND MARK ZOBACK

U.s. Geological Survey, Reston, Virginia 22092

gealogic data, focal mechanisms, and in sitn stress measure-
ments, we have prepared a map of principal horizontal stress orientations for the conterminous United
linear dimensions which range between 100 and 2000 km were defined on

the basis of (he directions and relative magnitude of principal stresses, Within z given province,
{usually within the estimated Tange of accuracy of the different

stress
meth-

e data on the transition in stress direction between the different
(ransitions can be abrupt, occurring over <75 km in places,
4 region of active tectonism characterized by high levels of seismicity and
stress pattern is complex,
Despite relative tectonic quiescence in the eastern

In the
gener-
but nemerous stress provinces can be well delinegted.

the modern pattern of stress in the western United

present transform motion and residual thermal and dynamic efects of Ter-
tiary subduction along the western edge of the North Amerjcan plate. Abrupt siress trans

regions in the westerm United
anomalously thin lithosphere, Large areas characterized by a uniform stress field in the cen
ern United States Suggest broad scale plate tectonic forces. In the midcontinent region, bo

itions aronnd
of stress and
tral and east-
th ridge push

States probably reflect shafiow sources

viscous drag resistance to lithospheric motion can explain the NE-SW compression
in the cold, thick lithasphere of (he craton, althou

plate motion) correlate better with the data than

gh drag-induced stress directions (resistance to absolute
do the ridge push directions. Asthenospheric counter-

apply in this region, a5 predicted stress orientations are about 90° off. A region of
Compression oriented approximately perpendicular

to the continentat margin and Appalachian fold belt

data along the Atlantic Coast. This NW-SE compression is in direct contrast with
Previous models Predicting extension perpendicular

contrasts at the continental-oceznic erust interface.

to passive continental margins due to lateral density
Ridge push forces, while capable of producing a com.

do not explain the observed orientation of the stress. Two
speculative mechanisms are Suggested 10 explain the observed orien

tations: (1} rotation of stress (or

Appalachian basement structure and (2) fiexural effects associated with erosion

Data are presented in terms of the orientation and relative
magnitude of maximum and minimum horizontal stresses and
a vertical stress. We have assumed that one principal stress is

i | the horizontal Components of the in sity stress

vertical, anq
field represent principal stresses. Evidence supporting this as-
of the nearly vertical attitude

sumption includes observations
of dikes exposed over significant depth intervais at a given lo-
cality [R. B. Johnson, 1961) as well as the absence of exposed
dikes that appear not to have been emplaced vertically (D.
Pollard, oral communication, 1980), In addition, measure-
ments of the complete stress tensor in deep mines (McGarr
and Gay, 1978] and the near-horizontal orientations of the
Breat majority of stress axes inferred from earthquake focal
mechenisms also indicate that regionally the principal stresses
are horizontal and vertical, ’

The major contribution of the present study is the inciusjon
of new geologic data on the orientation of the stress field,
largely in the western United States. In addition, we have at-
tempted to go back to the original references and check the re-
liability of previously. compiled data, particularly for focal

" Per is not subject 10 1.8, copyright. Published in 1980 by  mechanisms. We have excluded poorly constrained points and
€ American Geophysical Union. have relied, whenever Ppossible, on averages of 2 number of sa-
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lutions in a given locality. The quality criteria used are de-
tailed below.

PRINCIPAL STRESS ORIENTATION INDICATORS

Some discussion is warranted of the different techniques
used for determining principal stress orientations, especially
the major assumptions associated with each technique as well
as the inherent diffculties and uncertainties. Incorporation of
the geologic stress indicators is our main contribution to pre-
vions compilations of stress data.

Geologic Data

Geologic information on principal stress orientations can be
divided into two main categories: observations of fault slip
and the alinements of young (<3 m.y. B.P, predominantly
Quaternary) volcanic feeders. For the western United States,
many of these data came from M. L. Zoback [1979], Thomp-
son and Zoback [1979] and M. L. Zoback and M. D. Zoback
[1980]. In the east, geologic data on young faulting compiled
by Prowell [1980] was especially useful.

Detailed information on fault slip can be used to determine
the net horizontal component of motion on oblique slip nor-
mal and thrust faults. Measurements of fault slip direction
yield the net direction of horizontal shortening in the case of
oblique slip thrust faults, and the pet horizontal extension di-
rection on oblique slip normal faults. The occurrence of
oblique slip suggests slip on favorably oriented preexisting
planes of weakness (i.e., faults). We assume here that the ac-
tual horizontal slip direction reflects the regional stress field.
Available strain data for the western United States indicate
that the regional stress and strain axes, in general, do coincide
{e.g., Prescott et al., 1979], and in detail, in situ stress and re-
gional strain measurements at the Nevada Test Site yield con-
sistent principal axes [S. W. Smith and R. Kind, 1972; Haim-
son et al., 1974]. Thus in a normal faulting regime, such as in
the Basin and Range and the Gulf Coast provinces, the hori-
zontal component of slip (or opening) is inferred 1o be region-
ally in the direction of the least principal stress. Similarly, in a
thrust fanlting regime the net horizontal slip should be in the
direction of the greatest principal stress.

The actual direction of slip on a preexisting fault plane oc-
curs in the direction of maximum resolved shear stress on that
plane when the ratio of shear to normal stress exceeds the fric-
tional strength. To predict accurately the direction of slipon a
fault with a given orientation, both the orientation of the re-
gional principal stresses and their relative magnitudes must be
known [e.g., Wallace, 1951]. Thus it is impossible to infer
uniquely priacipal stress orientations from observations of slip
on a single fault. However, if slip observations are made for a
family of faults influenced by a single regional stress field,
then these observations can be inverted to determine the ori-
entation of the principal stresses [e.g., Angelier, 1979, Carey,
1979]. Unfortunately, such detailed studies have not been
done in the United States. The fault slip data included here
constrain only the approximate principal stress orientations.

Two methods of determining fanlt slip geologically are
from measurements of {1) historic offsets and (2) grooves and
slickensides on exposed fault scarps. Of these two methods,
data from the first are often the most difficult to obtain and
the least reliable. Surface scarps of earthquakes are rarely a
single trace but rather a zone of breaks, so a complete picture
of slip requires knowledge of the total dip slip and strike slip
components of motion for all breaks. However, if a major
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break can be identified, the maximum vertical and strike slip
offsets (along the same segment of the break) can be used 1
determine the net herizontal components of slip.
Large-scale grooves and parallel slickensides o an exposeq
fault surface indicate the relative direction of motion of twg
crustal blocks. Unfortunately, well-preserved fault scarps i
competent rocks are rarely exposed. In the Basin and Range
province, a region of abundant Quaternary faulting, mqg
young scarps occur in alluvium, basinward of the majn
ranges. However, surface exposures of fault scarps are knowq
and are sometimes exposed several kilometers (occasionally
tens of kilometers) along strike. Measurementiof grooves ang
stickensides at a number of sites along a fault frovides a mean
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horizontal direction of slip for a major crustal block. Con- " ear volcal
sistency of the horizontal component of slip despite changes iy " gudies of

strike of as much as 90° (M. L. Zoback, 1978; Paviis and
Smith, 1980] indicates that these grooves and slickensides ac- S
corately record the major block motion. One source of error
in this kind of study is the possibility of a local downdip com-
ponent of motion of gravitationally unstable blocks that slide
down into the valley. This source of error could result in mea-
sured slip directions that are spuriously rotated toward the
valley.

Some of the geologic slip data reported here were derived
from detailed studies involving a number of localities on a
given fault surface, whereas other data represent only a single
measurement (see Table 1 for details). The standard deviation
of the mean horizontal component of slip in the detailed stud-
ies is +10°—15°, which is probably a reasonable estimate of
the accuracy of all the fault slip data despite the fact that indi-
vidual measurements generally have a precision of £2°,

An additional method of determining fault slip utilizes re-
cent observations of core holes offset by motion on preexisting
fault surfaces. These core hole offsets are considered to be re-
liable stress indicators when (1) fault motion occurs years af-
ter excavation, and {2) the sense of motion is not caused by
the creation of a stress-free surface and thus is gravitationnlly
controlled (see the work of Schdfer [1979) in the Appalachian
Fold Belt).

Where detailed information on the direction of slip is una-
vailable, an approximate method for determining stress orien-
\ation relies on the trend of young faults and the sense of only
the predominant type of offset (generally vertical, either nor-
mal or reverse). This method has been used for the Atlantc
Coastal Plain and Gulf Coast areas. The assumption of purely
dip slip faulting for active Gulf Coast normal faults is prob
ably valid. For the Atlantic Coastal Plain this method w25
used because it provided the only available data; howevet the
possible errors are recognized as potentially being quite la{ge
(perhaps as large as 20°-30°; see Wellace [1951] and Raleigh
et al. [1972]). .

The second type of geologic indicator of principal stress or-
entation is linear volcanic feeders, such as dikes and cindef
cone alizements, where the cinder cone alinement presumably
reflects the geometry of an underlying fissure ot dike. £ *
Anderson [1951] and Odé [1956] have concluded on theorett
grounds that dike intrusion should follow planes PE”
pendicular to the axis of least principal stress within a ro¢
mass, resulting in magma-fracing [ Yoder, 1976] analogous v
hydraulic fracturing. Clearly, there can be no static Shl
stress across a magma-filled crack, and numerous exa.mp"f
exist of dike swarms that crosscut earlier structures and mam
tain a constant trend in rocks containing abundant Pl":"'Jusmls
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ctures and faults [e.g., Christiansen and McKee, 1978, p.
284]. Koons [1945), in a careful study of late Quaternary basalt
. fields north of the Grand Canyon, saw through the possible
. confusion of parallel cinder cone alignments and nearby

g faults:

Detailed examination of exposed bedrock near these aligned
groups shows that, though the lines of cones paraliel fault trends
ihe cones do not lie on observed fault lines ... cones tend to occur
in gistinct lines, parallel to, but not associated with, observed sur-
face fractures. This parallelism may have resulted from stresses
in existence at the time of deformation.

* |n addition, Nekamura (1977} and Nakamura et al. {19781
convincingly demonstrated the correspondence between lin-
ear volcanic feeders and regional stress as determined from
siudies of active faults, earthquake focal mechanisms, and the
direction of convergence along major plate boundaries. Thus
in regions of active volcanism, linear volcanic feeders can be
ueed to determine principal stress orientations. Lachenbruch
. gnd Sass [1978] also have suggested that the axis of maximum

clongation of calderas should correspond to the regional least
pﬁncipal stress direction. In the present study, however, we

; . have used only dike trends and cinder cone alinements which
. can be determined with greater precision.

Stress directions inferred from cinder cone alinements are
generally based on linear alinements of four or more vents.
~ Some of these linear zones are quite impressive, extend for

nearly 20 km, and contain as many as 16 individual eruptive

“ centers (e.g., the Don Carlos Hills in northeastern New Mex-

ico, site NM-22, Table 1). Dike trends are based on a visual

. - regional average in which the longest and most continuous

dikes generally are given the greatest weight. Again, as in the

> case of the fault slip data, individual measurements may be
¥ made with an accuracy of +1°-2°, However, variations in any

given area suggest that a more reasonable assessment of the
reliability of the siress orientation determination is +5°-10°.

Measured ellipticity of wells resulting from caving of walls
(breakouts) has also been proposed as a principal stress in-

- dicator. Cox [1970] 2nd Babeock [1978] have reported consis-
* tent orientations of elongations within individual wells and

between wells distributed over an area of more than 3 X 0¥
km? on the high plains of Alberta, Canada. In one 200 X 250
km region, nine wells showed only a 20° variation in mean
predominant elongation orientations {azimuths: 1307, 135°,
140°, 142°, 142°, 143°, 146°, 146°, 150°). These consistent
orientations are independent of lithologic and age boundaries
as well as dip of the strata. Beil and Gough [1979] have sug-
gested that the breakouts responsible for these elongations are
caused by concentration of stresses at the walls of wells with
the direction of elongation coinciding with the least hori-
zontal principal stress drientation. Utilizing experimentally
derived stress magnitudt required to produce spalling, they
suggest that at least one of the horizontal stresses must exceed
the lithostat indicating a compressional (strike slip or thrust
faulting) stress regime.

Finally, some discussion is warranted regarding the age of
the geologic stress field indicators utilized in our study. In the
western Upited States, only features younger than 5 m.y. and
generally younger than 3 m.y. were included. (The ages of
Specific sites are listed under ‘comments’ on Table 1.) Consid-
erable stress field uniformity is found over this time period in
several areas. In the eastern United States, two groups of data
were used: the data in New England represent postglacial and
Holocene faulting; the tectonism in the Atlantic Coastal Plain,
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however, can only be shown to be of Tertiary or Quaternary
age.

Focal Mechanisms

Pressure P and tension T axes derived from earthquake
focal mechanisms are one of the most comunonly uvsed in-
dicators of tectonic stress. However, principal stress orienta-
tions obtained from fault plane solutions are inherently the
least reliable indicators of stress orientation bécause the P and
T axes cannot be equated with certainty to the greatest and
least principal stress directions. MecKenzie [1969] demon-
strated that for the general case of triaxial stress the only re-
striction on the greatest principal stress imposed by the fault
plane solution is that this stress direction must lie in the same
quadrant as the P axis but could, in fact, be nearly normal to
the P direction. McKenzie’s objections were based largely on
the fact that most shallow crustal earthquakes occur on pre-
existing faults rather than by the fracturing of intact homoge-
neous material and that shear stresses at shallow depths are
much too small to cause failure. Raleigh et al. [1972], however,
pointed out that the strength of intact homogeneous rock is
such that new faults will be generated where fanlts exist at un-
favorable orientations, Experimentally derived faulting rela-
tions reported by Raleigh et al. suggest that only preexisting
planes lying at ~10°-50° to 5, the greatest principal stress di-
rection, would slip (ie., when S, is between 40°-80° to the
pormal 1o the fault plane). Therefore they concluded that the
P axis (taken as lying at 45° to the fault plane) could be in er-
ror by no more than 35°-40° when sliding on a preexisting
fault produces the earthquake. Furthermore, they suggested
that if the nodal piane corresponding to the fault is known,
the P axis {corresponding to the greatest principal stress)
shoutd be plotted at 60° of the normal of the fault plane and
at 30° to the slip direction. In this case the orientation of the
greatest principal stress would be in error by no more than
20°.

However, selection of the actual fault plane is frequently
Jifficult and the P and T axes standardly reported are at 45°
to the nodal planes. Thus it appears that the best method of
analyzing focal mechanism data is to consider a number of
earthquakes occurring on different fanlts in a particular area
and then to rely on average Fand T directions. In this way the
errors due to ship on preexisting planes of various trends
should hopefully tend to cancel, and the correct average F
and T directions will be obtained. M. L. Zoback and M. D.
Zoback {1980} compared extension directions on major faults
in the northern Basin and Range, determined using fault slip
data, with the T axes of focal mechanisms, Despite large scat-
ter in the focal mechanism data (standard deviation, +25°),
the mean directions and the geologically determined exten-
sion directions fall within 3° of one apother; this result sug-
gests that the T axes are fairly reliable indicators of principal
stress/strain directions. Both R. B. Smith [1977] and Eaton
[1979] have also noted that regionally good correlation be-
tween carthquake P and T axes and nearby in situ stress data
thronghout the United States. However, as outlined in the
previous paragraph, stress directions derived from individual
focal mechanisms could be in error as much as 35°40°. We
have attempled to rely, whenever possible, on average P and
T directions from a number of solutions in any given area.

The best seismic coverage is in California, where detailed
studies have been made of focal mechanisms along segmenis
of the San Andreas fault. From these studies the mean F and

-
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TABLE 1. Stress Data =
Least Principal =
Horizontal b
Stress Stress Type of
Site Location® Orientation  Regimet Indicatorf Comments References
Alabama
AL-1 Clarke County N35°E N G-FS§ average trend of several normal (growth) fault zones that offset Copeland [1976]
~31.65°, §7.91° lower Tertiary Lo Mioceng-Quaternary beds
Arizona
AZ-1 San Bernardino volcanic field N62°W N | G-CC basallic cinder cones 0.2 to 3 m.y. old; best alinement on youngest Luedke and Smith (1978a] ™
31.45°%, 108.30° oones ]
AZ-2 Pinacate volcanic field ~E-W - G-CC alinement of three major centers of eruption, < 100,000 years old Donnelly [1974] z
32.12°, 113.50° b
AZ-3 Lakeshore mine N73°E ocC depth, 480 m; Symy = 35, Bickel and Dalinar [1976] 2
~33°, 111.7° =
AZA4 White Mountains volcanic field N25°E N? G-CC alinement of basaltic cinder cones, 2-3 m.y. cld Luedke and Smith [15784] and N
~34°, 109.5° Merrill and Péwé [1977] 2
AZ-5 Chediski quadrangle ~N63°W N? G-CC basalt overlies gravel, which overlies rim gravel; age <5 m.y., Finnell [1966] P4
34.02°, 110.60° probably <3 m.y,; orientation based only on two cones .
AZ-6 Bagdad N58°W N G-FS8(G) right-lateral oblique slip on Hawkeye fault, which cuts late(?) Tertiary  C. A, Anderson et o, [1955] W
34.58°, 113.21° and Pleistocene(?) Gila(?) conglomerate 5
AZ-7 Sycamore Canyon primitive area W35°E N? G-D, CC average trend; actual range in strike, N45°-71°W; based on a spatter Huff et af. [1966] =]
35.08°, 111.96° cone alinement and nunierous dikes exposed in canyon 2
AZ-§ San Francisco volcanic field (SE) N30°E N G-D, CC basaltic cinder cones all <! m.y. old; includes Sunset Crater rift Moore and Walfe [1976] and w
~35.25%, 111.42° zone (~1000 years old) Colton [1967] 2
AZ-9 Hopi Buttes N30°W ? G-CC,D numerous dikes and cinder cones, monchiquite volcanism primarily Akers et af. {1971) and o
35.42°, 110.17° 4-6 m.y. B.P. Hack [1942) i
AZ-10  San Francisco volcanic field (N) N55°W N G-CC basaltic cinder cones less than 1 m.y. old (Dog Knobs) alined parallel Babenrath and Strahler [1945] z
35.55°, 111.42° to Mesa Butte fault/graben system and Shoemaker et ai. [1978) gﬂ
AZ-f1  Lake Mead N46°W S8 FM(C) T axis plunge = 20°SE; P axis azimuth = N43°E, plunge = 20°SW R. B. Smithand A. G. Lindh z
36.0°, 114.7° [1978) im
AZ-12 . Boulder Dam N54°W N/88  OC overcore at 107-m depth, Syax = & > Symin Merrill | 1964] ;
36.03°, 114.73° z
AZ-13  North Rim of Grand Canyon ~E-W N G-CC basaltic cinder cones 0.1-1,0 m.y. old Koons [1945] 2
36.42°, 113.17° v
AZ-14  Prescott HN39°E N FM(S) primarily normal faulting based on surface wave solution, consistent Eberhart-Phillips et al. E
34.66°, 112,58° with body wave data, T axis plunge = 5°NE; P axis azimuth = {1979] 5
N73°, plunge = 84°W g
Arkansas z
AR-1 Mew Madnd (SW) MN3°wW S8/T  FM(A) average of two events with similar solutions; both have thrust and Herrmann and Canas [1978] o
35.6°, 90.5° strike slip components and Herrmann [1979] g
AR-2 New Madrid (NE) N4°W Ss FM(S) strike slip event, consirained with both body wave and surface wave Herrmann and Canas [1978]
35.9°, 89.9° solutions; T axis plunge = 32°8; P axis azimuth = NBS8°W, and Herrmann [1979]
plunge = 9°W
California
CA- Brawley N3I°W 88 FM(A) average stress directions taken from primarily strike slip earthquakes s Jill [1977]
32.92°, 115.5° in left-stepping offset of San Andreas fault
CA-2 Borrego Mountain ~E-W Ss FM(A) average trend of stress orientations based or 72 composile focal Hamilton (1972
33°,116° mechanisms of afiershocks of the 1968 Borrego Mountain earth-
J : quake; predominantly strike slip; a few thrust mechanisms
~ CA-3 Paint Mugu N72°wW T/85 FM(A) 1973 Point Mugu earthquake; average orientation based on main Siierman and Eilsworth [ 1976
~t 34107, 119,040 ar shock (thrust) and rumerous aflershocks (thrust and strike slip)

W Sen Fernando

W s i N

; '-mha.lnpq

refuls from ~200-m depth in two walls adjacont (o Ssn Andoas
pwmalslon of . QrespiaLions,

verage of both main hock' and ai\m-shoc of 1971 San Fernando

- M, D zMnaz 1i9305]

Whitcomb et al. {1973)

EM(A]
TV e 34410, 118.40° B earthquake; includes strike slip and thrust events
CA-6 central Transverse Ranges E-W T/SS FM{A) average slress orientation from 22 mechamsms for small events, - Pechmann [1980]

34.5°, 118°

predoginantly thrusting on E-%
IW_',JI, nes.

