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A B S T R A C T 

A linear rift c o m p o s e d o f dike swarms and graben-
filling volcanic rocks marks the incept ion o f Basin and 
Range rifting in northern Nevada 17 to 14 m . y . ago. 
This mid-Miocene rift , wi th its associated aeromagnet ic 
anomaly , indicates S 6 8 ° W - N 6 8 ° E ( ± 5 ° ) ex tens ion . A 
small strike-slip ( transform) fault at S a w t o o t h dike, 
one short e l ement o f the rift, conf irms the mid-
Miocene e x t e n s i o n direct ion. T h e present ex tens ion , 
based o n data throughout the Basin and Range prov-
ince, is N 6 5 ° W - S 6 5 ° E ( ± 2 0 ° ) , which is cons is tent wi th 
younger fault o f f s e t s o f the rift. In the S a w t o o t h dike 

region this 45° change in direct ion o f ex tens ion t o o k 
place b e t w e e n 15 and 6 m.y . B.P. 

The Nevada rift is thought to be part o f a linear rift 
zone roughly 7 0 0 k m long, which includes feeder dikes 
of Columbia River basalts and the mid-Miocene loca-
tion o f the Y e l l o w s t o n e h o t spot . E x t e n s i o n in this 
zone was probably perpendicular to a then-active 
trench along the western plate margin. The c lockwise 
change in e x t e n s i o n direct ion is cons is tent wi th a 
superposit ion o f right-lateral shear along the plate 
margin w h e n the San Andreas fault was activated. 

INTRODUCTION 

At least tens of kilometres of crustal extension accompanied 
late Cenozoic block faulting in the Basin and Range province of 
the Western United States (see Thompson and Burke, 1974, for 
references). Evidence from earthquakes, geodetic strain, chains 
of volcanic vents, and slip lines on fault planes indicate that the 
present extension direction (east-west to southeast-northwest) in 
Nevada and Utah is much more nearly uniform than the geo-
metric complexity of fault blocks would suggest. This paper de-
scribes an attempt to determine the extension direction in north-
central Nevada in mid-Miocene time, when widespread Basin and 
Range faulting began (see Noble, 1972, for references), and to 
relate this direction and its later changes to changes in the plate 
tectonic regime. 

MID-MIOCENE EXTENSION DIRECTION 

Dikes and chains of volcanic vents are sensitive indicators 
of extension direction (Nakamura, 1977). We will also describe 
transform faulting between offset segments of Sawtooth dike to 
re-enforce an extension direction obtained from dikes alone. 

Dikes of mid-Miocene diabase and rhyolite are abundant in 
the southern half of the Oregon-Nevada lineament (Stewart and 
others, 1975). The southern segment of the lineament—the 
northern Nevada rift—is marked by an unusual positive aero-
magnetic anomaly that trends north-northwest (see Fig. 3 of 
Stewart and others, 1975; first discussed by Mabey, 1966). The 
anomaly coincides with a narrow belt of volcanic rocks (Fig. 1), 
but the amplitude and extent of the anomaly require additional 
deep-seated magnetic rocks (Robinson, 1970). We are currently 
reinterpreting the anomaly based upon an intensive study of the 
magnetic properties of the dikes and flows. K-Ar ages of the 
volcanic rocks are mid-Miocene, between 13.8 and 16.5 m.y. old 
(Fig. 1; also McKee and others, 1971). 

Diabase dikes, in swarms 5 to 7 km wide, are exposed in the 
Cortez and Roberts Ranges (Iocs. Y and Z, Fig. 1) (Muffler, 
1964; Gilluly and Masursky, 1965; Christiansen and McKee, 
1978; E. H. McKee, unpub. map). The dikes are similar in com-
position to the basaltic andesite flows. Rhyolite dikes, including 
Sawtooth dike (Fig. 1), are exposed in the northern part of the 
rift. Most dikes and swarms are aligned parallel to the magnetic 
anomaly. 