¥ planes; some sirike slip on NE and




CA-5

CA-6

CA-7

CA-8
CA-9

CA-10

Ca-11

CA-12

CA-13
CA-14
CA-15
CA-16
CA-17

CA-18

CA-19

CA-20
CA-211
CA-22
CA-23
CA-24
CA-25
CA-26
CA-27

CA-28

CA-29

e st L I

San Fernando

34.41°, 118.40°

central Transverse Ranges
34.5°, 118°

Galway Lake
34.52°, 116.48°

Parkfield

3592°, 12042°

central coastal California

~36°,121.5° —

San Francisco Bay area/central
San Andreas fault

-~37°,121.5°

Livermore Valley

37.83¢, 121.67°

Santa Rosa
38.48°, 122.68°

Cape Mendocino
40.30°, 124.50°
offshore Cape Mendocino
40.34°, 125.84°
China Lake
35.92°, 117.80°
Coso Hot Springs
36.0°, 117.83°
Death Valley
36.1°,116.8°
Owens Valley
36.75°, 118.2°

Mount Whitney quadrangle
~36.625°, 118.275°

Triple Divide Peak quadrangle
~36.625°, 118.625°

Mount Pinchot quadrangle
~36.875°, 118.375°
Marion Peak quadrangle
~36.875°, 118.625°
Dinkey Creek

~37.15°, 119°

Mount Abboit quadrangle
~37.375°, 118.875°

Kaiser Peak quadrangle
~37.375°,119.125°

White Mountains
37°5°,118.3°

.. Mono Lake area

37.5°, 118,5°
Tuolumne Meadows quadrangle
~37.875°, 119.375°

Sonora Pass quadrangle
~38.375°, 119.625°

MNB5°E

E-W

N75°W

N70°W
~N60°W

~N80°W

~MN70°W

NIT°W

N5#°E
M63°E
N66°W
NEO*W
~N45°W

N57°W

M34°W

N46°W
N43°W
N49°W
N65°W
M68°W
N74°W
N60°W
~E-W

NE7°W

NEB>W

T/S8

T/S88

S8

S8
S8/T

88

S8

88

S5
35
S8

N/S3

55

Ss
55
58
S8
S8
sS

S8
S38
35

FM(A)
FM(A)

FM, G-FS

FM(S)
FM(A)

FM(A)

FM(A)

FM(A)

FM(S)
FM(S)
FM(S)
FM(A)
G-CC,D
G-FS(G)

G-FS(H)

G-FS8(G)

G-FS(G)
G-FS(G)
G-FS(G)
HF
G-FS(G)
G-FS(G)
G-F5(G)
FM(C)
G-FS(G)
G-FS(G)

. _4",}‘!"’:"vj‘.tis_lf{!_fﬁq‘rt,?;agin;r'{-;.‘ R R e N

average of both main shock and afliershocks of 1971 San Fernando
earthquake; includes strike slip and thrust events

average stregs orientation from 22 mechanisms for small events:
predominantly thrusting on E-W planes; some strike slip on NE and
NW planes

righi-lateral stip on vertical fault striking N25°W 10 N, on basis of
first motion data, distribution of afiershocks, and ground breakage

1966 Parkfield earthquake, nearly pure sirike slip event; T’
axis plunge = 13°E, P axis azimuth = N |3°E, plunge = 14°S

average of 30 events; approximately equal number of strike slip and
thrust events; range of P axes = N10°W-N60°E

average of 40 events, predominantly strike slip and some thrust;
range of Taxes N67°E-133°E, siandard deviation £33°

average of 70 evenls representing seismicity from 1969-1979;
predominantly strike slip with some thrust events; T axes azimuth
range = WN44°-96°W,; P axes range = N7°W-N48°E with nearly
all planges =< 15°

Average composite solution for aflershocks of 1969 Santa Rosa
earthquake; T axis plunge = 2°W; P axis azimuth =
NI13°E, plunge = 11°N

purely strike slip event in 1962

purely strike slip event on Mendocine fracture zone
purely strike slip solution

both strike slip and normal fault events with consistent T axes;
also consistent with Quaternary volcanic feeder trends
trend of striated surfaces on ‘turtlebacks’

1872 Owens Valley earthquake; oblique slip on NNW wrending fault;
used maximum vertical and right-lateral offsets {(which occurred
very cloge 1o one another) and average fault trend

strain pattern deduced from near-conjugate sets of microfaults,
stress direction taken as appropriate bisector of the angle between
intersecting trends of right-lateral and lefi-lateral fanlts

see CA-19

see CA-19

see CA-18

hydrofrac at 160 and 320 m; at deeper interval Sy ., =
Sv > S Hmin

see CA-19

see CA-19

grooves and slickensides on fault bounding White Mountains

compuosite focal mechanism for strike slip events in Mono Lake-
nonthern Oweng Valley area

see CA-19

see CA-19

Whitcomb et al {1973 . .

Pechmann [1980)

R. L. Hill and D. J, Beeby
[1977] and Kanamori and Fuis
[1976]

McEvilly [1966]

Gawthrop |[1977]

W. L. Elisworth (written
communication, 1979)

- Ellsworth and Marks [1980]

¥

and Weaver and Hill
[1979]

R. B. Smith and A. G. Lindh
(1978]

Bolt et 2l [1968]
Tobin and Sykes [1968]
R. B. Smithand A. G. Lindh
[1978]}
Weaver and Hill [1979)
and Duffreld [1975]
Wright et al. [1974]

Bateman [1971]

Lockwood and Moore [1979]

Lockwood and Moore (1979]
Lockwood and Moore {1979}
Lockwood and Moore [1979]
Haimson [1976]

Lockwood and Moore [1979)
Lock wuod and Moore [1979)
Russell [1977]

Pitt and Steeples [1973]
Lockwood and Moore [1979]

Lockwood and Moore [1979]
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TABLE 1. {continued)

Least Principal
Horizontal
Stress Stress Type of
Site Location* Crrientation Regimet Indicatori Comments References
Califernia {continued)
CA-30  Markleeville quadrangle N81°W S8 G-F8(G) see CA-19 Lockwood and Moore [1979]
~38.625°, 119.875°
CA-31  Truckee N78°E 5S FM(S) 1956 Truckee earthquake; T axis plunge = 6°E; P axis Tsai and Aki [1966]
39.43°, {20.17° azimuth = N2°W, plunge = 7°N
CA-32  Ooville N77°E N/S8S  FM(S) 1975 Oroville earthquake; predominantly normal faulting, T Langston and Butler | 1976}
39.5°, 121.5° axis plunge = 16°SW, P axis azimuth = N53°W,
plunge = 64°SE
CA-33  Geysers-Clear Lake area N70°W S8 FM(A) average stress orientations from 13 events, 12 strike slip and 1 dip slip  Bufe et af. [1980]
~38.73°, 122.75¢
CA-34  Gabilan Range NS3°E S8 HF average of two hydrofrac orientations at 167- and 183-m depth; M. D. Zoback et al.
36.69°, 121.35° accuracy, +10° [19804]
Canada
CN-1 Oshawa N65TW T HEF depth 230-300 m Haimson and Lee [1979]
43.88°, 78.85°
CHN-2 Maniwaki N40°W T/S8 FM(8) predominantly thrust with component of strike stip; P axis Horner et al. [1975])
46.3°, 76.22° trends N5S0°E, plunge = [9°NE and Shar and Sykes
[1977)
CN-3 St. Lawrence region N-8 T/88  FM(A) average of six evenis with mean P axis trending E-W and Leblanc and Buchbinder
47.5°,70.2° . with T"axes that alternate between horizontal and vertical {1977]
CNA4 southern Alberta N4T7T°W T/8S? G-DE average of mean stress orientations inferred from drill hole eflipticity Bell and Gough [1979]
50.1°, 113.4° resuliing from breakouts in three wells (N49°W, NS1°W, N4D*W) Babcock [1978)
CN-5 southern Alberta N35°W T/5887 G-DE average of mcan stress orientations inferred from drill hole eilipticity Belf and Gough [1979]
50.1°, 113.0° resuliing from breakouts in three wells (N24°W, Nd4° W, N36° W) and Babecock [[978)
CN-6 southern Alberta N33°w T/858? G-DE mean orientation of stress inferred from drill hole ellipticity resulting Bell and Gough {1979]
50.85°, 112.55° from breakouts (single well) and Babcock [1978)
) Colorade
CO-1 Rocky Mountain Arsenal ~N45°E N FM(A) earthquakes induced by fluid injection at Rocky Mountain Arsenal; Healy et al. [1968]
{Denver) surface wave mechanism, seismicity trend, and pressure required and R. Herrmann (written
39.7°,104.7° to trigger earthquakes suggest normal faulting on fault striking communication, 1979)
N45°W
Co-2 Henderson Project N38°E N? oC overcores at different depths in three localitics; only shallowest Haoker et al. [1972]
36.77°, 105.83° (624 m) had vertical and honzontal stress orientations; deeper two
had principal stress axes with large plunge, and so horizontal
azjmuths not meaningful; shallow measurement, S, = S.;
in deeper measurements the axis with steepest plunge is S5 ’
CO-3 Piceance Basin N20°E 557 HF average S; direction from six wells; at 0.5-km depth, §, = 3, Bredehoeft et al_ [1976]
39.83°, 108.38° in one hole, §; = §, in three holes, and §; < §, in all holes
Co-4 Rangely N20°W Ss HE single hydrofrac measurement at depth of earthquake foci (~1.8 km),  Raleigh et al. [1972] and
40.10°, 108.88° MNI2°E 58 FM(C) focal mechanism consistent with slip on preexisting fault; surface Haimsen [1973]
overcoring measurements somewhat scattered, least principal
horizontal stress directions range between N27°W and N10°E e gt
CO-5 Waitenberg MN45°E ? HF orientations from seven wells as determined with surface electrical M. B. Smith [1979]
40.15°, 104.32° resistivity measuremenis and tiltmeters; result may be influenced by

F1.-1

Cofchesl.clr ‘
41.5°, 72.25%

Crvstal River

rock strength anisotropy

oLl e s

L Connecfiout ™ 0 T T RS T i L

offset core holes indicate modern thrust motion on preexisting fault;
grooves and slickenslides measured on ship surfaces

Florida
normal (zult offsets Eocene sirata =10 m

Biock et al. {1979)

Fernon [1951]
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Connecticut
CT-1 Colchester N3I2°E T G-FS offset core holes indicate modern thrust motion on preexisting fault; Block et al. [1979)
41,5°, 72.25° grooves and slickenslides measured on slip surfaces
Florida
FL-1 Crystal River N47°E N G-FS normal fault offseis Eocene strata =10 m Vernon [1951]
28.85°, 82,53°
{reorgia
GA-I Augusta Semes= N2T7°E T G-FS§ late Cenozoic (possibly Holocene) age beds offset by high-angle Prowell et al. [1975]
33.5°, 82.22° reverse faule in Belair fault system
Idaho ™
ID-1 Cache Valley NI7T°W N FM(S) 1962 Cache Valley earthquake; nearly pure normal fault; 7" axis R. B. Smithand M. L. Shar g
42.05°, 111.8° plunge = 13°W; P axis azimuth = N51°W, plunge = 76°SE [1974] £
1D-2 Pocatello N76°W N FM(5)} 1975 Pocatello Valley earthquake; nearly pure normal [ault Bache and Lambert |1977) L]
42.23°,112.5° and Arabasz et al. [1979] >
ID-3 Caribow Range NEI°W N FM(C) predominantly normal faulting, smalt strike slip component; T axis Shar et al [1972] %
43.0° 111.4° plunge = 10°W; P axis azimuth = N 10°W, plunge = 75°5 N
ID-4 central snake river Plain ~N48°E N G-CC rift zone crossing plain marked by normal faults, open fissures, and Kuntz [1978) =
~43.42°, 11321° cinder cones; age of associated basaltic volcanism is late Pleistocene 2
{100,000-12,000 years B.P.) Lol
1D-5 Salmon River Mountains NI°E N FM(S) virtually a purely normal fault; T axis plunge = 1°N; P axis azimuth R B. Smithand M. L. Shar @
44.3°, 114.7° = N85°W, plunge = B3°W [1974] >
ID-6 Kellogg NLI5°E HF hydrofrac measurement at 2285-m depth; S5/8, = 0.42 Haimson [1977)] m
47.33"°, 116.06° %
ID-7 Coeur d’Alene district NesoW S5 QC depth, 1670 m: Shmax 2> 5v > Shmin: depth, 1616 m, all stresses Chan angd Crocker [1972] v
47.47°, 116.0° WN63°E T oC approximately equal in magnitude; measurements made in separate and Skinner et al. [1974] =]
mines only 3 km apant E
ID-§ Raft River Né61°W N HF hydrofracs determined from two different wells within geothermal W. 5. Keys (writien z
~42.2°, 113.3° Nig*Ww field; more northerly fracture orentation that corresponds to N61°W communication, 1580) z
stress direction, adjacent to north trending normal fault; nearly east- Q
west fracture orientation near northeast lineament interpreted as fault 5
Hlinois Ed
IL-1 southern N7°E T FM(S) well-constrained single-event solution; P axis azimuth = NE3°W, Stauder and Nunli [ 1970) E
37.95°, 88.48° plunge = 1°E; Taxis plunge = 82° =}
IL-2 central N3o°wW §8/T HF depth, 100 m; §, > 8, = 5; Haimson [19744) z
39.3°, 89.35° c
iL-2 northern N51°W 55 FM(S) based on both surface wave and body wave solutions; T axis Herrmann [1979] z
41,69, 89.4° plunge = 28°SE; P axis azimuth = N38°E, plunge = 1°NE a
Kansas v
KS5-1 northeastern NID®E T FM(S) microearthquake solution, P and T axes constrained to £10° D. W. Steeples .;;:
39,14°, 96.30° (written communication, 1979} m
Louisiona
LA-1 southeastern N N G-F§S active growth [aulis, general regional trend Howard et al. [1978]
~25.6°, 90.75°
LA-2 south;m NE°E N G-FS active growth faults, general regional trend Howard et al. [1978]
~30.2°,92.8°
LA-3 Caddo-Pine Island N N/88? HF depth, 425 m; maximum horizontal stress not measured; S, Strubhar et al. [1975}
32.67°,94° >5
Maryland
MR- Brandywine faull system ~N32°E T G-FS§ reverse fault indicated by drill hole and geophysical data Jacobeen {1972] -
38.70°, 76.92° -
MR-2 Sunshine N355°E T HF depth, 417 m, in gneiss; at depths below 420 m, Sy, and H. R. Prait (written ©

39.25%,717.17° SHmin = 3,, and were found to increase with depth communication, 1980)



TABLE 1. (continued) o)
[~
Least Principal = -
Horizontal
Stress Stress Type of
Site Location* Orientation Regimef Indicatort Comments References
) Massachusetts
MS-1 Altleboro N6T°E T G-F5(G) postglacial vertical offsets on h1gh—angle reverse faults Wooedwerth [1907] and
41.94°, 71.32° Qliver et al. [1970]
. Mexico
MX-1 northern Sonara E-wW N G-FS(H) Sonoran earthquake (M ~ 7.8); generally N trending normal Natali et al. |1979] ~
31.08°, 109.17° fault (£10°) with vertical slickensides 2
»
Michigan Q
MC-1 Ishpenning N8°E 38 oC depth, 976 m Aggson [1972] >
46.50°, 87.63° g
Minnesoia N
MN-1  west-central N77°W 55 FM(S) strike slip event with thrust component; based on surface wave and Herrmann [1979) g
45.7°, 96.0° body wave data; Taxis plunge = 14°W; P axis azimuth = N17°E; 2
plunge = 14°N "
g
Mississippi _::
MI-1 west-central MN25°W sS FM(5) primarily strike slip event, constrained with both surface wave and Herrmann [1979] m
33.6°, 90.9° body wave data; T axis plunge = 21°5E; P axis plunge = 7°"NW 2
Missouri =
MO-1 New Madrid area N4T*W S8/N  FM(S) primarily strike slip with norma) component; based on surface and Herrmann [1979] E
36,5°, 3.7 body wave solutions; T axis plunge = 8°NW; P axis azimuth = &
N49°E, plunge = 34°NE z
MO-2 MNew Madrid area NSgoW 88/T FM(S) primarily strike slip with thrust component; based on surface wave Herrmann [1979] O
36.5°, 89.6° and body wave solutions; 7 axis plunge = 28°NW; P axis 2
azimuth = N43°E, plunge = 19°NE a
MO-3 Ogzark uplift N24°W N FM(S) primarily normal fauli; based on surface wave and body wave Herrmann [1979] 2
37.5°,91.0° solutions; T axis plunge = 7°5E; P axis azimuth = NE7°W, 3
plunge = 76°W g
Montana ;
MT-1 Hegben Lake NIB°E N FM(S+A) 1959 Hegben Lake earthquake, primarily normal faulting; T axis Ryall {1962] and Z
44.75°, 111.18° plunge = 19°5; P axis azimuth = N3°E, plunge = 70°N; Bailey [1976} =]
consistent siress orientation obtained from a number of recent o
microearthquakes in the area w
MT-2 southeastern Madison Valley N26°W N FM(C) nearly purely normal fauliing; T axis plunge = 8°N, P axis Trimble and Smith [1975] E
44.8°, 111.43° azimuth = N24°E, plunge = §2°5 o
MT-3 Madison Velley N2°E 58 FM(S) predeminantly sirike slip event; T axis plunge = 30°N; P axis R. B. Smithand M. L. Shar
44.8°, 111.6° azimuth = N88°E, plunge = 7°W [1974]
MT-4 southeast of Helena N2l°W 58 FM(S) 1925 Momana earthquake (M = 6.7), predominantly strike slip; Byerly {1926] and
46.4°, 111.3° poorly constrained; from one of Byerly's first determinations of R B. Smithand M. L. Shar
first motion patterns; T axis plunge = 8°N; P axis azimuth = 11974)
= NT71°E, plunge = 7°W R ——
MT-5 Helena N45°E N/SS  FM{A) average of composite solutions for three swarms; two solutions were Friedline et al. [1976)
~46.67°,112.17° primarily normal faulting, one mostly sirike slip, all have
A e comparable T axes (£10°)
A MT-6 Flathead Lake MNBSTW N/S8  FM(A) average of two composite focal mechanismas, one strike slip and one Sbar et af [1972] and

47.8°, 114.3° normal, with T axes trending ~N85°W and ~N87°W, respeclwc!y. Stevenson [1976]
— : sun = SHM s . N

§iom i d e s e b A5 0 R b
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e e L n R TEALET . Vi T "Nevada "' " : )
NV-I Lake Mead-area »: - :o 0 Nig*w N/S5  FM(A) average of two composile mechanmms, one is a sirike slip and one A. M. Rogersand W. H. K, Lee
36.08°, 114,747 normal, wiih similar T axcs 119761
NV-2 northwest of Las Vegas N6°W N FM(8) predominzntly normal event with a siall strike slip component; R. B. Smithand A, G, Lindh

6.60°. 116.27° Tavie nlunass = 19M- Pavic asimuth — RTTOE nlonea = AL00R rioTel



NV-i
MV-2

NV-3

NV-4
NV-$
NV-6
NV-7
NV-8
NV-9
NV-10
NV-11
NV-i2
NV-13
NV-14
NV-15
NV-16

NV-17

MNV-18
NY-19
NV-20
NY-21
MNV-22
NY-23
NV-24
NV-25
NY-26

NV-27

Lake Mcad area
35.08°, 114.74°
northwest of Las Yegas
36.60°, 116.27°
Mevada Test Site (NTS)
377, 116°

nonthwest of NTS
37.2°,116.5°
California-Nevada border
37.13°, 117.32° e
southern Utah-Nevada Border
37.4°,114.2°

Silver Peak Range

37.47%, 117.87°

Worthemn Pahroc Range
37.73°, 115.05°

Southern Quinp Canyon Range
317,75°, 116.0°

Lunar Crater volcanic field
13.25°, 116.0°

Candelana Hills

38.2°, 118.15°

Excelsior Mountamns

38.3°, 118.4°

Cedar Valley

38.5°, 117.8°

Genoa

39.0°, 119.8°
Comstock-Yirginia City
39.3°, 119.6°

Fairview Peak, south zone
39.2°, 118.0°

Fairview Peak, central zone
39.2°, 18.1°

Dixie Valley

39.7°, 118.0°
Rainbow Mountain
39.7°,118.4°
Fairview Peak, north zone
39.8°, 118.0°
Cortez

40.2°, 116.5°
Pleasant Valley
403°, 117.6°
Buffalo Valley
40.37°, 117.33°
Argenta Rim
40.6°, 116.75°
Black Rock Desert
40.75°, 119.25°
Denio

41,837, 11843°
Wassak Range
~38.5°, 118.75°

M3B*W
N6°W

H50°W

N45°W
N50°W
NIOW
NESTW
NSIoW
N6°W
N60°W
NSZ°W
NT5°W
~NS0°E
~E-W
N60°W
~N44°W

N65°W

H55°W
N56"W
~N14°W
MN55°W
N50°-70°W
No(°W
HIT*W
N75°W
~NED°W

N70°W

N/SS

M/8S

M/8S

55

S8

MN/8S

zZ z2 Z Z Z

N/S8S8

2 z Zz Z Zz 2% Z Z Z =

FM(A)
FM(S)

G, HF,
OC,FM

FM(A)
FM(S)
EM(S)
FM(5)
FM(S)
FM(C)
G-CC
G-FS(G)
FM(O)
FM(C)
G-F5({(G)
G-FS(G)
FM(C)

FM(A)

G-FS(G)
FM(C)
FM(C)
G-FS(G)
G-FS(H)
G-CC
G-FS(G)
FM(A),
G-FS$
FM(C)

G-FS(G)

Nevada
average of two composite mechanisms, one is a strike slip and one
normal, with similar T axes
predaminantly normal event with a small strike slip component;
T axis plunge = 3°N; P axis azimuth = N77°E, plunge = 66°SE
based on trends of Quaternary faulting, strain measurements, tectonic
cracking, focal mechanisms (including both strike slip and normal
events), overcoring, and hydrofrac measurements
consistent T axis orientation from two composite events, one
pure strike slip, the other normal
predominantly normal event with strike slip component; T axis
plunge = 30°NW,; F axis azimuth = NE5°W, plunge = 45°E
nearly purely strike slip mechanism; T axis plunge = 16°SE;
P axis azimuth = N59°E, plunge = 0°
predominantly normal event with small strike slip component;
T axis plunge = 3°W, P axis azimuth = Ni5°E, plunge = 63°N
predominantly normal event with strike slip component; T axis
plunge = 30°SE; P axis azimuth =N 16°W, plunge = 81°N
predominantly strike slip, T axis plunge = [5°S; P axis azimuth
= N87°E, plunge = 2°W
average trend of alinements of basaltic craters, cones, mounds, and
fissure vents: basalts lentatively Quaternary, possibly Holocene
large component of left-lateral slip on an ~E-W trending fault

predominantly normal event with strike slip component; T axis
plunge = 0°; P axis azimuth = NIO°E, plunge = 60°5
predominantly normal event with strike slip component; T axis
plunge = 2i°W; P axis azimuth = N33°E, plunge = 59°N
well-exposed bedrock scarp

based on surface and subsurface observations

pure normal faulting; Faxis plunge = 5°NW; P axis azimuth =
N44°W, plunge = 85°SE

average of similar composite mechanisms and single mechanism
for 1954 earthquake, combination normal and strike slip
component; T axes plunge 2°-3°, P axes plunge 40°—45°

mean extension direction based on 35 measurements along fault zone
on west side of Dixie Valley

purely normal faulting; 7 axis plunge = S5YNW, P axis azimuth =
W56°W, plunge = 85°SE

predominantly normal with strike slip component; T axis plunge
= 1°N; P axis azimuth = N33°E, plunge = 59°8'W

well-exposed Holocene bedrock scarp; mean extension direction
based on 56 measurements along 8-km length of fault

based on offsets on scarps formed during 1915 Pleasant Yalley
earthquakes

trend of zone of basaltic cinder cones 1.35 £ .15 m.y. old

average of five directions measured in one locality

average of several microearthquake focal mechanisms, also based
on trends of “tectonic” cracks and Quaternary faulting

normal faulting event with strike slip component; T axis plunge
= 0°, P axis azimuth = ~N45°F, plunge = 45°8W

slip in shear zones along range front fault; average direction from
58 measurements

A. M. Rogersand W. H. K. Leg
[1976]

R. B, Smith and A, G. Lindh
[1978]

Carr (1974],
Fischer et al. [1972), and
Haimson et al. [1974]

Hamilton and Healy [1969]

B. B. Smith and A. G. Lindh
{1978}

R. B. Smithand M. L. 8bar
[1974])

R. B. Smithand A. G. Lindh
[1978]

R. B. Smith and A. G. Lindh
[1978]

R. B. Smithand A. G. Lindh
[1978]

Scott and Trask [1971]

Speed and Coghill [1979]
Ryall and Priestley [1975]
Gumper and Scholz [1971]
Thompson and Burke [1973]
Thompsen and Burke {1973]
Ryall and Malone [1971]

Rommey {1957] and
Ryall and Malene \1971]

Thompson and Burke [1973]
Ryall and Malone (1571]
Ryall and Malone [1971]
M. L. Zoback {1978]
and Mugfler [1964]
Wallace [1979]
Trexler ef nl. [1978)
M. L. Zoback [1978]
Grose [1978] and
Kumamoto [1978]
Richins [1974) and R. B. Smith
and A. G. Lindh [1978]

R. C. Bucknam (written
communication, 1979)
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TABLE 1. (continued}

Least Principal
Horizontal
Stress Stress Type of
Site Location®* Orientation  Regimet Indicatort Comments Relerences
New Jersey

NJ-1 Ramapo fault ~NI10°E T(58) FM(A) modern slip on reactivated Triassic normal fault (Ramapo fault); Aggarwal and Sykes [1978]

41.0°,74.25° predominantly Lhrust events, some strike slip; average
P axis trends NRO°W + 20°
New Mexico

NM-1 Tres Hermanas Mountains ~E-W G-D,CC basaitic volcanism, latest Tertiary-Quatecnary Balk [1962)
3LR3°, 107.80°

NM-2  Pourillo volcanic field ~NBO°W G-CC basaltic volcanism aboui 100,000 years old Luedke and Smith [1978g]
~32°,107° and Hoffer [1976]

NM-3 north of Carrizozo ~N5°E N? G-D,CC Broken Back Carter and Little Black Peak, Pleistocene and C. T, Smith 1964} and
33.8°, 105.83° Holocene in age Weber |1964)

NM-4 Socorro NEBO°E N FM(A) average T direction taken from three composite solutions; all normal Sanford et al. [1979]
34.12°, 106.92° events

NM-5 Belen NEl°wW N/SS FM(A) average T direclion taken from f[our composite solutions, two Sanford et al. [1979]
34.5°, 106.85° events nearly pure normal faulting and two strike slip

NM-§  northern Socorro County ~N50°W N G-FS(G) normal faults striking N10°W with consistent right-lateral Jicha [1958]
34.55¢°,107.33* componenis of motion

NM-7 Valencia, Socorro, and Catron N8O°"W N G-CC basaltic volcanism 1-5 m.y. B.P. Lyedke and Smith [19784]

Counties and Winchester [1920)

34.62°, 107.53°

NM-8  west of Los Lunas N&1°W G-D trend of single basaltic dike, Quaternary in age Wright (1946]
34.80°, 107.35°

NM-9  Cat Hills N79°W G-CC basaltic valcanism 140,000 years old Luedke and Smith [19784]
34.88°, 106.87°

NM-i0 Grants N67°W G-D basaltic dike (latest Pliocene or Quaternary) adjacent to Mal Pais Thaden et al. [1967] and
35°,48.81° volcanic field, which is marked by a prominent NNE trending L. Cordell (written

gravity high communication, 1979)

MM-1§  Albuguergue NE7°W G-CC spectacular alinement of 18 basaltic cones, 190,000 years old Kelley [1969]
35.15°, 106.77°

NM-12  Mount Taylor volcanic field N70°-75"W G-CC, D basaltic volcanism, Pliocene to Holocene Huni [1938] and
35.33°,107.63° Moench and Schiee [1967]

NM-13 southeastern McKinley County  N&O°W G-CC based on several cinder cone alinements and trends of numerous Cooper and John [1968]
35.37", 107.48* parallel faults, 2-3 m.y. old

NM-14 northwest of Mount Taylor N63°E 88 FM(S) predominantly strike slip event, no information en plunge of Sanford et al. [1979]
35.7°, 107.713° Pand T axes

NM-15 northwest of Mount Taylor N°E sS FM(S) predominantly strike slip event, no information on plunge of Sanford et al. [1979]
35.7°, 107.98° Fand Taxes

NM-16 Bemilio N3s°W G-FS(G) normal fault striking N5°W with a component of right-lateral slip Woodward (1917]
35.83°, 106.83° in addition to dip sfip

NM-17  Jemez Mountains N35°W N HF Hydrofrac measurements io depths of 2.93 km; average trend of Haimson [1977b] and
35.92°, 106.83° NBO"W N? G-D, CC Quaternary dikes and cinder cones, also Vallez caldera elongation R. L. Smith et al. [1970]

NM-18  Naciementio uplilt N62°W N FM(C) predominantly normal with strike slip component; no information .. ... Sanford et al. [1979]
36.0°, 106.88° given on plunge of Por T axes

NM-19  Espanola N75°W FM(C) predominantly normal event; no information on plunge of P Sanford et al. [1979]
36.14°,106.27° or Taxes

NM-21  Western Raton volcanic field N48°E M7 G-D basaltic dikes generally 3-5 km long, late Tertiary of Quaternary

3642, \04.92°

southeast f'an
36.53°, 103.25° °

Raton volcanic field
36.R2°. IN4.33°

T LT R R i U RS Ty
bbbk g i s (30 gE g

E SRR TR T '*. Tl in ;
based on several basaltic cinder cone alineme;

inage

[
b

T
Frieiy e 1nay

ents, (>5
m.y. old); longest alinement Don Carlos Hills,
contains 16 cones within 22 km

well-exposed basaltic dike swarm with average trend of N67°W;

necthably 223 i v ald an hasis of nearby iows

Griggs [1948]

ya RN ) Dol
Bafdwin and Mnehfbérger
11959

Wood et al. {1953)
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NM-22

NM-23
NM-24
NM-25
NM-26

NM-27

NM-28

NY-1
NY-2
NY-3
NY-4
NY-5
NY-6

NY-7

NC-1
NC-2

NC3

OH-1

OH-2

OK-1

WLNLETTE KRA101 VOICATLLC el

36.42°, 104.92°

southeast of Raton
36.53°, 103.25°

Raton voleanic field
36.62°, 104.33°
Raton volcanic field
36.67°, 104.57°
Mora County

36.87°, 104.5°
Sangre de Cristo Mountains

36.98°, 105.40°
Taos platean
36.84°, 105.95°

Dulce
37.0°,107.0°

Alma Township
42.08°, 78°
Allegany County
42.08°, 718"
Attica

42,84, 78.2°

Blue Mountain Lake
43.88°, 74.33°
Altong

44,90°, 73.67°
Pumpkin Hollow
42.83°, 73.66°
Oswego
43.45°,76.52°

Flowers
35.66°,78.27°
Stancils Chapel
35.57°, 78.18°
Mount Gilead
35.17°, 80.08°

Hocking County/Falls
Township

39.5°, 82.5°

Barberton

41.01°, 81.64°

Kingsfisher County
35.9°,97.9°

MAEYE

NI14°E

N23°E
N20°E
N36°E
NT74°W

NTI°W

N73°E

N15*W
M30°W
N29°W
NI19°W
NI7T°W
~N40°E

NI3°W

~N7°E

~N35°E

~N39°E

N25°W

N25°W

Nt

N?

N?

S8/T

S8/T

9 a9

5 o

S8

S8/T

G-D

o at R

G-CC

G-D
G-D
G-D
G-D

G-CC, F8

FM(S)

HF
HF
FM(S)
FM(A)
FM(S)
G-FS

0C
G-FS
G-F§

G-FS§

HF

oC

HF

basaltic dikes generally 3-5 km long, late Tertiary or Quaternary
in age .

i) ,

geb 4=

based on several basaltic cinder cone alinements, (=5
m.y. old); longest alinement Don Carlos Hills,
contdins 16 cones within 22 km

well-exposed basaltic dike swarm with average trend of N67°W,
probably 2-3 m.y. oid on basis of nearby fows

several well-exposed basaltic dike swarms with average trend
~MNT70°W; late Tertiary or Quaternary in age

basaltic dike ~8 km long; probably 3—4 m.y. old on basis of
nearby flows

basaltic dike which intrudes Quatemary fan gravels

basaltic volcanism 3-4 m.y. B.P.; Lambert mentions transform-style
near-veriicel faults that trend nearly E-W and have horizontal
slickensides

normal fault solution well constrained by surface wave data and by
body wave waveforms; T axis plunge = 1°E; P axis
plunge = 83°; focal depth = 3 km

New York
depth, 510 m; Suypax > Sy = Shmin

only orientation given, no information on magnitudes or depth

based on surface wave and body wave solutions; T axis plunge
= 2B°W,; Faxig azimuth = N62°E, plunge = 1 °NE
average of numerous thrust events

predominantly thrust event; P axis azimuth = N73°E, plunge
= B°E; T axis plunge = 84°

reverse faults cutting Pleistocene gravels; average strike and dip
of faulis is N40°E, 65°SE

depth, 810 m

North Carolina
reverse fault offseiting Pleistocene or Pliocene deposits; significant
lateral offsels may have occurred
reverse fault offsetting Tertiary deposits

reverse fault offsetling lower Tertiary deposils

Ohio
depth, 810 m

depth, 701 m; Sy max >> 8, = Symin

Oklghoma
depth and magnitudes of stresses not given

Griggs [1948]

Baldwin and Muehlberger
{19591

Wood et al. {1953]
Griggs [1948)
Wanek [1962)
McKinlay [1956]

Luedke and Smith [19784)
and Lambert [1966]

R. B. Herrmann {written
communication, 1980)

Haimson (19744}

Overbey and Rough [1968]
Herrmann [1979]

Sbar et al. [1972]
Aggarwal et al. [1977)
Oliver et al. {1970]

N. Tillman {oral
communication, 1950)

Daniels and Gamble [1972)
Prowell [1980]

White [1952)

Haimson [19744]

Obert [1962]

von Schonfeldt et al, [1973]
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TABLE 1. (continued)

¥T19

Least Principal

Horizontal -
Stress Stress Type of
Site Location* Orientation  Regimet Indicatorf Comments References
Oregon
OR-1 Adel N60°W N/S8 FM(%) 1968 Adel (Warner Valley) earthquake; combination normal and Schaff {1976]
42.17°, 119.92° strike slip faulting; P axis azimuth = N65°E, plunge = 35°NE;
T axis plunge = 13°SE
OR-2 Deschules Valley NT2°W T FM(C} 1976 Deschutes Valley earthquake; composite mechanism using Couch et af. [1976]
45.15°, 120.86° foreshocks, mainshock, and aftershocks: P axis : g‘
azimuth = N18°E, plunge = 13°8; T axis plunge = 77° g
Pennsylvania Q
PA-1 Port Matilda NSQG°E T G-F5({C) modern offzet of core holes exposed in road cut, motion on Schifer [197%] 4
40.78°, 78.07° preexisting reverse fault =
PA-2 Millerstown NIO®E T G-F5(C) modern offset of cote holes expoesed in road cut, motion on Schifer [1979] o~
40.55°, 71.58° preexisting reverse fault g
PA-3 McKean County N20°W ? HF depth and stress magnitudes not reporied Overbey and Rough [1968) §
41.87,78.6° i
o
South Carolina ;
SC-1 Summerville MoS°E N? HF average of two impression orientations in depth range 100-340 m; M. D. Zoback et al, [1978] o]
32.60°, 80.32° estimated accuracy of orientation, £20° )
SC-2 Langley N35°E N G-F5 post-Eocene motion on normal faults with average trend of N35°W Inden and Zupan {1975] ;
33.53°, B1.B5° +5°
SC-3 west of Columbia N23°E ? G-D orientation of post-Eocene(?) clastic dikes Zupan and Abbot [1975] g
34.00°, 81.00° “
5C-4 Cheraw N78°E T G-FS§ post-Eocene motion on reverse faulis with average trend of N78°E Howell and Zupan [1974] Z
34.75°, 80.0° 0
SC-5 Lake Jocassee NIO°W T HF depth, 185-255 m; stress orientation subparatlel 1o topography; Haimson, 1976 %
35.0°,82.87° SHmax & SHmin = 5 =
SC-6 Trenton N55°E T FM(S) poorly constrained pure reverse fault body wave mechanisin; fanlis A. Tarr and P. Talwani ';
33.74°, BL.71° striking N 18°E also allowable; in either case, P axes plunge (written communication, 1980) Z
<10%; T axes plunge =85° g
1%
South Dakoia c
SD-1 Lead MN40°W N ocC depth, 1890 m; S, > SHmax > Shmmia Aggson and Hooker [1980] Z
44.35°, 103.80° @
Tennessee w
TH-I Rockwood-Harriman NI0°E T G-F5(C) modern offset of core holes exposed in road cut, motion on Schdfer [1979] ;'
35.90°, B4.67° preexisting reverse fault ) E
TN-2 Rockwood-Harriman N20°E T G-F5(C) average horizontal component of shortening on core hole offsets; Schéfer [1979]
35.9°, 84.53° N70°W; range in values E-W to N50°W
TH-3 Knorville ~NILW T QC overcote at 282-m depih Aggson and Hooker [1980]
36.0°, B3.95°
Texas
TX-1 Morton M24°E ? HF averapge of fracture orientations in three wells, 5° range in values; —~se-damanek et al. [1970}
~33.65°, 102.7° depth range, 1.52-1.55 km; no information on relative magnitude
of stresses
TR-2 Denver City N29°E 7 HF average of fracture orienlations in three wells, 4° range in values; Zemuanek et al. [1970]
~32.92%, 103.05° depth, 2,32 km: no information con relative magnitude of stresses

' Big Spring
~32.3°, 101.2°

NG°E

average of [racture orientations in four wells, 33° range in values;

;. stpesses |

ek, rou, il

7 average of fracture otientations iz two wells: 1g° fang.e in.val;sés;
¢ depth, 15 m; no information on relative magnitude of siresses.

average of fracture orientations in three wells, 22° range in values;

depih range, 820-215 m; no information on
relative mapnitnde of stresses

depth range, 1.3-1.4 km; no information on relative magnitude of

i

Zemanek et al. [1970]

g e E L

i ﬁ"
Zemanek et al. [1970)

Zemanek et al. (1970}




TX-6

TX-7
TX-8
TX9
TX-10
TX-11
TX-12
TX-13
TX-14

TX-15

TX-16

UT-1
UT-2
UT-3
UT-4
UT-$
UT-6

UT-8

uUT-9

UT-1¢

UT-11

uT-12

west of Sayder
~32.5°, 101.12°
Big Spring
~32.3°, 101.2°

southeast of Midland
~31.87°, 101.85°
southeast of Midland
~31.7°, 101.9°

southwest of Odessa
~31.62°, 102,155 7T
Monahans
~31.62°, 102.6°
south of Monahans
~31.5°, 102.67¢
southeast of Monahans
-31.42¢°, 102.45°
Marble Falls
30.57°,98.27°
southeastern

28.9°, 96.30°

southern
26.75°,97.712°

Snyder

33.0°, 100.7°

Valentine
30.69°, 104.57°

Cedar City

37.8°, 113.03°
Cove Forl

38,587, 112.83°
west of San Rafael swell
38.75°, l11.0°
Price

39,5°,110.5°
Nephi
39.6°,111.9°
Uinta basin
39.83°, 109.25°
Heber City (south}
40.4°, 111.4°

Heber City (central)
40.52°, 111.1°
Heber City (north)
40.6°, 111.2°

Salt Lake City
40.72°, 112.04°
Salt Lake City
40,782, 111.88°

Ni2°w

N6°W

NIT°E
N3°E
N4°E
N5°E
M29°E
N9°E
N23°E
N26°W
N3I°W

N31°W

M74°E

N60°E
N75°W
E-W
Ni5°E
N14°W
N25°E

N27°E

N4I°E

N3°E

NOB°W

NT2°W,
NI25°W

58

N?