Normal faulting of the same north-northwest trend as the 
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dikes and magnetic anomaly was partly contemporaneous with 
volcanism, as evidenced by a flow-filled fault trough overlain 
by unfaulted younger flows (Gilluly and Masursky, 1965; 
Zoback, 1978). 

The age span of the volcanic rocks points to a time interval 
approximately 17 to 14 m.y. ago for the formation of the north-
ern Nevada rift. The direction normal to the rift and its indi-
vidual elements (extension direction) is N68°E-S68°W (±5°) , the 
Miocene extension of this paper. Miocene extension in the Basin 
and Range area of southern Nevada and western Utah was also 
approximately in the same direction, according to a study by 
Anderson and Ekren (1977). 

EVIDENCE AT SAWTOOTH DIKE 
Sawtooth dike is magnificently exposed along Owyhee 

Bluffs, about 60 km north of Battle Mountain (Figs. 1, 2, 3). 
The dike is vertical, 25 m wide, and has a distinctive petrography 
that allows correlation of offset dike segments. It is porphyritic 
rhyolite with as much as 50% quartz and K-feldspar, and it is 
reversely magnetized. Offsets of the dike are interpreted by us 
as an analogue of a leaky transform fault with right-lateral slip 
equal to the dike thickness, 25 m (Fig. 4A). The curved end of 
the northern segment and the orientation of the small central 
segment (Figs. 2 and 3) result from a local departure from the 
regional stress field, caused by superposition of right-lateral 
shear along the transform fault (Fig. 4B). 

The transform fault trends N70°E and is orthogonal to the 
dike as nearly as can be determined, which shows that the dike 
walls opened perpendicular to its trend. The fault orientation is 
consistent with the mid-Miocene extension determined from the 
northern Nevada rift. 

Sawtooth dike cut basaltic andesite more than 350 m thick 
and rhyolitic ash-flow tuff units and then fed a massive rhyolite 
flow that overlies the ash-flow units (Figs. 2 and 5). All are re-
versely magnetized. Intertonguing of the basaltic andesite flows 
with water-laid rhyolite tuffs (Fig. 5) is consistent with small age 
differences between basalt and rhyolite in the Midas trough area 
(sanidine K-Ar age is 14.3 ± 0.8 m.y. for Sawtooth dike; whole-
rock K-Ar age is 15.1 ± 1 . 6 m.y. for basaltic andesite; E. H. 
McKee, personal commun.) and all along the northern Nevada 
rift (Fig. 1). 

The south end of Sawtooth dike is cut off (Figs. 1 and 5) by 
the northern bounding fault of the Midas trough (Rowan and 
Wetlaufer, 1973). A younger, olivine-rich basalt flowed along 
the floor of the trough (Fig. 5) and over alluvium in the valley 
west of the trough (Stewart and Carlson, 1976a). The basalt 
yielded a whole-rock K-Ar date of 6.3 ± 2.3 m.y. (E. H. McKee, 
personal commun.). The prominent northeastward-trending fault 
system that cuts Sawtooth dike was thus formed between 15 and 
about 6 m.y. ago. 

PRESENT EXTENSION DIRECTION 

Evidence from earthquake focal mechanisms, geodetic data, 
volcanic vents, and historical faulting is fairly consistent in de-
fining the present extension direction in Nevada and Utah. Slip 
directions on faults younger than the northern Nevada rift are 
also in agreement. 

Earthquake focal mechanisms compiled by Smith and Sbar 
(1974) show a consistent orientation of N70°W ± 2 5 ° for the 
horizontal tension axis. Scatter of the data about the mean is 
approximately the same as the accuracy of individual determina-
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Figure 1. Geologic map showing distribution of 13.8- to 16.3-m.y.-
old lava flows and flow domes in north-central Nevada (after Stewart and 
others, 1975). Numbers are K-Ar dates in m.y. B.P. Yand Z are locations 
of exposed diabase dike swarms. 
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Figure 2. View of Sawtooth dike looking north. Dike and transform 
fault are outlined, and the basaltic andesite-ash-flow tuff-rhyolite flow 
contacts are indicated. Dike fed the rhyolite flow. Total length of trans-
form fault is 375 m. 