N/SS

u:p;u I“IIEG, 1 .‘l-l - lm, no InIOm‘IlIIDI‘I on rﬂlltlve magm[udc of

bt A mg ,;. A

LRy trg Pg ‘ ;
HF average of fracture orientations in two wells, 18° range in values;,
depth, %15 m; no information on relative magnitnde of stresses.
HF average of fracture orientations in three wells, 22° range in values;

depih range, B20-915 m; no information on
relative magnitude of stresses

HF one well; depth, 2.13 km; no information on relative magnitude
of stresses

HF one well; depth, 2.59 km; no information on relative magnitode of’
stresses

HF average of fracture orieniations in two wells, 3° range in values;
depth, 2.38 km; no information on relative magnitude of stresses

HF " average of fracture orientations in four wells, 29° range in values;
depth 1.04 km; no information on relative magnitude of stresses

HF one well; depth, 1.43 km; no information on relative magnitude
of stresses

HF one well; depth, 975 m; no information on relative magnitude
of stresses

HF depth, 346 m; Sumay >> S, 2 Smin

G-FS§ active growth faults, general regional trend

G-F§ active growth faults, general regional trend

FM(S) predominantly normal with strike slip component; based on

surface wave and body wave sclutions; T axis plunge =
9°NW; P axis azimuth = N36°E, plunge = 60°5;

depth =~ 3 km
FM(S) 1931 Valentine earthquake, nearly purely strike slip event; T
axis plunge = 12°W,; P axis azimuth = N16°W, plunge = 12°5
. Utah
FM(S) norma! fault event, T axis plunge = [0°E; P axis plunge = 76°
FM(C) predominantly normal with sirike slip component; T axis plunge
= 34°W; P axis azimuth = N54°W, plunge = 34°SE
G-D basaltic dikes, latest Pliocene in age
FM(C}) predominantly thrust event; T axis plunge = 65°; P axis
azimuth = N75°W, plunge = 25°W
FM(S) approximately equat components of strike slip and normat faulting;
T axis plunge = 20°E; P axis azimuth = N40°E, plunge = 48°S
G-D Gilsonile dikes, post-Eocene in age; mapped as cutting
Quatermnary alluvium
FM({C) motion on very high-angle reverse fault (dip = 80°) or low-angle

thrust; T axis plunge = 55°, least horizontal stress taken as null
axis: M27°E, plunge = 0°

FM(C) predominantly normal event; T axis plunge = 17°NE; P axis
plunge = 67°
FM(C) motion on very high angle reverse fault {dip = 80°) or low angle

thrust (dip = 10°); T axis plunge = 55°, least horizonlal stress
direction taken as null axis: N3°E, plunge = 2°N

FM(C) predominantly normal fanlt event; 7 axis plunge = 14°SW,
P axis plunge = 72°

G-F5(G) two consistent groove sets found on two (aults whose strike varied
by nearly 90°

Zemanek et al. {1970}

Zemuanek et al. [1970)

Zemanek et al. [1970)
Zemanek et al. [1970]
Zemanek el al, [1970}
Zemanek et al. [1970]
Zemanek et al. [1970]
Zemanek et al. [1970]
Roegiers and Fairhurst [1973]
Howard et al. [1978]

Howard et al. [1978]

Voss and Herrmann [1980]

Dumas et af. [1980]

R. B. Smith and M_ L. Sbar
[1978]

R. B. Smith and A. G. Lindh
[1978]

P. T. Delaney (oral
communication, 1979)

R. B. Smith et al.
[1974a]

R. B. Smithand M. L. Sbar
[1974]

Untermann and Untermann
[1964]

Arabasz el al. [1979]

Langer et al. [1979]

Arabasz et al. [1979]

Arabasz et al. [1979]

Pavlis and Smith [1980]
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TABLE 1. (continued)

Least Principal

Horizontal
Stress Stress Type of
Site Location* Orientation  Regimet lndicator} Comments References
Utah (continued)
UT-13  east of Salt Lake City Ne0*w N FM(C) predominantly normal fault event; T axis plunge Arabasz et al, [1979]
40.8°, 111.5° P axis plunge = 64°
UT-14 Logan NE4°W N FM(C) nearly pusely normal fault event; T axis plunge = 15°E; Arabasz et al. [1979]
C~41.7°,111.7° P axis plunge = 75° :
UT-15  near Idaho-Utah border N135°W N FM(S} 1934 Hansel Valley earthquake, predominantly normal event; Dewey et al. [1972]
41.8°, 112.9° T axis plunge = 30°NE; P axis azimuth = N6OW, plunge = 50°W
UT-16  Idaho-Utah border NI03°W N FM(C) predominantly normal with strike slip component; T axis Riching [1979]
41.9°, 112.66° plunge = 2°W; P axis azimulh = N19°W, plunge = 57°8§
UT-17  Sunnyside N39°E T ocC depth, 323 m; Shmax = SHmin >> S, Aggson and Hooker [1980]
39.57°, 110.40°
UT-18 St George ~NB5°W N G-CC basaltic cinder cone <5 m.y. old Luedke and Smith | 19785}
37.40°, 113.55°
UT-19  Roosevelt Hot Springs ~MN55°W N HF drilling induced hydrofrac in geothermal area Keps[1979]
38.51°, 112.85°
Virginia
VA-I Norh Anna NI10°E T FM(A) average of composite predominantly thrust mechanisms; Dames and Moore [1976)
38.03°, 11.73¢ Paxes range from N80° o 120°E
VA-2 Stafford fault zone N33°E T G-F8 latest Tertiary, possibly Quaternary reverse slip on fault trending Mixon and Newell [1977]
38.40°,77.37° N3I3°E
VA3 Falls Church ~N35°E T G-FS§ reverse fault offsetting Miocene(?) alluvial deposits Prowelf [1980]
38920, 77.23°
VA-4 Dutch Gap ~NI0°E T G-FS reverse faull offsetting Paleocene age sediments Proweii [1980)
37.32°,77.37°
YA-5 Waynesboro ~N20°E T G-FS reverse fault offsetting Miocene (or younger) sediments Nelson [1962)
37.03°, 78.78°
Washington
Wa-1 Mount Rainier National Park NTO°E SS FM(S) neartly purely strike slip event Crosson and Lin [1975]
46.76°, 121,52°
WA-2 Columbia River basin N85°E T FM(A} based on composites from three separate swarm events and from Malone et al. [1975) and
46.75°, 119.58° a nearby singte event solution; predominantly thrust R B. Smithand A. G. Lindh
mechanisms with T axes scattered about vertical [£978]
WA-3  Puget Sound ~N70°W S5/T FM(A} three composile mechanisms with P axis azimuths N36°W, NI4°E, Crosson [1972]
' 41.5°, 122.5° N22°E, all plunges = 15°; all show combination reverse
and strike slip movement; T axes plunge between 12° and 70°;
stress orientalion consistent with best constrained mechanism
West Virginia -
WY-1 Wayne N30°W S5/T HF depth, 835 m; Symax >> S, = Shmin Haimson (1977a] and
38.14°, 82.00° Abou-Sayed et al. [1978]
WYV-2  Franklin NIs°wW T G-F5(C) modern offset of core holes exposed in road cut, motion v S Chiifer [1979)
3R.65°, 79.35° on preexisting reverse faults
WV-3 Berkeley County N&5°W T HF depth, 25 and 135 m; Siynax >> Spmin & S, depth Haimson [19775]
39.55% 78.75° of orientalion measurement not given
WV-4 northwestern MN6°E T HF average stress orientation from four localities several miles aparl Parsons and Dahi [1972]

WS-2

39.75°, 80.42°

Waterloo
43.18°, 89.00

Montello

N25s°W

BN

Ak

PORETUR i S . :
‘average of deeper measurements in two wells; measurements at
17-238 m in one well and 2-74 m in another well; found
decoupling between surface stresses and tectonic stresses at depth;
accuracy of orientations + 15°

AL R AL A bt TFTE o 3 1A “~ e ..

Haimson [19784)
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.- el I 1rus L nr aepi, 23 4nd 133 M Symax > Spn = 5. depth Haimson [19775]

39.55°,78.75 of orientation measurement not given
WV northwestern N6°E T HF average stress ofientation from four localities several miles apan Parsons and Dakl {1972]
3915, 80,427 A et F TR M e S e t
| . . A Lt Bai;
3_"35“ !v‘ - el r T, _-‘_-‘,1.‘ :._3__: F 14 v( ﬁ 3 Ve ,,{(59 35_1 T
(i z
Wisconsin
WS- Waterlao N33°W T HF average of deeper measuremems in two wells; measurements at HNalmsen {19784}

43.18°, 89.00°

17-238 m in ore well and 2-74 m in another well; found
decoupling between surface stresses and tlectonic stresses at depth;
accuracy of orientations + 15°

WSs-2 Montello N25°W 58 HF measurements at 75 and 190 m; Sy, > Sy > Symin Haimson [1976]
43.,78°, 89.33° at {90 m )
WS-3 Valders . — N30°W T HF depth, 300 m; stress orientations consistent with depth, vertical Haimson [1978b}
44.07°, 87.85° stress is minimum stress at all depths
Wyaming
WY-1 Green River basin MN65°W 58 HF depth, 2775 m Power et al [1976]
~42.5°, 109°
WY-2  Yellowsione caldera WSW N FM({C) based on alinement of rhyolitec domes, thermal zones, trend of R. L. Christiansen
44.47°, 110.65° young faults, and a composite notmal fault focal mechanism {manuscript in preparation,
for Yellowstone Lake. 1980) R, A. Smith et al. [1977]
~ and Weaver et al. [1979]
WY-3  nornth rim Yellowstone caldera N40°E N/8S  FM(A) average of several single-event sofutions and foreshock/ Pitt eg al. [1975]
44.68°, 110.62° main event composites; predominantly normal fanlting,
some strike slip events
WY Green River MN60°E 58 ocC average of two overcore measurements at separate localities, Aggson and Hooker [1980]
41.55°, 109.45° both in Green River; one measurement depth 259 m, Symin
= N52°E; the other 488 m, Sy = N67°E
WY-5 Leucite Hills N60°E N? G-D, CC high-potash leucite volcanic assemblage ~1 m.y. old Schultz and Cross [1912],

~41.75%, 109¢ Kemp and Knight [1903],

and McDowell [1971]

Dalta arranged by state (within each state, data are generally aumbered from south to north).

* Site locations given in °N latitude, °W longitude.

t Stress regimes indicated are N, normal faulting (8, vertical), S8, strike slip faulting {5, vertical), and T, thrust or reverse fanlting (S; vertical).

} For 2 mixed mode of deformation or for data in which one stress magnitude is unknown, a slant separates the two possible stress states, The types of indicators are (1} Geologic: G-CC, cinder
cone alinement; G-D, dike trends; G-DE, drill hole ellipticity; G-FS, fault slip on basis of trend of fault and primary type of offset; G-FS(G), fault slip indicated by grooves and slickensides; G-
ES(H), fault stip on basis of measured offsets in historic carthquakes; and G-FS(C), fault slip determined from offset core holes, {2) focal mechanisms: FM(S), single-event mechanism; FM(C),
composite mechanism; and FM(A), average stress direction from several mechanisms, and (3) in situ stress: HF, hydrofrac, and OC, overcore.
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6i28 : ZOBACK AND ZOBACK: STATE OF STRESS IN CONTERMINOUS UNITED STATES

T axes were considered for the present compilation. Elsewhere
in the United States, coverage is largely from single event so-
lutions and, less frequently, from microearthquake composite
solutions. In the central and eastern United States, most of the
focal mechanisms used [from Herrmann, 1979] are con-
strained by both body wave and surface wave solutions.

As discussed earlier, we have assumed that two of the prin-
cipal stress directions are horizontal and that the third is verti-
cal. Thus only horizontal stress axes, as inferred from the fault
plane solutions, that have plunges of less than 20° were con-
sidered. A few rare exceptions of 7 axes with plunges up to
30° were included where the consistency of the stress orienta-
tion with surrounding data justified their inclusion. Informa-
tion on the plunges of P and T axes is Iisted in Table 1.

Compilations of fault plane solutions for the western
United States by R B. Smith and A. G. Lindh [1978), in the
Rio Grande rift by Sanford et al. [1979] and for the easiern
United States by Shar and Sykes [1977) and Herrmann [1979)
were the primary data sources in the present study. However,
we attempted, whenever possible, to returmn to the original ref-
erences and reject poorly consirained mechanisms. Further
details of particular focal mechanisms are discussed in the sec-
tions on individual stress provinces.

In Situ Stress Measurements

The third stress indicator used in this study was the direct
determinations of both the orientation and magnitude of tec-
tonic stress at depth. We primarily considered measnrements
made by the hydraulic fracturing (*hydrofrac’) technique, cur-
rently the only method of measuring stress at large distances
from free surfaces. The technique consists of hydraulically
isolating a section of a well or borehole (by means of inflat-
able rubber packers) and pressurizing the isolated section un-
til a tensile fracture is induced at the well bore. If the borehole
parallels one principal stress (usnally the lithostat), a vertical
fracture will form at the azimuth of the greatest horizontal
principal stress, which generally can be determined to better
than +10°. However, repeated measurements at different
depth intervals within a given borehole generally have a range
of *15°, probably a more accurate estimate of the reliability
of the method,

From the pressure-time history of hydraulic fracture forma-
tion and extension, the magnitudes of both horizontal princi-
pal stresses can be computed. Assessing the accuracy of the
stress magnitudes determined from any given measurement
can be quite difficult and requires detailed knowledge of the
pressure-time data and well conditions. Typically, the least
horizontal principal stress can be determined with greater ac-
curacy than the greatest because determination of the greatest
principal horizontal stress requires an assumption of linear
elasticity around the well bore. The hydrofrac technique was
described in detail by Haimson and Fairhurst [1970] and inter-
pretatian of hydrofrac data was discussed at length by 3. D.
Zoback et al. [1977, 1980b] and McGerr and Gay [1978]. Com-
pilations of hydrofrac stress measurements by Haimson
[1977h] and McGarr and Gay [1978] were nsed extensively in
this study.

Several other widely used stress measerement methods can
be broadly characterized as stress relief techmiques. These
methods are all basically passive and involve measurement of
the strain or displacement that occurs when the ambient stress
field is relieved by techniques such as overcoring. The most
significant drawbacks of stress relief techniques are that they

typically cannot be used more than several tens of metep
from free surfaces and that they seem to be extremely sens;.
tive to local inhomogeneities i the rock. McGarr and Goy
[1978] gave an excellent review of these techniques and dig.
cussed many of the inherent experimenital difficullies.

Stress measurements made within several tens of meters o
the surface have not been included in this study. Such meg.

surements are particularly susceptible to the effects of weagy. -

ering, erosion, and deglaciation. Also, nearby surface frac.
tures and joints can apparently act to decouple surface rocks
from the tectonic stress field [Haimson, 1978a; M. D. Zoback
and J. C. Roller, 1979].

STRESS MaP OF THE CONTERMINOUS UNm%D STATES

Utilizing the three types of principal stress mdicators dis-
cussed above, we have assembled two maps of horizonta]
stress orientations for the conterminons United States. The
data are numbered by states {Table 1) and presented on a
map of physiographic provinces of the United States in Plates
I and 2, Figure 1 names the physiographic provinces of the
% aited States [after Fennerman, 1946] for reference. In Plate |
v : show the least principal horizontal stress direction and the
type of stress indicator used in the determination; sites where
more than one type of stress indicator was used are designated
by multiple symbols. A description of each site is listed in
Table 1. We chose to present only the least principal horizon-
tal stress in Plate | because of the consistency of this principal
axis throughout a broad region of the western United States
that includes the Basin and Range province, the Sierra Ne-
vada, and the area along the San Andreas fault. In regions of
active thrust or reverse fanlting, the leasi principal horizontal
stress shown is actualty the intermediate principal stress §,.
Plate 2 presents the stress data in a manner to depict the rela-
tive magnitude of the horizontal and vertical stresses with the
stress provinces we have defined to indicate regions in which
. a relative magnitude and orientation of the stress field is
fairly uniform.

As shown in Plate 2, the United States can be divided into

stress provinces which correspond, in a general way, with the
physiographic provinces. In the following sections the individ-
ual stress provinces are discussed in detail. First, a few impor-
tant general observations that can be made from Plates 1 and
2:
" 1. Inregions where more than one type of stress indicator
was available a good correspondence exists between the re-
sults of the different methods, generally well within the esti-
mated accuracy of individual determinations.

2. The intraplate stress field for that part of the North
American plate represented by the conterminous United
States is not uniform. Variations in the relative magnitude
and orientation of the principal stresses have wavelengths
which range from 100 to 3000 km, The western United Statgs,
a site of active tecionism characterized by a high level of seis-
micity and generally high heat flow, is marked by a compl"ﬂ‘
pattern of stress. Even in the eastern United States, despitf_: is
relative tectonic quiescence, major variations in princl
stress orientations appear to exist.

3. Broad regions of the crust (with linear dimensions 2
large as 3000 km in the midcontinent area) can be cbﬂgﬂc'
terized by a relatively uniform stress field (within +10°-20°)-

4, Large changes in orientation of the principal stress field
(up to 90°) can occur laterally over short distances (<about 3
km). These changes may be due to an actual rotation of the
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principal stress field or a rapid change in the relative magni-
tude of principal stresses.

STRESS PROVINCES: WESTERN UNITED STATES

The western United States represents a broad area of active
tectonism, as evidenced by the high level of seismicity (Figure
2) and the generally high heat fiow (Figure 6). Plate 2 in-
dicates our interpretations of the various stress provinces in
that region. Where the data coverage is somewhat sparse, We
have also relied on the seismicity map (Figure 2) as well as on
Howard et al’s [1978] map of young faults in the United
States (along with their accompanying discussion) to delineate
the stress provinces. As might be expected, in areas of good
data coverage a good general correspondence is apparent be-
tween the provinces defined by Howard et al., on the basis of
patterns and styles of Cenozoic faulting, and the provinces de-
fined by stress magnitudes and orientations.

Pacific Northwest

) The Pacific Northwgst stress province includes the only ac-

tive andesitic volcaniclchain within the conterminous United
States (the Cascades)l it also includes the Pacific coastal
ranges in Washington and Oregon and the ‘back arc’ region,
!.he Columbia Platean. The following discussion draws heav-
11.y from summaries of the regional stresses and tectonic set-
ting of the Pacific Northwest by Crosson [1972], Davis [1977],
and R B. Smith [1977, 1978].

The least principal horizontal stress direction throughout
this province averages about east-west; the consistent stress
axis, however, appears to be alined with the greatest principal
St}'ESS 5. a horizontal N-S compression. Focal mechapisms in-
dicate both strike slip and thrust faulting; a predominance of
thrust mechanisms suggests that the vertical stress S, may, i
geteral be the least principal stress S,. The relative magni-

Fig. 1. Index map with names of physiographic provinces shown on Plates 1 and 2.

tudes of the principal stress can be represented in the follow-
ing manner:

5 >58>5
or

Sns > Sew > 8

Crosson [1972] has suggested thal the occurrence of both
strike slip and thrust earthquakes may result from a more
rapid increase with depth of the vertical stress relative to the
horizontal stresses. Thus thrust faulting (S., least principal
stress) would be favored at shallow depths, whereas strike slip
faulting (8., intermediate principal stress} would be expected
at greater depths.

Two distinct areas of relatively active tectonism within the
Pacific Northwest province demonsirate contrasting styles of
deformation resulting from the N-S compression. The Puget
Sound-Olympic Peninsula area is the site of several large his-
torical earthquakes (including both upper crustal and
mantle—60- 1o 70-km depth—events) and also of numerous
Quaternary scarps showing strike slip and reverse faulting
Farther east in the central Columbia Plateau, & largely aseis-
mic region, folding along cast-west trending axes that began
in late Tertiary time have continued throughout the Quater-
nary [cf. Davis, 1977, for references]. Inclusion of the Cas-
cades andesitic volcanic chain in the Pacific Northwest com-
pressional stress province is consistent with observations of a
state of compression within island arcs behind which there is
no active extension [Nakamura et al., 1978). This compression
is generally parallel to the direction of convergence which, as
discussed below, is not the case in the Pacific Northwest.

The predominance of relative N-S compression within the
pacific Northwest distinguishes this stress province from the
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Fig. 2. Seismicity map of western United States [from R B. Smith, 1978]. Data set primarily includes instrumentally
located earthquakes from 1950 to 1972, but some earlier earthquakes are also incorporated. Events are not differentiated
by magnitude. In California, minimum magnitude earthquakes plotted are M ~ I, and for rest of the western Un.it?:d
States, M ~ 3. Outlines of physiographi¢ provinces have been added. Dashed line in the southern part of northern Basin
and Range marks approximate eastward extent of pure strike slip fault plane solutions in that region.

Basin and Range province to the south, which is characterized
by WNW-ESE extensional tectonics. An approximately east-
west zone 2t about 44.5°N latitude (roughly the northernmost
extent of basin-range-type normal faulting) separates these
two provinces. R. B. Smith [1978) identified this east-west zone
as a relatively aseismic intraplate boundary that may extend
eastward either to the edge of the aseismic Snake River plain
or to a zone of earthquakes trending northwest through the
Idaho batholith (Figure 2). Blackwelf [1978] has shown that an
cast-west trending thermal energy boundary coincides with
this stress boundary.

San Andreas

The most seismically active region within the United States
is the California coast area, which includes the San Andrea?
fault system. The San Andreas and subsidiary subparalle
faults mark a major right-lateral transform plate boundary b¢”
tween the Pacific and North American plates. )

Least principal horizontal stresses, which are relatively Uﬂ';
form throughout the province, trend E-W to WNW-ESE bu
the regional pattern of stress can be complicated locally by 37
often complex geometry of interacting faulis [e.g., Pavoms 32
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1979 Elisworth and Marks, 1980]. The generally strike shp

syle of deformation indicates that this horizontal stress direc-
{ion 40€s in fact correspond to S;. The relative magnitudes of
the StTESSES are thus

S >5>5

or
Sons>8,> Sopw

Exceptions to this general style of strike slip deformation
occur throughout the province on faults striking at large an-
gles to the NW-SE San Andreas trend. Motion on these faults
appears consistent with the regional stress field, i.e., thrust or
peverse faulting on approximately east-west trending faults
and pnormal displacements on approximately north-south
faults. The consistency of the P and T axes for slip on these
faults with widely varying trends reinforces the use of average
p and T directions as reliable indicators of the principal stress
directions.

The most obvious example of a change in deformational
style along the San Andreas occurs where the trend of the
fault markedly changes in the Big Bend area of southern Cali-
fornia. The post-Miocene to present development of the
Transverse Ranges is dramatic evidence of crastal shortening
in that area [Jakns, 1973]. There, the fault system trends
neatly east-west, and the primary mode of deformation is
folding and thrust or reverse faulting. This large-scale thrust
and reverse faulting requires a vertical least principal stress as
opposed to the regional horizontal orientation of §;. This ap-
parent exchange (or rotation) of the principal stresses can eas-
ily be explained if in that area the least principal horizontal
stress and the vertical stress are approximately equal in mag-
pitude.

Compressional features outside the Big Bend area include
Neogene anticlines subparallel to the San Andreas fault [e.g.,
Harding, 1976; Wilcox et al., 1973, Blake et al., 1978} and
thrust type focal plane mechanisms in the Coast Ranges (see
CA-9 and CA-10, Table 1). These features provide evidence
that the San Andreas province is not in pure shear, as a com-
ponent of compression is acting normal to the fault.

Crustal shortening in the Big Bend area can be thought of
as resulting from the large left-stepping shift in the San An-
dreas fault. Similarly, near en echelon offsets between active
strands of the fanlt, a change in deformational style can be ex-
pected. The geometry of these offSets requires local crustal
shortening in the case of left-stepping offsets and local crustal
extension in the case of right-stepping offsets. Hill [1977] has
presented a model to explain the style of deformation and ex-
lcpsion within right-stepping offsets. This model was tested
with data from twoy localities along the San Andreas fauit
- [Weaver and Hill, 1979]. Active extension in one of these lo-
e B calities (Salton Trough) is strongly suggested by normal fault

“§°  scarps [Sharp, 1976]! high heat fiow, and a few normal fault
focal mechapisms within the zone of offset. Weaver and Hill
also reported that the 7" axes for fault plane solutions from
earthquakes along the offset fault strands and within the offset
volume are pearly invariant, This result suggests that the di-
fection of S, is not significantly perturbed from its regional
orieatation in the vicinity of the offsets. The occurrence of
tormal faulting, however, suggests that locally, S, is vertical
father than horizontal.
latAlso included in the San Andreas subprovince is the left-

eral, Garlock fault and the Mojave block. During middle to
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late Miocene time the Mojave block was deformed primarily
by normal faulting along NW trending faults [Dibblee, 1967].
Current tectonism in this block, as evidenced by recent seis-
micity, faulting, geodetic data, and generally subdued topog-
raphy, indicaies primarnly tight-lateral strike slip motion on
{hese NW trending faults and justifies its inclusion as part of
the San Andreas province.

The Mojave block is separated from the Sierra Nevada and
southwestern Great Basin to the north by the ENE trending
Garlock fault. The Garlock fault has been described as a ma-
jor left-lateral fault conjugate to the San Andreas system [M.
1. Hill and T. W, Dibblee, 1953] and also as a major continen-
tal transform accommodating extension in the Basin and
Range to the north in relation to the Mojave block; increasing
fault offsets on the Garlock to the west support the gransform
fault interpretation [Davis and Burchfiel, 1973]. Furthermore,
westward shifting of the block to the north of the Garlock
fault due to this extension has probably contributed to the
westward . bending or deflection of the San Andreas fault
where the two faults meet [ Davis and Burchfiel, 1973]. Limited
information on extension directions on normal faults north of
the Mojave block, however, indicate that the horizontal dis-
placement may not parallet the Garlock fault as would be re-
quired for true transform-style faulting.

Sierra Nevada

The Sierra Nevada marks a transition from the primarily
strike slip deformation along the San Andreas fault 1o the ex-
tensional tectonics of the Basin and Range province. Accord-
ingly, several lines of evidence on active tectonics of the Sierra
indicate both strike slip and normal faulting. Examples of
pure strike slip deformation include the Kern Canyon fault, a
major (~80 km long) N-8 trending right-lateral fault active
throughout late Tertiary time [foore and duBray, 1978) and
the microfaulting discussed below, However, the extensional
tectonics of the Basin and Range province, including normal
faulting and high heat flow, extends 50-100 km into the east-
ern Sierra; Lake Tahoe, for example, is 2 down-dropped basin
like those to the east in Nevada. Also, major earthquakes with
both strike slip (1966 Truckee earthquake, CA-31) and nor-
mal {1975 Oroville carthquake, CA-32) faulting mechanisms
have been recorded in the northern Sierra.

Least principal horizontal stress directions trend WNW-
ESE to E-W in the northern Sierra but appear gradually to ro-
tate until they are trending approximately NW-SE in the
southern Sierra. Stress orientations from different types of in-
dicators agree fairly well within the Sierra Nevada block; fur-
thermore, least horizontal stress orientations agree well with
those in the surrounding San Andreas and Basin and Range
provinces.

The existence of contemporaneous strike slip and normal
faulting in the Sierra Nevada suggests ihat the magnitudes of
the vertical and greatest principal horizontal stresses are
nearly equal and can readily exchange. The principal stress
field probably kas the form

S=8>5S5

or
Snne = 5,3 Swnw
Thus local variations in the relative magnitudes of Suwe and

S, and/or local faulting trends may determine whether strike
slip or normal faulting oceurs.
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Many of the least principal stress directions in the Sierra
Nevada block (CA 19-22, 24-25, and 28-30, Table 1) come
from a unigue study by Lockwood and Moore [1979] of offsets
on near-vertical strike slip microfaults. These microfaults are
priented in two conjugate sets, a north to northeast striking set
that shows right-lateral offset, and an east io northeast striking
set that shows left-lateral offset. The age of this microfaulting
is poorly established; the faults formed after solidification of
the youngest plutons in the Sierra Nevada (79 m.y. B.P.) and
are known to cut a lale Miocene volcanic dike in one area. A
maximum horizontal extensional-sirain direction (assumed to
be alined regionally with the least principal stress) was taken
as ihe bisecior of the obtuse angle of the average microfault
trends. A pure shear constant volume analysis based on a de-
tailed study of microfault offsets in one locality indicates that
the true maximum extensional-strain direction differs by only
6° from the bisector.

For the bisector analysis used by Lockwood and Moore
[1979] to be valid, the fauli sets must be true conjugates, and
the strain must be small (<10%) and distributed on both sets.
Absence of offset on some microfaults and filling by vein min-
erals such as quartz and epidote suggest a tensile ongin for the
microfaults, many of which were reactivated in shear after a
change in regional stress orientation. In addition, both the
aerial photo lineation analysis and the microfault onentations
reported by Lockwood and Moore [1979] indicate that the cast
to northeast striking (lefi-lateral) set predominates and sug-
gest that the strain may be very unevenly divided between the
two sets, Thus the trends of the microfaults, while indicative
of the regional stress field, may not be very precisely oriented
with respect to that stress field (perhaps only within +25°).
However, parallelism between the least principal stress orien-
tations inferred from these microfavits and those in the sur-
rounding San Andreas and Basin and Range provinces sug-
gests that these faults are young features recording
deformation in a stress field similar to the modern one.

Basin and Range-Rio Grande Rift

The Basin and Range province is a region of active crustal
spreading characterized by high regional elevation, thin crust
(average thickness ~30 km), and high heat flow [Thompson
and Burke, 1974]. The Basin and Range-Rio Grande nft
stress province discussed here extends from the Sierra Nevada
eastward to well within the Colorado Plateau physiographic
province and around the south margin of the Colorado
Plateau and northward into the Rio Grande rift proper in
New Mexico. The southern Basin and Range has been in-
cluded with the currently more tecionically active northern
Basin and Range on the basis of generally consistent least
principal stress orientations and regionally high heat flow, the
mean value of which is similar to the northern Basin and
Range mean of 2.1 heat flow units (HFU) (ucal/cm*/s = 41.9
mW/m?) [Lachenbruch and Sass, 1977, U.5. Geological Sur-
vey, unpublished data, 1979). Thus, although a large differ-
ence in strain rate between the two regions has persisted
throughout Quaternary time and possibly longer (on the basis
of young fault scarps mapped by Howard et al. [1978)}, the re-
gional stress field appears 0 be uniform. The Rio Grande rift
is often referred to as a distinct continental rift fe.g., Bridwell,
1976}; however, similarities ip geophysical characteristics and
tectonic style [cf. Cordell, 1978; Thompson and Zoback, 1979)
warrant its inclusion in the same stress province as the Basin
and Range.
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Seismicity extends throughout the province (see Figure 2y,
however, it is most concentrated along the margins of the
northern Basin and Range, in the N-S trending Nevada sejs.
mic zone on the west and the Intermountain Seismic Beli op
the east [Shar et al., 1972). A roughly north trending belt of
historical earthquakes of magnitude >7 occurs within the Ne.
vada Seismic Belt [Ryall et al., 1966]. However, as Slemmons
[1967] pointed out, this pattern of modern seismicily is not g
good indicator of tectonic activity in the recent past because
Quaternary scarps are widespread throughout the interjor
porthern Basin and Range.

Least principal stress orientations are generally WNW.-ESE
throughout the Basin and Range-Rio Grande rif] province,
Exceptions to this general pattern occur in southegn Nevada,
where the data seem to indicale a more NW-SE least principal
stress direction, and along the Wasatch fault in Utah, where
modern crustal extension appears to be more in an E-W direc-
tion. Possible explanations of these regional veriations are dis.
cussed later in the source of stress section.

The primary mode of deformation within the Basin and
Range-Rio Grande rift is normal faulting with a consistent
approximately WN'W direction of opening, indicating a stress
field of the form

S5 >5>>5
or
S., g SNNE = SwNw

A detailed discussion of the relative magnitudes of these prin-
cipal stresses, constrained by an analysis of slip directions and
pattern of faulting in northern Nevada, has recently been pre-
sented by M. L. Zoback and M. D. Zoback [1980].

A consistent direction of exiension throughout much of the
Basin and Range-Rio Grande rift province may be inferred
from the relatively uniform paitern of horizontal dis-
placements, despite the complex geometry of the fault blocks.
A necessary result of this uniform extension is oblique shp
normal faulting (i.e., both sirike slip and dip slip components
of motion) on faults that are not perpendicular to the least
principal stress direction. Examples of this oblique slip style of
faulting are abundant throughout the province. As has been
noted by many workers fe.g., Slemmons, 1967; Wright, 1976
the geometry of the pattern of displacements requires purely
dip slip motion on approximately NNE trending faults, 2
component of right-lateral slip on faults trending N to NW.
and a componet of left-lateral slip on faults trending NE to
ENE. Thus modern components of right-lateral strike sitp
should be expected on the generally NW trending faults in the
southern Basin and Range (in contrast to nearly purely dip
slip motion expected on the NNE striking faults that charac¢-
terize much of the northern Basin and Range). Scanty data of
fault slip in the southern Basin and Range and Rio Grande
rift (AZ-7; MX-1; NM-6, 16, 27; Table 1) confirm this ex-
pectation.

It is important to point out that these oblique slip faults _ﬂ"’—‘
basically normal, not strike slip, faults. The oblique slip anses
as the major crustal blocks attempt to extend in roughly the
least principal stress direction regardless of the trend of the
fault.

Although most of the Basin and Range province i$
terized by normal faulting, the stress transition (from S
slip deformation along the San Andreas fault) evident 12 ﬂ?c
Sierra Nevada extends into the westernmost northern Bast?

charat-
trike

. gpd Range, t

where examp.
faults can be
discussion of
Earthquake fi
tent T axes Tt
and Healy, 1!
from the distr
extends roug!
Range (sec Fi
gresses withir
normal and $

Thus, althoug
terchange loc
The availa
stress orienta
the southern
(compare N}
Grande rift s
Colorado Pla
recent volcar
Zoback, 197"
these two prc

Colorado Pla

The Color
than the Col
7). The state

- detail by The

below.,

The Color
NNE-SSW -
pendicular fc

" rection in th

province. Th
of least prim

' . to the platea

form NNE 1
rado Plateay
edge of the
gealogic, tof
The abser
plateau intes

g - differential

pretation, in
" the Piceance



ZOBACK AND ZOBACK: STATE OF STRESS IN (CONTERMINOUS UNITED STATES 6l33

aJ;d Range, the Walker Lane-Las Vegas shear zone region,

_ ghere examples of normal, pure strike slip, and oblique slip
faults can be found [cf. Slenmons et al. {1979 for a detailed
discussion of the rate and style of deformation in this region].
farthquake focal mechanisms in this region indicate consis-
rent T axes regardless of the style of faulting [e.g., Hamilton
ond Healy, 1969}. This zone of stress transition, as inferred
from the distribution of purely strike slip fault plane solutions,
extends roughly 200-250 km eastward into the Basin and
Range (see Figure 2). The relative magnitudes of the principal
suresses within this region, as inferred from the coexistence of
pormal and strike slip faulting, are

5, =8,% 85,
S, = Sune P Swnw

Thus, although the relative magnitudes of 5, and Syg can in-
terchange locally, the S, direction (WNW) remains invariant.

The available data indicate a rather abrupt transition in
siress orientation between the Rio Grande rift province and
the southern Great Plains, oceurring over <73 km in one area
(compare NM-26 and NM-27). The Basin and Range-Rio
Grande rift stress field continues well into the physiographic
Colorado Plateau consistent with high heat flow, faulting, and
recent volcanism along the plateau margins [Thompson and
Zoback, 1979]. The nature of the stress transition between
these two provinces is discussed in detail below.

Colorado Plateau Imterior

The Colorado Plateau stress province is distincily smaller
than the Colorado Plateau physiographic province (see Plate
2). The state of stress within the plateau interior, discussed in
detail by Thompson and Zoback {1979], is briefly summarized
below,

The Colorado Plateau interior is characterized by roughly
NNE-SS8W least principal horizontal stress direction, per-
pendicular to the general WNW-ESE least principal stress di-
rection in the surrounding Basin and Range-Rio Grande rift
province. The data also appear to support a radial distribution
of least principal horizontal stress orientations perpendicular
to the plateau margins. The preferred interpretation of a uni-
form NNE least principal horizontal stress within the Colo-
tado Plateau interior comes from data along the northem
edge of the plateau across which there are no known major
geologic, topographic, or geophysical contrasts.

The absence of major faulting or seismicity within the
plateau interior could be interpreted to indicate generally low
differential stresses. Appatently consistent with this inter-
pretation, in situ stress measurements (at ~0.5 km depth} in
the Piceance Basin (CO-3) in northwestern Colorado indicate
that all three principa] stresses are approximately equal to the
lithostat [Bredehoefryet al., 1976]; alternatively, these low
deviatoric stresses mgy simply be due to the shallow depth
and rather weak rock within the basin. The occurrence of
both sirike slip and thrust focal mechanisms clearly demon-
Strates the existence of high horizontal stresses locally ex-
¢eeding the lithostat and indicates a compressional stress re-
Bitme of the form

S > 8=28
ar

Swrw > Sune = 8y

The Basin and Range-Rio Grande rift extensional stress
field appears to continue 100-200 km into the plateau proper
(cf. Plate 2}, consistent, as mentioned above, with high heat
flow, normal faulting, and recent volcanism along the plateau
margins [Thompson and Zoback, 1979]. The 90° change in
stress orientation between the Basin and Range Colorado
Plateau interior provinces occurs locally over a lateral dis-
tance of <50 km (cf. UT-8, 9, 10, 11, 12, 13 and NM-12, 13,
14, 15). Data in central Arizona along with a reverse fault
focal mechanism at 35.16°N, 112.13°W ([Brumbaugh, 1980]
not included on the maps because of the late data at which we
became aware of it) suggest a broader stress transition, up to
150 km wide, in which all three stresses are approximately
egual in magnitude. This is suggested by the occurrence of
both WNW and NNE trending dikes and cinder cone aline-
ments (AZ-7, 8, 10), as well as focal mechanisms for two
events 70 km apar’ which imply both normal (AZ-14) and re-
verse [Brumbaugh, 1980] faulting on NW trending planes. The
observed contrasting styles of deformation in this 150 km
wide zone can be explained by minor local variations in mag-
nitude of one of the principal stresses and, also, possibly by
the influence of local, preexisting structural grain.

Snake River Plain- Yellowstone

The Snake River plain is 2 downwarped volcapic plain
formed during the past 17 m.y. by a steady northeastward mi-
gration of silicic volcanism and subsequent semicontinuous
outpourings of basalt along its oider (western) reaches [Arm-
strong et al., 1975)]. The site of modern silicic volcanism on the
plain is the Yellowstone caldera. The Snake River plain-Yel-
lowstone trend has been considered by some workers to be a
propagating lithospheric crack (possibly alined with a pre-
existing zone of weakness) [e.g., R. B. Smith et al., 1974b; Ea-
ton et al., 1975] and by others to mark an active hot spot trace
[e.g., Morgan, 1972, Suppe er al., 1975]. An inversion of rela-
tive plate motions to a mantle reference frame indicates that
the absolute motion of the North American plate for the last
10 m.y. is well represented by the Snake River plain-Yellow-
stone trend [Minster and Jordan, 1978).

The Snake River plain is largely aseismic with the ex-
ception of some shallow (<6 ki) earthquakes at Yellowstone.
The only data available on principal stress orientations on the
plain {with the exception of a composite focal mechanism
within the caldera) are geologic and come from numerous
young (<1 m.y. B.P) feeder vents which cut across the plain.
As Weaver et al. [1979] noted, these indicators suggest a
roughly NE-SW least principal stress direction, parallel to the
axis of the Snake River plain, not perpendicular, as suggested
by Hamilton and Myers [1966]. This extension along the axis
of the plain requires transform style of faulting along the mar-
gins of the plain, particularly to the north.

The enormous volume of volcanism on the Snake River
plain and related normal faulting indicate extensional tecton-
ics. Thus the stress field on the Snake River plain can be char-
acterized by

S$>8,>5
or
S, >8_ ww>S_uE

The direction of the least principal stress on the Snake River
plain appears oblique to that in the Basin and Range province
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directly to the south, where the least principal stress direction
trends WNW-ESE to E-W, This distinction in trend and its
unique Late Cenozoic volcanic history are the justification for
making the Snake River plain a separate stress province.

The area immediately surrounding the Yellowstone caldera
is marked by a high level of seismicity (see Figure 2). Detailed
focal mechanism studies in the area north of the caldera by
Trimble and Smith [1975], R. B. Smith et al. [1977), and Pitt et
al. [1979] further document an approximately 90° rotation of
the least principal horizontal stress direction between (he
Snake River plain and the area to the north first noted by
Freidiine et al. [1976). This rotation occurs over a lateral dis-
tance of only 100 km.

Hebgen Lake-Centennial Valley

As evidenced by focal mechanisms and recent fauliing, the
Hebgen Lake-Centennial Valley stress province is characier-
ized by N-S extension. The south boundary of this province
near Yellowstone, as discussed above, is marked by an abrupt
90° rotation of the least principal stress direction that occurs
over a lateral distance of <i00 km. The northward extent of
this province is undefined, and available focal mechanism
data, discussed in detail by Freidline et al. [1976], snggest a
broad zone of tramsition in which T axes again rotate 90°
({from N-8 to E-W) from southern to northern Montana. We
have drawn a tentative northern boundary for the province on
the basis of changes in the trends of faulting (from approxi-
mately E-W to NW-SE) to the north. The province is also ten-
tatively extended to the west to include a composite focal
mechanism in the Idaho batholith (ID-5) that indicates E-W
trending normal faulting.

Northern Rocky Mountains

The Northern Rocky Mountains stress province is charac-
terized by normal and strike slip faulting along generaily NW-
SE trends that probably began in early Miocene time and
continues to the present, as evidenced by Quaternary scarps
[Freidiine et al., 1976, Howard et al., 1978; Reynolds, 1979].
Above average heat flow [Lachenbruch and Sass, 1977, the
occurrence of hot springs fe.g., Muffer, 1979, Map 1], high re-
gional elevation [e.g., Reynolds, 1979], and moderately high
seismicity [e.g., R. B. Smith and M. L. Shar, 1974] are all sug-
gestive of active extensional tectonism in this province and
distinguishes it from the Pacific Northwest province to the
west, which appears to be dominated by N-S compressional
tectonics.

The exact boundaries of the Northern Rocky Mountains
and, in fact, even the existence of such a province are difficult
to define from the available stress data. As discussed above,
the small, poorly defined Hebgen Lake—Centennial Valley
stress province bounds the Northern Rocky Mountains prov-
ince to the south. The positions of the eastern and western
boundaries are based on the extent of young NW trending
normal fauiting shown on Howard et al’s [1978] map and are
consistent with boundaries of extensional tectonism deline-
ated by Reynolds [1979]. Three in situ stress measurements in
northern Idaho along the western boundary are completely
contradictory both in orientations and relative magnitudes of
principal siress; two are independent strain relief measure-
ments in mines 3 km apart (ID-7) which are inconsistent with
one another, and both disagree with a nearby hydrofrac mea-
surement (ID-6). Focal mechanisms near the eastern bound-
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ary of the province (MT-4, 5) are also somewhat con.
tradictory. The northern boundary remains undefined by the
present data.

In general, the stress field for the Northern Rocky Moun.
tain stress province appears to be characterized by NE-Sw o
E-W least principal stress orientations, consistent with e

prominent N to NW trending normal faulting. The occyy. - G

rence of both strike slip and normal focal mechanisrms with I~
cally consistent T axes led Freidline et al. [1976] to suggest thy
the greatest and intermediate principal stresses (8, ing
Sisionw.se) May be approximately equal in magnitude. The
generally E-W to NE-SW extension in the Nofthern Rocky
Mountains appears to represent a northward continuation of
basin-range structure interrupted by the Snake River plaj

and with possibly a shight clockwise rotation of (he extensigp

direction.

Southern Great Plains

The southerm Great Plains area is characterized by a very
uniform state of stress in which the least principal horizonta]
stress direction to NNE-SS8W. The data come from two pri-
mary sources: (1) alinement of post-5 m.y. volcanic feeders in
the Raton-Clayton volcanic field of northern New Mexico
and (2) fracture orientations obtained from hydraulically frac-
tured wells in the Permian basin of western Texas [Zemanek
et al., 1970]. An earthquake focal mechanism and in situ stress
measurements in eastern Colorado show consistent orienta-
tions. Despite the similar least principal horizontal stress ori-
entations in the southern Great Plains and in the plateau inte-
rior, the probable extensional regime (as inferred from
earthquake focal mechanisms and basaltic volcanism) distin-
guishes the southern Great Plains from the Colorado Plateau
interior and Midcontinent provinces which are dominated by
compressionai stress regimes. The least principal horizontal
stress directions to the southern Great Plains province are
generally oblique to those in the Midcontinent stress province;
however, in west-ceniral Texas the data suggest a counter-
clockwise rotation of the stress field from west to east to direc-

tions more consonant with midcontineni stress orientations .

(Plates I and 2). The easternmost site of this group of data
(TX-15) is a normal fault focal mechanism, suggesting thet
the boundary with the compression-dominated Midcontinent
stress province must lie further 1o the east.

Two important characteristics of the stress field in the
southern Great Plains province are (1) its uniformity (~*15%

which is within the range of estimated accuracy of the differ-

ent stress indicators) over a region with a north-south ex}eﬂl
of at least 1100 km and (2) an abrupt transition in stress ofel-
tation in relation to the Rio Grande rift that occurs locally
over a lateral distance of <50 km. This ~90° change in leas!
principal horizontal siress orientation along the Rio Grande
rifi-Great Plains boundary corresponds to a decrease in heal
flow and a crustal and lithospheric thickening under the Greal
Plains in relation 1o the Rio Grande rift [Thompson and 20
back, 1979]. In addition, seismic reflection profiling actoss the
Rio Grande rifi’s eastern boundary [Brown ef al., 1979] has rc;_
vealed a high-angle, narrow, linear zone defined by a lack ©
coherent reflections which extends from near the surface ¥
the base of the crust. Physically, this sharp bounda.p_l rqa!’
mark a zone of lateral ‘decoupling’ within the crust facilitatl®é
the abrupt change in stress orientation.
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STRESS PROVINCES:
CENTRAL AND EASTERN UNITED STATES

Despite snggestions that the in situ stress field is uniform
ughout the eastern United States [e.g., Haimson, 19778},
ot data demonstrate the existence of distinct stress prov-

- joces (Plate 2). As in the West, earthquake focal mechanism,
cologic, &nd in situ stress data available for the eastern

United States generally yield consistent results. Along the At-

jantic coast, the primary data set available is composed of the

: 1rends and senses of offset of Tertiary or younger faulis. As

9 B giscussed previously, these data yield only approximate stress

' B directions. A more significant problem concemning these in-

dicators, however, is that chance exposures may reveal sec-

%" ondary features, whereas the primary structure can remain
-~ yprecognized. In addition, the general paucity of stress field

indicators in the East makes definition of the boundaries be-

- ween the stress provinces difficult and may tend to give un-
. warranted significance to isolated data points.

Although the central and eastern United States is generally
thought of as a tectonically stable region, numerous historical
carthquakes have occurred there (Figure 3). The Charleston,
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South Carolina, earthquake of 1886 and the 1811-1812 New
Madrid, Misscuri, earthquakes dominate the seismic history
of the eastern United States, but there are numerous other
areas of concentrated seismic activity. Several of the larger-
scale patterns and trends in eastern seismicity have been sum-
marized in detail by Sykes [1978]. These include the northwest
trending seismic zone in South Carolina and Georgia [Bolli-
nger, 1973] and a similarly oriented zone in central Virginia
(Bollinger, 1975], the NW-SE trending Boston-Ottawa seismic
zone [Diment et al., 1972], the Ramapo fault system in north-
eastern New Jersey [dggarwal and Sykes, 1978], the Grand
Banks arca, the Lower St. Lawrence valley [Leblanc et al,
1973}, and a diffuse earthquake trend along the Appalachian
fold belt [Weollard, 1969]. Sykes [1978] points out that the
Boston-Ottawa seismic zone may not be continucus because
of the paucity of activity in southern Vermont and New
Hampshire. The boundary separating the Midcontinent and
Atlantic Coast stress provinces is shown in Figure 3 by the
shaded line. In the southern Appalachians more activity oc-
curs west of the boundary, while in the northern Appala-
chians the NW-SE trending zone of earthquakes associated
with the Ottawa-Bonnechere graben {Sykes, 1973] end
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Fig. 3. Seismicity map of eastern North America from histovical and instrumenzal dats for the period 1928-197) from
York and Oliver {1976]. Shaded line is stress province boundary between the Midcontinent and Atlantic Coast provinces
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abruptly at the stress province boundary. Earthquakes extend-
ing from New Jersey to New England seem to define a north-
westly trend of activity located ecast of the stress province
boundary.

Various sources and mechanisms have been proposed to ex-
plain the distribution of intraplate earthquakes in the central
and eastern United States. Some of these are preexistimg zones
of crustal weakness that correlate with zones of alkalic mag-
matism and major off~hore fracture zones [Sykes, 1978}, reac-
tivation of a late Precambrnian-early Paleozoic continental rift
in the New Madnd area (M. D. Zoback et al., 19804), reacti-
vation of Triassic basin bounding normal faults (with high-
angle reverse-lype motion) along the eastern seaboard [Jaco-
been, 1972, Mixeon and Newell, 1971, Aggarwal and Sykes,
1978, Behrend: et al., 1980; Wentworth and Mergner-Keefer,
1980; Prowell, 1980, and stress concentrations in the vicinity
of igneous intrusions [MeKeown, 1978; Kane, 1976].

Midcontineni

The Midcontiment stress province, a large and tectonically
stable region, extends castward to the Appalachians (and in-
cludes the Adirondack uplift), southward to the Gulf Coastal
Plain, and westward to the southern Great Plains province.
The available data suggest that this stress province can be ex-
tended northward into Canada. Throughout this broad prov-
ince, a uniform NE-SW compressive stress field exists, largely
defined by hydraulic-fracturing work of B. C. Haimson [cf.
Haimson, 1977h] and earthquake focal mechanisms of R. B.
Herrmann [cf. Herrmann, 1979].

The eastern boundary of the Midcontinent stress province is
poorly defined but appears to coincide in the south approxi-
mately with the eastern edge of the Blue Ridpe province, a
major topographic break. To the north, where the Appala-
chian fold belt narrows, the stress province boundary 1akes a
more northerly course crossing the Valley and Ridge province
and approximately coincides with the western edge of the Ap-
palachian fold belt. As stress orientations in the Valley and
Ridge and Blue Ridge provinces are scattered and locally con-
tradictory (Plates 1 and 2) the eastern ~200 km of the Mid-
continent stress proviuces may represent a transition zone be-
tween the Midcontinent and Atlantic Coast provinces. The
scatter in stress orientations in this region may refiect the in-
herent uncertainties of the different methods used to deter-
mine stress or may represent a broad zone of transition in
which the horizontal stresses are approximately equal in mag-
nitude and the apparent stress orientation is more controlled
by local inhomogeneties.

Tectonics in the Midcontinent stress province are compres-
sional, and carthquakes throughout the province typically
show components of both strike slip and reverse movement.
Thus

S 85,>5

Sne 2 Syw > S,

The only exception to this pattern was a normal fault earth-
quake at the edge of the Ozark uplift in southern Missouri
(MO-3), but in this case the orientation of the least principal
horizontal stress field is consistent with the northwestward di-
rection obszrved in the remainder of the province (Plates 1
and 2).

Recent seismic reflection profiling in the southern Appala-
chians [Cook et al., 1979, Harris and Bayer, 1979] have been
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interpreted as indicating that a major decollement underljeg
thin-skinned deformation in the miogeosynclinal sequepc,
along the western edge of the belt (Appalachian Platean g0y
Valley Ridge). This decollement is interpreted to continy,
eastward bepeath Paleozoic and Precambrian rocks pye.
viously believed to be rooted forming the mobile core of tp,
Appalachian orogen. Stress orientations within the Appa),.

chian Plateau along the New York-Pennsylvania border Ny. -

1, 2, PA-3) are parallel to orientations farther to the north apg
west in the Midcontinent province; these localities lie withiy
detached rock. The onentations at these three sites are ag,
parallel to the stress orientation inferred from the Attic,
earthquake (NY-3), which is probably decper than the thrugis
now known to have detached the rocks there. Thus the stress
data seems to imply that the Appalachian thrust sheei(s) i
mechanically coupled to the underiying basement where, pre.
sumably, the major earthquakes occur.

The high level of intraplate seismicity in the Northern Miss.
isippi Embayment might appear to warrant delineation of z
distinct stress province. Earthquakes within the embayment
that occur along a 100 km long northeast-southwest trending
seismic zone in northeast Arkansas (AR-1, 2} indicate pre-
dominately strike slip faulting and approximately east-west
compression. These earthquakes are occwrring on a mmajor
basement fanlt associated with a late Precambrian rift system
that is favorably oriented to the regional stress field [M. D,
Zoback et al., 19804]. Earthquake focal mechanisme from the
roughly north-south trending, relatively diffuse zone of seis-
micity near New Madrid, Missoun (MO-1, 2}, however, in-
dicate thrusting on northwest trending faulis and NE-3W
compression. This rapid and localized apparent change in
stress orientation is observed in both regional surface and
hody wave studies [Herrmann, 1979] and local studies of mi-
croearthquakes ['Connell et al., 1980]. However, the validity
of the apparent complex pattern of stress orientations is ques-
tionable, as it may be due merely to the uncertainty inherent
in inferripg stress orientations from focal mechanisms for
earthgquakes occurring on preexisting faults. Thus as the mean
orientation of the stress field in the embayment area is consis-
tent with the surrounding region and the earthquakes are ap-
parentily associaled with specific structures, the Northern Mis-
sissippi Embayment is included as part, albeit an active part,
of the Midcontinent stress province.

Atlantic Coast

Northwest-southeast to west-northwest-east-southeast com-
pression characterizes the Atlantic Coast siress province,
which includes the Atlantic Coastal Plain, the Piedmont prov-
ince of the southern Appalachians, and the entire Appala:
chian fold belt in the northeast. 1n marked contrast to earlier
studies suggesting northeast compression for this area [sge
Shar and Sykes, 1973], the generally northwest compression 15
documented by offset core holes (CT-1), hydrofrac measure:
ments (5C-1, MD-2), earthquake focal mechanisms (NJ-1;
SC-6, VA-1), and numerous late Cenozoic fault offsets. Be-
cause of generally poor, limited exposures and small magnt
tude vertical offsets the faults are difficult to recognize, a“_d
possible lateral offsets of the subhorizontal coastal plain sedi-
ments can rarely be established or eliminated. Component$ O_f
strike slip offset have been postulated for two major react:
vated (now reverse) northeast trending fault zones. A c0U
ponent of right-lateral offset has been inferred along the Staf-
ford fault zone (VA-2) from an analysis of subsidiary revers®
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d pormal faults within the fault zone [Mixon and Newell,
I9T”’ whereas significant left-lateral offset has been docu-

ented 10 Paleozoic rocks along the Cenozoic Belair fault
£00C {Prawe” and O'Connor, 1978], although this offset can
ot be recognized in the overlying strata. Lacking data on lat-
eral offsets and given the large uncertainties in stress orienta-
fions ipferred from only the trend and sense of vertical offset
of  faults the precise horizontal principal stress orientation re-
mains poorly defined. However, the excellent correspondence
. petween Stress orientations inferred from the trend of reverse
faulting along the Stafford (VA-2) and Brandywine (MD-1)
and a nearby in situ stress measurement (MD-2) imply that
the predorninant sense of modern motion on these fault zones
" is reverse. Further substantiation of the Atlantic Coast stress
province and ils continuation into New England is provided
by a fecent compilation of 18 focal mechanisms in the area
east of 73°W longitude and north of 43°N latitude that in-
dicate largely reverse faulting on N to NE striking planes im-
plying E-W to NW-SE compression {[Graham and Chiburis,
1920] these data have not been included in this study because
of the late date at which they became available).

Earthquakes in the Atlantic Coast province often have
components of both thrust and strike slip motion [cf. Aggar-
wal and Sykes, 1978, Graham and Chiburis, 1980]. Such
ohligue motion is expected because the earthquakes seem 1o
occur on favorably oriented preexisting structures. For mod-
ern earthquakes associated with northeast striking normal
faults which bound Triassic basins the current sense of motion
{reverse) on the fault is exactly opposite to the motion that
created the faults. For the Atlantic Coast stress province
therefore

§5>8>5
Swuw = Sne > 5o

An early earthquake focal mechanism study near Charles-
ton, South Carolina, suggested dip slip motion on a near-ver-
tical, northwest striking fault plane [Tarr, 1977}, For that
event the P and T axes both strike in the northeast-southeast
direction and plunge ~45°. Because the horizontal com-
ponents of both the P and T axes have the same azimuth (and
the relative magnitude of the stress component in the null di-
r_cct'mn is unknown), the direction of least horizontal compres-
sion could not be determined. More recent focal mechanism
data indicate reverse motion on both NE and NW trending
faults and thus suggest that the horizontal siresses may be ap-
proximately equal {A. Tarr, written communmpication, 1980).
Northeast trending high-angle reverse faults with Tertiary off-
set, recently discovered by seismic reflection profiling near
Charleston by Behrend et al. [1980] are indicative of NW-SE
compression. '.:‘

Gulf Coast t

Active listric growth faulting characterizes the Gulf Coast
stress province. The stress directions used to define this prov-
Ince were taken from the average local orientation of recently
active faults at each site, from the fault map by Howard et al.
{1978}, and from recognized late Tertiary normal faulting.
he axis of most currently active faulting runs near and sea-
Ward‘ of the present shoreline. The northern boundary of this
P“_Wl'nce is constrained only by a strike slip earthquake in
M‘SS{SSippi (MS-3). The state of stress throughout this prov-
Ines is apparently quite uniform: the greatest principal stress
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is vertical, the orientation of the least principat stress is per-
pendicular to the continental margin, and the magnitude of
the Jeast principal stress is 60% of the vertical stress [cf. Hub-
bert and Willis, 1957, M. D. Zoback e al., 1978). It should be
emphasized that the state of stress in this province is probably
only the result of sediment loading and not tectonic forces.
The state of stress within the bedrock underlying Gulf Coast
sediments remains unknown.

SOURCES OF STRESS

In this section we investigate some of the major sources of
lithospheric stress in terms of the patterns and relative magni-
tudes of the stresses that characterize the provinces defined
above. The state of stress in the earth’s lithosphere is the result
of superposition of forces derived from many different prac-
esses. It is often possible, however, to identify the pre-
dominant force or forces responsible for the pattern of stress
field within a given region. The broad patterns of stress are
best explained by plate tecionic forces (see Richardson et al.
[1979] for a comprehensive review both tectonic and non-
tectonic sources of stress).

Sources of Siress in the Western United States

The most important source of stress affecting the western
United States is current and past plate motions along the
western plate boundary. The pattern of stress in many of the
stress provinces in this region can be attributed directly either
to present transform motion between the Pacific and North
America plates or residual thermal and dynamic effects of
past subduction. The northwesterly motion of the Pacific plate
with respect to North America results in right-lateral trans-
form motion along the northwest trending San Andreas and
Fairweather fault systems, N-8 crustal shorterning in the
Transverse Ranges of Southern California, and distributed
right-lateral deformation superimposed on the extension oc-
curring in the Basin and Range province. The Sierra Nevada,
characterized by both normal and strike slip faulting, appears
to represent a transition zone between the San Andreas and
Basin and Range stress provinces.

North-south compression characterizes the Pacific North-
west stress province, a region including an active andesitic
volcanic chain and the back arc area. This direction of com-
pression is roughly paraliel to the trend of the offshore trench,
and it is about 45° oblique to the northeast-southwest direc-
tion of convergence between the Juan de Fuca and North
American plates. Whereas in other back arc areas under com-
pression the maximom compressive stress orientation is in the
direction of plate convergence [Nakamura et al., 1978}, this is
not the case in the Pacific Northwest province. Crosson [1972]
has suggested that decoupling between the subducting Juan
de Fuca plate and the overriding MNorth American plate may
be consistent with estimates of a relatively slow rate of con-
vergence and the absence of an inclined seismic Benioff zone
beneath western Washington and Oregon. If this decoupling
has occurred, then the stress field may be controlled more by
the larger-scale transform motion between the Pacific and
North American plates. An observation in possible support of
this concept is the rather limited extent of the Juan de Fuca
plate (extending from approximately 40°N to 51°N} in rela-
tionship to the extensive San Andreas and Fairweather right-
lateral transform fault systems which form most of the re-
mainder of western plate boundary of North America. An-
other hypothesis to explain the N-S crustal shortening in the
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Pacific Northwest province was proposed by R 8. Smith
[1977]. Within the context of a subplate model of the entire
wesiern Cordillera he suggested that the N-§ shortening in the
Pacific Northwest miay be due to compression between a N-§
extending Northern Rocky Mountain subplate (with a NW
trending western boundary) and the Juan de Fuca plate.
The available stress data, however, though admittedly sparse,
suggest generally east-west exiension in the Northern Rocky
Mouniain province with only a small area of north-south ex-
tension in the Hebgen Lake-Centennial Valley stress province
(discussed below).

The origin of present-day extensional tectonism in the Ba-
sin and Range and Rio Grande rift provinces has been the
subject of nunberous investigations (see Stewars [1978] for a
summary of the various proposed theories). Models for the
origin of the modern state of stress must take into account the
late Cenozoic evolulion of the western plate boundary. Sub-
duction under the western United States in middle Tertiary
time destroyed the subducting Farallon plate more rapidly
than it was being created, resuiting in a ridge-trench encoun-
ter and development of the San Andreas transform accommo-
dating the relative motion between the Pacific and North
American plates [Atwater, 1970; Arwater and Molnar, 1973].
Initial ridge-trench encounters occurred beiween 20-30 m.y.
B.P., possibly =29 m.y. B.P., and probably closely coincided
with the iniliation of right-lateral transform faulting. Since its
inception, the right-lateral transform boundary has continued
to lengthen at the expense of the subduction zone,

Extensional tectonism in the Basin and Range and Rio
Grande rift was initiated in both an intra-arc and back arc set-
ting [e.g.. Eaton, 197%; Elston and Bornhorst, 1979]; true basin-
range structure, the fauit-controlled sedimentary basins and
topographic forms resembling those seen today, can be con-
sidered a unique late-stage ecpisode of extensional tectonism
[M. L. Zoback et al, 1980]. The general NNE trend of ranges
in the northern Basin and Range, roughly perpendicular to
the modern least principal stress direction, suggests develop-
ment of this region in a stress field similar to the modern one.
This NNE trend of faulting contrasts markedly with the gen-
eral NW trend of the structural grain in the southern Basin
and Range. The Rio Grande rift and the individual ranges
within it trend roughly N-8 and are thought by some to follow
a zone of weakness resulling from superimposed earlier defor-
mations [e.g., Chapin and Seager, 1975].

A low level of modern seismicity as well as geomorphic evi-
dence (including the paucity of Quaternary scarps) argue that
much of the deformation responsible for present-day ranges
and basins in the southern Basin and Range occurred earlier
than that in the northern Basin and Range. The general NW
trend of the structural grain in the southern Basin and Range
supgests that the region developed largely under a stress field
oriented differently from the modern one [Eaton, 1979]. Dike
trends and extension directions inferred from fault trends and
related stratal tilt directions suggest a SW-NE to WSW-ENE
direction throughout the western United States in Miocene
time (~20-10 m.y. B.P.) {M. L. Zoback and G. A. Thompson,
1978, M. L. Zoback et al., 1980]. This least principal stress di-
rection is roughly perpendicular to the trend of the ranges in
the southern Basin and Range and is oriented ~45° different
from the modern WSW-ENE least principal stress direction.
Regional studies in the southern Basin and Range indicate
that major basin-range faulting, responsible for the modern
ranges, occurred 13-10 m.y. B.P. and probably continued up
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until about 6 m.y. B.P. [Eberly and Stanley, 1978; Scarbor,)ugh
and Shaffigullah, 1979); whereas in the northem Basin ang
Range, basin-range faulling was initiated post 10 m.y, Bp
and in places post-7 m.y. B.P. under a stress field orienteq
similarily to the modern one (M. L. Zoback et al., 1980]. Th,
~45° clockwise change in stress orientation occurred betweey

14-7 m.y. B.P. {possibly around 10 m.y. B.P.} as constraineq -

both localily and by regional differences in faulting trends [os
L. Zoback et el, 1980).

M. L. Zoback and G. A. Thompsor [1978] atiributed the
clockwise change in stress orientation to superposition of dey.
tral shear related to the development of the Ban Andreas
transform on the Miocene back arc extensiona) stress field,
Since transform faulling may have begun as eatly as 29 m.y,
B.F., the change in stress orientations may mark the timing of
significant or increased coupling of right-lateral shear betwegn
the Pacific and North American plates, This increased coy.
pling may have resulted from one or a combination of the fol-
lowing effects: (1) lengthening of the San Andreas transform
10 & ‘critical’ Yength {see Christiansen and McKee, 1978), (2) an
acceleration of relative motion between the Pacific and Nonp
American plates at approximately 10 m.y. B.P. [A¢water gnd
Molnar, 1973}, and (3) greater normal stress and hence in-
creased friction, along the San Andreas possibly due to small
change in the pole of rotation.

Distributed right-lateral shear related to the San Andreas
transform, superimposed on fundamental extension within the
Basin and Range has been proposed to explain the modem
state of stress in the Basin and Range [e.g., R. B. Smith, 1977,
1978; Eaton et al., 1978, Stewart, 1978; M. L. Zoback and G.
A. Thompson, 1978; Eaton, 1979, 1980]. Continued extensional
tectonism in a ‘back transform’ setting may be related to de-
velopment of a gradually enlarging ‘slab-free’ region beneath
ihe pan of the continental block adjacent to the San Andreas
transform, while subduction continues to the north and south
of the transform [Dickinson and Snyder, 1979]. Dickinson and
Snyder attribute basin-range extepsional tectonism and bi-
modal volcanism to upwelling of hot asthenosphere replacing
the volume of mantle formerly occupied by the subducted
slab of lithosphere [cf. Stewart, 1978; Best and Hamblin, 1978).

Second-order effects can be invoked to explain regional
variations of the stress fieid within the Basin and Range stress
province. The regional variation from WNW to NW exten-
sion on normal, oblique slip, and strike slip faults io the west-
ern Great Basin (northern Basin and Range) to ~E-W di-
rected, pure extension in the Great Basin has been attributed
to an eastwart diminishing effect of distributed shear related
to the transform plate boundary on basin-range extension [R
B. Smith, 1977, 1978; Best and Hambiin, 1978; Eaton et al.
1978; Eaton, 1979; Davis, 1979). The apparent WNW exten-
sion documented by the present study in the Rio Grande rift
which lies still farther east, remains unexplained by this b"
pothesis.

A second major regional variation in least principal 5tréS
orientation within the Basin and Range (and possibly the
Sierra Nevada) occurs in a broad east-west trending ban
transecting southern Nevada and Utah. In this region the J&2%
principal stress directions trend more northwestward and‘ rep
resent a clockwise rotation relative to the well-establishe
WNW-ESE to E-W extension in the region to the north, Th.ls
east-west trending band that crosses the sonthern Great Bas ":
coincides with an east-west trending zone of seismicity 87
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. and Range (mean elevation, ~750 m) that is accompanied

a ~100 mGal increase in gravity of crustal origin [Eaton et
ol 19781 Presumably, this east-west trending zone acts as the

: boundary between the actively extending region to the north
" und the currenily tectonically quiescent southern Basin and

Range. Thus this zone can be inte.rpreted as a broadband of
kn-lateral trausfonn-s_tyle shearing consistent with focal
mechanisms and geologic evidence [Stewart, 1978] in that re-

ion. Locally, this left-lateral shearing (or drag resistance to
this shearing) could cause a clockwise rotation of the stress
field, compatible with the more northwestward least principal
aress orientations observed in that region.

The E-W to NE-SW extension in the Northern Rocky
Mountain province may represent a northward continuation
of basin-range extension across the Snake River plain. Mod-
¢m least principal horizontal stress orientations for the Snake
River plain are NW-SE, parallel to the axis of the plain, not
perpendicular to it. Profound migrating volcanism along the
Smake River plain has been atiributed to a mantle hot spot
|Morgan, 1972; Suppe et al., 1975] and 1o a propagating lithos-
pheric crack possibly alined with a preexisting zone of weak-
pess [e.g, R B. Smith et al,, 1974b; Eaton et al., 1975}, In favor
of the hot spot mode! an inversion of relative plate motions to
a mantle reference frame indicate that the absofute motion of
the North American piate for the last [0 m.y. is well repre-
sented by the Snake River plain-Yellowstone trend [Minster
and Jordan, 1978].

The N-§ extension in the Hebgen-Lake-Centennial Valley
province appears to represent a local anomaly in the regional
pattern of E-W or NE-SW extension in the Snake River plain
10 the south and the Northern Rocky Mountains to the north,
R B. Smith and M. L. Sbar [1974] first recognized this local
deviation in the stress field and suggested that it resulted from
a generally N-§ relative separation of the Northern Rocky
Mountains and the Great Basin in their subplate scheme for
the western United States. The abrupt southern boundary of
this province in the Yellowstone area, however, suggests that
the N-S extension may be a local, possibly second-order effect
related to the actual mechanism or cause for the profound
propagating volcanic trend along the eastern Snake River
plain.

The Colorado Plateau interior appears characterized by
WNW.ESE compression, i.e., compression in the direction of
extension in the surrounding Basin and Range and Rio
Grande rift provinces, The source of this WN'W directed com-
Pression within the plateau interior remains equivocal. As-
ll'}ﬁnospheric ‘drag’ {discussed below) can be ruled out, as the
direction of absolute velocity of the plateau s SW, nearly per-
Pendicular to the WNW direction of maximum horizontal
compression} Thompson and Zoback [1979] have suggested
that the overbll state of compression in the Colorado Plateau
Whietior may be related to its thick ‘keel’ of mantle lithosphere,
the edges of which are subjected to a static ‘ridge push’ force
{also discussed below) resulting from density contrasts by sur-
reunding, less dense asthenosphere under the Basin and
BaﬂEﬁ‘-—Rio Grande rift. However, shallow (crustal level) den-
Sty contrasts between the platean and surrounding regions
Predict extensional stress differences in the upper crust along
the margins of the plateau.

he paraflelism between the direction of greatest principal
Sess on the plateau and the direction of regional extension in
the Surrounding Basin and Range-Rio Grande rift province
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suggesis that the source of the compression within the plateau
interior may be related to dynamic (drag?) forces resulting
from the regional extension. The stress differences arising
from lateral density contrasts along the plateau margins may
represent a second-order effect superimposed on a more re-
gional stress field. R. B Smith [1977} proposed that the
roughly E-W compression within the Colorado Plateau is due
to the buttress effect between the western deforming Cordil-
lera and the ¢astern stable interior. Such an interpretation is
valid only if a fixed boundary exists for the western deforming
zong; if, however, this boundary is considered free, then ex-
tension in both the Rio Grande rift and Basin and the Range
need not necessarily affect the plateau stress field.

A probably extensional stress regime in the southern Great
Plains distinguishes that province from the Colorado Plateau
interior (which appears to be dominated by compressional
tectonism) despite similar least principal stress directions in
the two regions. The source of the apparent NNE-SS5W exten-
siont in the Southern Great Plains is obscure and is in marked
contrast to the roughly E-W compression responsible for de-
velopment of the Rocky Mountains in Laramide time {(~80—
40 m.y, B.P.). Furthermore, analysis of the 22-25 m.y. Spanish
Peak radial dike system in souih-central Colorado (37.63°N,
104.83°W) suggests a strike slip regime with a2 N8°W least
principal horizontal stress orientation [Mudler and Pollard,
[977]; this orientation is 20°-40° oblique to inferred least
principal horizontal stress directions for past 5 m.y. cinder-
cone alinements in the Raton-Clayton volcanic field directly
to the south in New Mexico.

Sources of Stress in the Central
and Eastern United States

To account for the stress field in this broad midplate region,
we consider two large scale sources of stress; ‘asthenospheric
drag’ and ridge push. Asthenospheric drag is viscous resis-
tance to motion of the thick continental lithosphere. Most
simply, if the asthenosphere beneath the continents is station-
ary, a basal shear stress is induced by the motion of the conti-
nental lithosphere in the direction opposite to the direction of
absolute plate motion [Richardsen et al., 1976]. A somewhat
related source of siress is asthenospheric counterftow; numer-
ous theoretical models have been developed in which the as-
thenosphere beneath the continents flows in directions deter-
mined by the total mass flux: that which is produced at ridges
and consumed at subduction zones [Harper, 1978; Chase,
1979; Hager and O’Connell, 1979]. In this case the astheno-
sphere has a direction of motion not necessarily related to the
absolute plate motion direction, and the resulting stress in the
lithosphere should be in the direction of asthenospheric flow,
The absolute and counterflow velocity directions are nearly
parallel for the Pacific plate, which, because of its size and
speed, is the prime determinant of the large-scale flow pattern:
however, for other plates the directions can differ up to 50°.

Broad-scale lateral density mhomogenities give rise 10 lith-
ospheric stresses such as the ridge push force fe.g. Frank, 1972;
Artyushkov, 1973]. These forces arise because lateral changes
in the thickness of the crust and lithosphere (and changes in
crustal density) result in buoyance forces oriented normal to
the interface defining the lateral density change. As only the
vertical component of this bouyance force is compensated
isostatically, a net horizontal force is left. For example, ridge
push resulis from both the elevation of the midocean ridge
and the cooling and thickening of the lithosphere away from
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the ridge; the magnitude of the stress derived from is ridge
push force is estimated at several hundred bars [Hales, 1969;
Frank, 1972; McKenzie, 1972, Artyushkov, 1973], Other ex-
amples of lateral density inhomogeneities include lateral vari-
ations in crustal densities and thickness {e.g. ocean-continen-
tal crust interface [Bott and Dean, 1972]) as well as lateral
contrasts in lithosphere thickness.

To examine sources of stress in the central and eastern
United States, Figure 4 compares the direction of maximum
horizontal compression with computed directions of (1) abso-
lute motion of the North American plate and (2) ridge push
(from the relative motion of North America and Europe), us-
ing poles of rotation from Minster and Jordan [1978). (The ori-
entation of the fundamentally E-W compression derived from
ridge push would have been modified only slightly if the pole
of relative motion between North America and Africa had
been used.) As can be seen, the relative and absolute velocity
azimuths differ by only ~10° throughout the central and cast-

large arrows in Figure 4 [after Chase, 1979].

mary source of stress in the Midcontinent provihce.

[Lezhg 95 90° a5 s0*

ern United States. The asthenosphere counterflow modey
mentioned previously result in basal shear stress directiong
(lithospheric compressive stress directions) indicated by th,

As can be seen in Figure 4, the roughly NE-SW compreg. .
sion in the Midcontinent stress provinee is generally consis. -
tent with either ridge push or asthenospheric viscous drag 5o, -
sistance to absolute plate motion. Examination of the * 2
histogram inset in Figure 4, however, indicates that drag regis. - -
tance directions correlate better with the stress data than dq
the ridge push directions, suggesting that drag may be the pr;.

A potential problem with the asthenospheric &irag hypothe.
sis is that the magnitude of the basal stress (baseil on piaie ve.
locity and asthenospheric viscosity) is typicaily interpreted to
be quite low [e.g., Chapple and Tidlis, 1977; Richardson ef qf,
1976, Chase, 1979]. However, the cold thick lithosphere be.
neath the Midcontinent region and the lack, or poor develop-
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o ofa low-velocity zone [Herrin, 1972, Chapman and Pol-
T ¥, 19771 imply that the base of the lithosphere may extend
plo D07 viscous mantle material. This implies that the resis-
e 10 Jithospheric motion may be fairly large. If estimates
F - qow SLTEsses based on grain size analysis of xenoliths are
; corrects the magnitude of shear stresses in the lower litho-
fo - cre could exceed 100 bars [Mercier, 1980].
B’ Compressive stress directions predicted from astheno-
B neric counterflow models discussed previously (large arrows
¢ 4) are nearly 96~ different than observed maximum
I compressive Stress direct. >ns in the Midcontinent region. This
&1 pe discrepancy implies that as modeled, asthenospheric
B unicrflow is not an important process controlling the intra-
E 1aic stress field. Perhaps asthenospheric flow gets channeled
B¢ round regions of thick continental lithosphere, and current
¥ models assuming a uniform lithosphere thickness worldwide
¥ e 100 simplistic. It is also possible that the flow occurs at
mch great depths as to not affect the lithospheric stress field.
e In the Atlantic Coast province, maximum compression ap-
10 be oriented NW-SE, perpendicular to the tread of the
ppalachian fold belt and the continental margin. As can be
Been Figure 4 and the inset histogram, both ridge push and
§ drag resistance to absolute velocity are in poor agreement
[ with the observed maximum horizontal compression in the
R Atlantic Coast province, whereas compressive stresses pre-
dicted from the asthenospheric counterflow model match the
observed orientations quite well. However, as this counterflow
g is directed from the northwest, it appears unlikely that it could
f exert a significant effect on the lithospheric stress field in the
& Atlantic Coast province without having any apparent influ-
‘eiice on the stress field in the Midcontinent region.
The fact that the orientation of the maximum compressive
B siress in the Atlantic Coast province is roughly perpendicular
0 the trend of the Appalachian fold belt and the continental
margin would seem to suggest some sort of causal relation-
ship. However, lateral density contrasts associated with crustal
structure at a passive continental margin predicts extension
perpendicular to the continental margin rather than the ob-
rved compression [e.g., Bout and Dean, 1972). Lithospheric
Bexture resuiting from sediment load also predicts extension
the continental margin [Walcoti, 1972; Waiis and Ryan,
9‘{5; Turcotte et al., 1977). Compressive stresses derived from
jor lithospheric thickening along the edge of the continent
_'150 appear unlikely; available data suggest little or no con-
-Arast m thickness between continental and oceanic lithosphere
this region. While no seismic investigations are available
_for the Atlantic Coastal Plain or the Appalachian region, sur-
face wave studies of the Gulf Coastal Plain indicate a possible
lithosphere thickness jpetween 80 and 145 km [Biswas and
Knopofy, 1974). Age c&' the oldest oceanic lithosphere in the
3 ":ataml Atlaatic is g;nerally believed to be 180-190 m.y.
Ba ciﬁm and Ryan, 1_97 ). Surface wave studies in the western
.Iph C suggest a thickness of 140 = 35 km for oceanic litho-
. ;:e with 2 mean age of 150 m.y. [Leeds et al, 1975].
wmhmgnuoned prfavmusly, seismicf reflection profiling in the
mjD:r;l Appalachians have been interpreted as indicating a
 exion ecollement (detachment) t?eneath the Appalachians
fold a::ig eastward from the leading -(wcstern) edge of the
1979, tf_ll'ust belt to beneath the Piedmont '[Caak et al.,
- ‘-atiovnalr:ns arju{ Bayer, 1975?]. Southeastward d!:ected gravi-
Sastwarg aCkshdlmg along this detachment (and its postulated
ed extension beneath the Coastal Plain) has been sug-
45 a mechanism to explain the observed orientation of
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compressional stress along the Atlantic Coast province [See-
ber and Armbruster, 1980]. Such a mechanism predicts exten-
sional stresses in the main elevated core of the Appalachians.
However, the only available stress data in that region [Schifer,
1979] indicates Recent thrusting, implying a compressional
state of stress.

Slowly accumulating flextural stresses in response to €ro-
sion-induced isostatic rebound of the Appalachians is 2 some-
what speculative mechanism that would generate compressive
stress perpendicular to the topographic trend of the Appala-
chians. An analogy to this process is unloading due to melting
of an ice sheet [see Stein et al., 1979]. Unploading results in ex-
tensional flextural stresses in the area where the load is re-
moved (Appalachians} and compressional stresses in the adja-
cent area {coastal plain). Thus in a general sense, erosion in
the Appalachians may induce the type of compressional stress
ficld observed in the central and southern Atlantic Coast
province. A reasonable average erosion rate for the Appala-
chians is about 3 x 107% mm/yr [Hack, 1979], and throughout
the Cenozoic, isostatic rebound has apparently kept the mean
clevation of the mountains nearly constant [Hack, 1979}
Flexure produced by isostatic rebound will result in an accu-
mulation of about 100-150 bars of compressional stress in the
upper 10 km of the lithosphere every 10 m.y. [see Stein et al.,
1979). This does not seem to be an unreasonable rate of stress
accumulation in light of the lo« recurrence rate inferred for
great earthquakes in the Atlantic Coast province on the basis
of the small magnitude of post 100 m.y. cumulative fault offi-
sets (D. C. Prowell, written communication, 1980). Diffi-
culties with the erosion-induced flexture hypothesis are (1)
predicted extensional deformation within the rebounding Ap-
palachians is not observed and (2) the correlation between to-
pography and the predicted areas of compressive stress in
New England is not good. However, the effects of glacial load-
ing in the New England area may complicate the stress field in
that region.

A second speculative mechanism that might result in the
maximiim compressive stress direction being perpendicular 10
the Appalachian fold belt is 2 reorientation of the stress field
by highly anisotropic basement structure (N. H. Sleep, oral
comniunication, 1980). In other words, a compressive stress
field resuiting from ridge push or asthenospheric drag might
be oblique to the fold beit (Figure 4), but the direction of
maximum compression is rotated by the anisotropic structure
perpendicular to the compliant direction.

It may seem fruitless to try 0 identify a single, or dominant,
source of stress field in the Atlantic Coast province, The stress
field may reflect superpositon of erosion and sedimentation
induced flexture, deglaciation, ridge push, asthenospheric
drag, and other sources. However, available data on faulting
in the Atlantic Coastal Plain (DD, C. Prowell, written commu-
pication, 1980) indicate that directions, senses, and rates of
motion on faulis in this region have not changed markedly in
the last 110 m.y., thus suggesting that a similar stress field has
acted throughout that entire time period.

In the Gulf Coastal Plain the seaward extension caused by
active normal faulting appears consistent with the state of
crustal stress at a passive continental margin predicted by lat-
eral density variations such as those described by Bent and
Dean [1972). However, as the active faults are listric growth
faults within the sedimentary section, it is possible that the
faulting merely reflects the effect of sediment loading and not
the state of lithospheric stress. Since the source of stress in the
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Atlantic Coast province remains poorly understood, the state
of stress within the Gulf Coast basement might be dominated
by a stress field similar to that in the Atlantic Coast province,
the Midcontinent province, or it may be dominated by lithos-
pheric flexural effects resulting from the sedimentary load.

DISCUSSION
Stress Field Indicators

The regional consistency of the io situ stress data presented
above implies that they generally reflect the pattern of stress
in the crust. At a given locality the good correspondence of
the various methods used to determine stress orientations sug-
gests that the assumptions required to determine principal
stress orientations by the different methods are basically valid.
At the Nevada Test Site (NV-3), for example, all three meth-
ods were utilized: hydrauolic fracturing and overcoring at
depth, geologic indicators, and strike slip and normal faulting
{as well as oblique slip) earthquake focal mechanisms yield
consistent results. Furthermore, the generally good correspon-
dence of stress orientations inferred from focal mechanisms
which commonly sample the depth range 5-15 km and from
geologic and in situ stress indicators which generally sample
the upper ~2 km implies a relatively uniform stress field
throughout the upper crust (<15 km). This observation lends
confidence to extrapolation of the near-surface stress fteld (<2
km) to depths comparable to those of major earthquakes and
also suggests that in situ stress measurements can be used to
Rl important gaps in the current data set.

The least reliable regional tectonic stress indicator seems to
be the overcoring measurements made in mines. For example,
in the Coeur d’Alene district in Idaho (ID-7), markedly differ-
ent stress orienlations and magnitudes were obtained from
two measurements in mines <3 km apart at nearly the same
depth. It is unclear whether these methods are, at times, unre-
liable because of perturbations in the stress field due to min-
ing operations or because the mines are typically in areas of
complex geologic stricture and history.

Hydraulic fracturing seems to be a reliable stress measure-
ment technique when done at depths sufficient to avoid the ef-
fects of topography [Haimson, 1979] and near-surface fractur-
ing [M. D. Zoback et al., 19805]. Care must also be taken with
this technique to insure that a preexisting fracture or joint was
not opened rather than a hydraulic fraciure at the well bore.
The consistent 11 sets of hydrofrac measurements in western
Texas [Zemanek et al, 1970] demonstrate the usefulness of the
hydrofrac technique to define regional stresses.

Despite the fairly large nncertainties inherent in using focal
plane mechanisms for determining stress orientations, a gen-
erally good agreement exists between orientations determined
from focal mechanisms and other techniques. Focal mecha-
nism data are probably most reliable where earthquakes occur
on fault planes of varying trend in a given area, so that the av-
erage of P or T directions can be used [¢f. M. L. Zoback and
M. D. Zoback, 1980). Where small earthquakes occur in areas
of sparse network coverage, large errors are possible. When-
ever possible, the use of surface waves to constram focal
mechanisms seems to be advantageous; an earthquake in the
Allica, New York area (NY-3) is a good example. The stress
direction resulting from the surface wave mechanism of Herr-
mann [1979] is more consistent with nearby siress measure-
ments than that constrained by body waves alone [Fletcher
and Sykes, 1977].
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The geologic siress indicators considered here also invgly,
difficulties. Dike trends and cinder cone alinements are not 5).
ways linear and can be influenced by favorably oriented pre.
existing fracture and joint sets. To use fault slip data Correctly,
major block movement should be considered because angp,,
lous small-scale movements may occur between major block

and thus yield erroneous results. The use of offset-core hoje

data, such as those of Schéfer [1979], can be questioned pe.
cause the magnitudes and rates of movement are so large
(centimeters of motion in several years) as to be possibly nog.
teclonic in origin.

Tt e

Stress Provinces

On the basis of the orientations and relative magnitudes of
principal stresses (determined from the current style of teciop.
ism) we have divided the United States into stress provinces,
Figure 5 shows a generalized version of the stress map on
which the stress provinces are indicated; a summary of the
principal stress orientations and current styles of tectonism for
the different siress proviaces is given in Table 2. It is quite
likely that these stress provinces, particularly in the East, will
be refined as new data accumulate. The present boundaries
appear to represent the most genera} interpretation of the
stress data comsistent with available information. Although
wnore complex patterns could be drawn, present data coverage
does not appear to warrani them.

In general, in the tectonically active western United States
the stress pattern is complex, and numerous distinct stress
provinces can be well delineated. These stress provinces gen-
erally correlate well with the physiographic provinces. In the
central and eastern United States, it is apparent even from the
relatively sparse data coverage that the state of intraplate
stress is not uniform despite the relative tectonic quiescence of
that region. The avaitable data appear to define several major
areas of consistent principal stress orientation.

Within the stress provinces defined in this study the orienta-
tion of the least principal horizontal stress field is generally
uniform (to £~15°, within the estimated accuracy of the dif-
ferent methods used to determine stress orientations). In the
Midcontinent stress province, the orientation and possibly
also the relative magnitude of the principal stresses appear
uniform over & broad region with linear dimensions up 1o
2000 km. The smallest areas characterized by a distinct stress
field are in the western United States. Both the Rio Grlam:le
Rift and the Hebgen Lake-Centennial Valley stress provinces
are ~150-200 km wide and exhibit differentty oriented Stress
fields and different styles of tectonism relative to surrounding
areas.

In addition, broad areas up to 1000 km wide that Cfﬂ“
stress province boundaries are characterized by 2 l'elﬂ“"‘.h
uniform least principal stress direction. In those areas the dif-
ferent stress provinces are distinguished on the basis of the rek
ative magnitudes of the principal stresses and the styles of de-
formation. The most obvious example of this distinction B ‘f
the western United States, where the least principal stres
rection in the San Andreas, Sierra Nevada, and Basin 2° .
Range~Rio Grande rifi provinces is fairly uniformly W&
northwest, If this distinction is broadened to include
with similarly oriented principal siress axes (NNE,
and vertical} but with different relative magnitudes
zontal stresses, then both the Colorado Plateau inteno
the southern Great Plains can also be included. Princ
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TABLE 2. Summary of Stress Provinces

ZOBACK AND ZOBACK: STATE OF STRESS IN CONTERMINOUS UNITED STATES

Primary Least
Mode(s) of Principal
Faulting Horizontal
{Secondary Stress k
Stress Province Maode)* Direction Comments the different
Pacific Northwest T+ 88 E-W both thrust and strike slip focal mech- ¢ ApproXim
anisms: late Tertiary to Quaternary * a1¢ 2P ore
folding along E-axes in ¢astern part - eld 15 m
of province . crust. )
San Andreas SS(T) E-W 1o WNW predominantly strike slip deformation } The relatit
except in Big Bend region, where a i qrained on t
large component of thrust and reverse  # - udes of in
faulting exist; local normal faulting }  DHlee: B
between right-stepping en ecl =lon off- “(jon within &
sets of fault level of seisn
Sierra Nevada N+ SS WHW to NW region of siress transition from sirike enerally lar;
slip deformation in San Andreas to the seismicit:
;:éi?;iﬂ in Basin and Range regioms of h
Basin and Range-Rio N (88) WNW, locally region of active crustal spreading by ¢ weakness or
Grande rift E-W and distributed normal and oblique slip stress conecen
NW normal faulting; westermost part of " Two main
province exhibits both purely strike- gﬁished on tl
slip and purely normal faulting  oal stresses:
Colorado Plateau interior  S§S+T NNE very low level of tectonic activity, g Pl § B
near-hydrostatic stress (7) the jeast pru
Snake River plain- N NE to ENE smallest distinct stress province, variant and
Yellowstone characterized by a least principal stress o
direction parallel, not perpendicular,
to axis of plain
Hegben Lake-Centennial N N small anomalous region of N-S extension, ora
Valley abrupt stress transition (over <100 km) B sponding enc
10 Snake River plain at Yellowstone ¥ slip faulting,
Morthern Rocky N+ 88 NEwwE-W abundant late Tertiary normal faulting; aule (with ik
Mountains moderate level of modern seismic er end-m
. activity
Southern Great Plains N NNE very uniform stress orientation over
broad region (800-1200? km); abrupt 90°
change in least principal stress to Rio ®eions chara
Grande rift (<50 km) Fstrike slip fa
Midcontinent T+ 88 NwW stable interior of the United States; -
broad region of uniform NE-SW com-
pressive stress field; few carthquakes in
region show components of thrust and
strike slip motion
Atlantic Coast T NE compression generally perpendicular to
continental margin and axis of Appala-
chian fold belt; faulting in Charleston,
S. C., area may be more complex
Gulf Coast N WNW o N active listric normal faulting resulting

from sediment loading defines this pro-
vince; faults strike subparallel to
continental margin

*N, normal fauliing; SS, strike slip faulting; and T, thrust faulling,

stress axes in the Pacific Northwest, however, appear some-
what oblique to those in areas to the south.

Available data on the transitions in orientation between dif-
ferent stress provinces indicate that these transitions can be
abrupt and occur over <75 km, as in the Rio Grande rift and
the southern Great Plains areas. Data from around the Colo-
rado Platean margins suggest the existence of a zone up to 150
km wide in which the two horizontal principal stresses are ap-
proximately equal in magnitude, and the direction of the least
principal horizontal stress alternates between the two. Locally,
in central Arizona the occurrence of normal and reverse focal
mechanisms for sirmilarily oriented fault planes suggests that
all three principal stresses are approximately equal in magni-
tude.

There appear 10 be at least two ways in which the stress
transition can occur: (1) by actual rotation of the stress field.
as reported in the Hebgen Lake-Centennial Valiey 10 Snake
River plain-Yellowstone transition [Freidiine ef at., 1976 R
B. Smith et al,, 1977; Pitt et al., 1979] cr (2) by a change in b¢
relative magnitudes of the principal stresses, as seems 10
in the Basin and Range-Rio Grande rift to Colorado Platef“
interior and the Rio Grande rift to southern Great P
transitions.

In contrast to these abrupt stress transitions in the
cally active western United States, in the eastern
States a broad zone (~200 km) of stress transition rflay
rate the region of predominantly NE-SW compression s
the Atlantic Coast from the predominantly NE-SW comP

tectoni
United.
sepd”

“
)
et



00 characterizing the Midcontinent region. While included
a5 part of the Midcontinent stress province, the Blue
- pidee and Valley and Ridge provinces are characterized by
s‘,;;;ttered and locally contradictory stress orientations (Plates 1
- ad 2 The scatter may reflect the inherent uncertainties of
(he different methods used to determine stress or may repre-
ent broad zone of transition in which the horizontal stresses
are approximately equal in magnitude and the apparent siress
field is more controlled by local inhomogeneities within the
crust.

The relative magnitudes of the principal stresses were con-
grained on the basis of information from the measured mag-
. pitudes of in situ stress and from the current style of deforma-
ion within each region. In the western United States the high

T Jevel of seismicity and broad zone of active faulting indicate

generally large stress differences. In the eastern United States
the seismicity is more locally concentrated, and whether the
regions of high seismicity occur within localized zones of
weakness or result from some mechanism producing local
siress concentrations is unknown.

Two main styles of deformation can be broadly distin-
guished on the basis of the relative magnitudes of the princi-
pal stresses: (1) a predominanily extensional mode in which
the least principal stress is near horizontal and remains in-
variant and (2} a predominantly compressional mode in
which the greatest principal stress is horizontal and remains
invariant. One end-member of the extensional mode is pure
normal faulting, whereas pure thrust faulting is the corre-
sponding end-member of the compressional mode. Pure strike
slip fanlting, such as occurs along much of the San Andreas
fault (with the exception of the Big Bend area), represents the
other end-member in both modes.

The available stress data ofien indicate a mixed style of
faulting within a given stress province (Plate 2, Table 2). Re-
gions characterized by extensional tectonics (normal and
strike slip faulting) are found in the western United States and
include: the Sierra Nevada, the Basin and Range-Rio Grande
- 1ift pravince, the northern Rocky Mountains, the Snake River
... phin, and local regions along the San Andreas faui{ near
fight-stepping en echelon offsets. Normal, growth faulting
within the sedimentary section in the Gulf Coastal Plain prob-
ably results from a purely extensional stress regime. Regions
of compressional tectonics (strike slip and thrust faulting) are
]°¢§ted in the eastern and central as well as the western
United States and include the Pacific Northwest, the Big Bend
area of the San Andreas, the Colorado Plateau interior, the
Atlantic Coast province, and the Midcontinent provinces.

Tl‘fc occurrence of a mixed style of faulting within a stress
Province with consistently oriented stress axes can be inter-
Preted m several ways. Two of the principal stresses may be
a_PPfo_Klmat_cly equal in magnitude and minor regional varia-
_ lons n their relativ vatues might determine the style of fault-
:“rﬁ? this is suggestell by earthquakes along much of the west-
andn;;'fglﬂ of the northern Basin and Range [e.g., Hamilton

ealy, 1969). Alternately, while comparison of shallow
"%mlﬂglc data and in situ stress measurements) and deep
;:::\ }'ﬂechanisms) stress indicators within a stress province
axes rally suggests that the orientations of the principal stress
Nssil:H:y remain unct_langcd th.roughout the upper crust, it is
May g that the relatl.ve magnitudes of the prmmp.al stresses
Uccurrery markedly with depth. Crosson [1972}‘ attnt.)uted the
and v nce of shallow thrust events, deeper strike slip events,

¥ deep (=60-km depth) normal faults with similarily
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oriented stress axes in the Puget Sound area, Washington, to a
more rapid increase with depth of the vertical stress relative to
the horizontal stresses.

Comparison With Heat Flow Data

Figure 6 shows the map of least principal horizontal stress
directions overlying the heat flow map of the United States by
Lachenbruch ond Sass {1977). The map illustrates that the
general level of heat flow is much higher in the West than in
the East, that in the West the pattern of heat flow is much
more complex and marked by large regional varations (the
areas of both highest and lowest heat flow in the United States
are in the West), and that abrupt transitions sometimes occur
between the major heat flow provinces (cf. Lachenbruch and
Sass [1977, 1978] and Blackwell [1978] for discussion of the
heat flow provinces in the western United States). As men-
tioned above, similar features (a complex patiern, major re-
gional variations, and abrupt transitions) also characterize the
modern stress field in the western United States. In particular,
a generally pood correlation exists between the stress direc-
tions and heat flow data in the actively extending Basin and
Range-Rio Grande Rift province and along its margins. This
broad area of crustal rifting is characterized by a mean heat
Aow of 88 mW/m? (2.1 HFU), well above the continental
mean of 63 mW/m? (1.5 HFU) [Lachenbruch and Sass, 1978).

A fairly good correlation exists between regions of high
heat flow and the lateral extent of crustal extension, most no-
tably along the Colorado Plateau margins, where the high
heat flow and associated recent faulting and Quaternary vol-
canism extend well inward of the plateau physiographic
boundary {Thempson and Zoback, 1979]. An area of the Colo-
rado Plateau interior of relatively uniform average heat flow
(63-67 mW/m?, 1.5-1.6 HFU) can be defined that resembles
the Colorado Plateau interior defined on the basis of stress
data [Reiter et al., 1979; Thompson and Zoback, 1979]). The
correlation breaks down along the Rio Grande rift-southern
Great Plains boundary in northern New Mexico, where a 30°
change in orientation stress tramsition is well controlled by
data from Pliccene to Quaternary volcanic fields in both the
Rio Grande rift and the southern Great Plains. As might be
expected from the recent volcanism on the Great Plains, the
region of high heat flow extends through that area, and the ac-
tual heat flow transition lies to the east, However, the avail-
able stress data sugpest an extensional stress regime in the
southern Great Plains with ~NNE-8SW direction of exten-
sion, as opposed to the much more active WNW-ESE exten-
sion in the Rio Grande rift.

New data on heat flow in the Mojave block (San Andreas
stress province) are quite uniform and reveal a mean heat
flow of 67mW/m?* (1.6 HFU) {Lachenbruch et al., 1978]. The
heat flow rises sharply to the east along 2 north-northwest
trending boundary that coincides with the eastern himit of ac-
tive seisrmicity and a change (rom predominantly strike slip to
normal faulting within the Basin and Range province.

Lachenbruch and Sass [1978] have developed thermo-
mechanical models compatible with observed extension rates
to explain the high surface heat flow in the Basin and Range
province. These models, which require convection (either
solid state or by magmatic intrusion) in the crust and up-
permost mantle, are consistent with gravity data which re-
quire that an influx of mass must accompany the horizontal
extension in this province [Thompson and Burke, 1974]. Such
shallow level thermal sources are consistent with abrupt heat
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; w tramsitions along the margins of the Basin and Range-
. Grande rift province. The Sierra Nevada to Basin and
Rio ¢ heat flow transition has been found to occur over <20
. wlaces [Sass et al, 1971; A. H. Lachenbruch, oral com-
ko ication, 1979]. Although data on the eastern Basin and
e-Colorado Plateau heat flow transition are sparse, the
;1zble data limit this transition to <75 km [Thompson and
- Zoback, 1979]. The Colorado Plateau-Rio Grande rift heat
' transition is 2150 abrupt and occurs over <~50 km [Reiter
e 1975; Thompson and Zeback, 1979).

These abrupt heat flow transitions are consistent with the
gbrupt stress transition found along the margins of actively
* extending regions and indicate shallow sources (crust or up-

rmost mantle) for both the extensional stresses and the heal.
- The excellent correlation in both the pattern of the heat flow
b 4nd stress data and the abrupt transitions between provinces
suggests that the stresses related to nifting are intimately

" [inked to the thermal processes.

Regional variations in heat Aow with the easterm United
siates are generally small. These variations are believed to be
pontectoni¢ in origin and to arise from variations in radio-
active heat generation [Birch et al., 1968; Diment et al., 1972].
However, one thermal anomaly of possible tectonic origin in
the East has been identified by Swanberg er al. [1979} in the
New Madrid (Northern Mississippi Embayment) on the
basis of slightly elevated heat flow values and bottom hole
temperature measurements. The absolute values of the heat
flow (55-67 mW/m?, 1.3-1.6 HFU) are not, however, suffi-

" cicatly above the midcontinental mean to qualify as a major

beat flow anomaly. Swanberg et al. favored the interpretation

= of a small convective heat flow component, resulting from

deep groundwater circulation along upper crustal fractures as-
sociated with the active faulting in that region to explain the
¢ local thermal anomaly. Although silica geothermometry data
* suggest a possible thermal anomaly in the Charleston, South
Carolina, arca [Swanberg and Morgan, 1978), heat flow mea-
sured in a 790-m-deep well near the epicenter of the 1866
- Charleston earthquake was 1.3 HFU (Sass and Ziages, 1977],
similar to measurements made in surrounding areas.

CONCLUDING REMARKS

Using a variety of techniques to determine principal stress
orientations, regional pattemns of the in situ stress field of the
tonterminous United States have been defined. Within a
Bwen region, stress orientations inferred from geologic obser-
vations, earthquake source mechanisms, and direct measure-
Ment of in situ stress are generally consistent (within the accu-
Tacy ot the techniques) despite the different depth intervals
sampled. This implies a relatively uniform upper crustal stress
field which can be investigated by making measurements at
rel_atively shallow depths. Stress provinces with consistent
P"l.'lCipal Stress orientations and relative magnitudes can be
delineated; these stressjprovinces have linear dimensions that
fnge from 100 to 200(5 km.

"f"ilh the exception §f normal ‘growth’ faulting within the
sedimentary section on'the Guif Coastal Plain the central and
fastern United States are dominated by compressional tecton-
Bm, generally NW-SE compression along the Atlantic Coast
and ~NE-SW compression within the midcontinent area.
Whefeas broad regions of the western United States are char-
Acterized by extensional and strike slip style tectonism, the Pa-
afic Northwest, the Colorado Plateau interior, and the Big
Bend area along the San Andreas fault are dominated by
“mpressional deformation.

Much of the complex pattern of stress in the western United
States can be attributed to present transform motion between
the Pacific and North American plates and residual effects of
past subduction along the western edge of the North Ameri-
can plate. Dynamic effects related to the gradual cessation of
subduction and development of transform faulting may have
resulted in the anomalously hot upper mantle underlying much
of the western United States. This hot upper mantle replaced
the volume of mantle previously occupied by a subducted
lithospheric slab [e.g., Dickinson and Snyder, 1979]. The mod-
ern siate of stress in the Basin and Range province is appar-
ently largely the result of superposition of dextral shear on a
back arc extensional stress field initiated in Miocene time.
Anomalous patterns in the western United States, notably
WNW-ESE compression within the Colorado Plateau interior
and NNE-S5W extension within the southern Great Plains
area, may represent complex second-order effects related to
the active kinematics of the surrounding regions.

The observed pattern of stress in the central and eastern
United States can be used to constrain proposed mechanisms
of intraplate stress. The roughly NE-SW compression in the
Midcontinent stress province is generally consistent with ei-
ther ridge push or asthenospheric viscous drag resistance to
plate motion. However, drag resistance directions correlate
beiter with the stress data than do ridge push directions, sug-
gesting that drag may be the primary source of stress in the
Midcontinent province. Calculated magnitudes of shear stress
at the base of the lithosphere derived from a drag mechanism
are typically only a few bars [e.g., Chappel and Tullis, 1977);
however, accumulating evidence from xenolith studies in-
dicates that stresses in the upper mantle may be of the order
of a hundred bars [Mercier, 1980]. Also, a poorly developed
tow-velocity zone [Herrin, 1972) and a thick cold lithosphere
under cratonic regions may explain why viscous drag resis-
tance may be an important mechanism for slow moving conti-
nents.

Asthenospheric counterflow models, whose effects have
been suggested to be 2-3 times that of simple drag resistance
to plate motion [c¢f. Chase, 1979; Hager and O’Connell, 1979},
do not apply; predicted stress orientations are nearly 90° from
those observed in the Midcontinent province, Perhaps major
variations in lithospheric thickness act to ‘channel’ this coun-
terflow and present models which assume a worldwide uni-
formly thick lithosphere are too simplistic.

Sources of siress in the Atlantic Coast region remain unre-
solved. Calculated ridge push and drag resistance directions
are 30°-80° oblique to inferred stress orientations and in-
dicate that if idge push is an important force providing com-
pression across the Atlantic Coast region, additional effects
must be superimposed to explain the observed direction of
maximum horizontal compresston. The orientation of this
compression, approximately perpendicular to both the conti-
nental margin and the Appalachian Fold Belt, suggests a
causal relationship. Lateral density contrasts assoctated with
crustal structure at a passive continental margin predict exten-
sion perpendicular to the continental margin rather than the
observed compression. Lithospheric flexure resulting from
sediment loading also predicts extension on the continental
margin. Stresses derived from major lithospheric thickening
along the edge of the continent also appear unlikely; presently
available seismic data suggest little contrast in thickness be-
tween the ¢oastal plain lithosphere and the adjacent 180-190
m.y. old oceanic lithosphere. Lithospheric structure under the
Appalachian Fold Belt, however, remains unexamined: Postu-
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lated southeastward directed gravity backsliding of the Ap-
palachians along a major detachment, while capable of ex-
plaining the observed orientation of compressive stress within
the Atlantic Coast provinee, is inconsistent with evidence of
compressional tecionism (Recent thrust faulting) in the main
elevated core of the Appalachians. Rotation of stress (or
sirain) by anisotropic basement structure and flexural effects
in response to erosion and deglaciation are suggested as pos-
sible influences on the stress field.

Transitions between stress provinces also help constrain
sources of stress. The abrupt transitions observed in the orien-
tation or magnitude of in situ stresses in the western United
States imply a shallow (crustal or uppermost mantle) source
for these stresses. These abrupt transitions are found only in
areas of active extensional tectonics (Basin and Range, Rio
Grande rift, Snake River plain). The accompanying high heat
flow in these arcas also shows abrupt transitions and thus sim-
ilarly implies sources in the crust or uppermost mantle, The
excellent correlation of heat flow with stress orientations in
these regions indicates that the stresses related to rifting are
intimately linked to the thermal processes. In the relatively
quiescent castern United States a possibly broad region of
stress transition suggests stresses derived from broad-deep
sources. Both asthenospheric drag resistance to plate motion
and transmitted ridge push reflect such sources. In terms of
broad-deep sources of stress the apparent complexity of the
stress field in the transition zone is not unexpected; it may be
controlled in part by local preexisting structure.

A final note should be added on the time scale of changes of
regional stress fields. As we appeal to broad scale plate tec-
tonic forces to explain much of the regional stress patteras, it
is likely that stress fields derived from these forces could per-
sist for a period of time similar to the lengths of tirne between
major plate reorganizations. In the Atlantic Coast region the
consistent style of observed fault offsets along this passive
margin suggests a similar stress field (both orientation and rel-
ative magnitude) for the past =110 m.y. [D. C. Prowell, writ-
ten communication, 1980; Weniworth and Mergner-Keefer,
1980}. In areas of active tectonism adjacent to plate bounda-
ries, such as the western United States, the stress field may
change as often as changes in relative motions or plate bound-
aries occur. In the Basin and Range province, evidence exists
of ~45° clockwise change in the least principal stress orienta-
tion since middie Miocene time [M. L. Zoback and G. A.
Thompson, 1978); detailed data in several areas suggest that
this change occurred between ~14 and 7 m.y. B.P. The gen-
eral trend of the largely post-10 m.y. ranges in the northern
Basin and Range, roughly perpendicular to the modern least
principal stress direction, suggests that this change may have
occurred rapidly (>4 m.y.?). On a similar time scale, tecton-
ism in the Columbia Plateau region (within the Pacific North-
west) changed from a major episade of ~E-W extension coin-
ciding with eraption of the Columbia River flocd basalts 14—
17 m.y. B.P. to Pliocene to Quaternary tectonism dominated
by N-5 compression.
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