tions, so that regional variations, with the possible exception of 
the easternmost part of the Basin and Range province, may not 
be significant. Geodetic strain measurements in the Nevada Test 
Site area (Kinoshita and Savage, 1971) and Dixie Valley, Nevada 
(Meister and others, 1968), indicate a spreading direction between 
east-west and east-southeast-west-northwest. Chains of volcanic 
vents and cinder cones less than 6 m.y. old (Stewart and Carlson, 
1976b) in two areas (40 km southwest of Battle Mountain and 
95 km east of Tonopah) are consistent with east-southeast-
west-northwest extension. From geologic data (Thompson and 
Burke, 1973; Thompson and others, 1967; Bateman, 1961; 
Russell, 1977; R. E. Wallace, 1977, personal commun.), the best 
estimate of the direction of opening is N60°W-S60°E (±15°). 
Thus, a consistent direction of east-southeast-west-northwest 
extension emerges. 

Northeast-trending faults such as those of the Midas trough 
cut the northern Nevada rift nearly orthogonally and are respon-
sible for most of the modern physiographic features along the 
trend, particularly south of the Midas trough (Fig. 1). These 
postrift faults segmented the aeromagnetic anomaly by both 
vertical and lateral offsets of highly magnetic blocks. In analyzing 
part of the aeromagnetic anomaly near the Roberts Mountains 
(loc. Z, Fig. 1), Mabey (1966) and Robinson (1970) concluded 
that there has been about 1.4 km of left-lateral slip along the 
N60°E-trending fault bounding the range. Combined with the 
vertical offset of about 2.2 km (from the topography plus the 
depth of valley fill determined by a gravity anomaly) and a 
reasonable assumption of 60° dip for the fault, this gives an 
extension direction of N72°W-S72°E. In the Cortez Mountains 
(loc. Y, Fig. 1), slickensides along the modern range-front Cres-
cent fault indicate oblique motion with a left-lateral component 
of slip on that northeast-trending fault (Muffler, 1966). The 
extension direction inferred from the grooves is N50°W-S50°W. 

In summary, the mid-Miocene extension direction was re-
placed by a new direction of about N65°W-S65°E (±20°), which 
we will call the present extension direction. 

REGIONAL SYNTHESIS 
The beginning of rifting around 17 to 14 m.y. B.P. in north-

central Nevada apparently marks the inception of spreading in 
the northern Basin and Range (see Noble, 1972, for references). 

Figure 3. Aerial view of Sawtooth dike looking northwest. 

the time of intrusion of Sawtooth dike. (A) "Leaky transform" origin. 
(B) Local re-orientation of stress field resulting from shear along the 
transform fault. 
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Figure 5. Geologic map of the 
Sawtooth dike area with section 
across Midas trough. 
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This same time interval brackets the eruption of more than 
2 x 105 km3 of basalt (Watkins and Baksai, 1974) from linear 
vents approximately perpendicular to the Miocene extension 
direction on the Columbia River Plateau. These feeder dikes 
have been identified over a broad region on the plateau by 
Waters (1961), Taubeneck (1970), and Swanson and others 
(1975). The major swarm on the plateau is the Chief Joseph 
swarm (Fig. 6). 

Mabey (1976) interpreted various geophysical data in south-
western Idaho to indicate that the graben of the western Snake 
River Plain began forming contemporaneously with the eruption 
of the Columbia River basalts. This graben trends N30° to 35 °W, 
nearly perpendicular to the Miocene extension direction. More-
over, the oldest silicic volcanic rocks inferred to be related to the 
eastward migration of volcanism along the eastern Snake River 

Plain (Yellowstone "hot spot" trend) are found along the south 
end of this graben; they have been dated at 15 to 16 m.y. B.P. 
by Armstrong and others (1975). Also initiated in this time inter-
val was the abundant basaltic and silicic volcanism in southeast-
ern Oregon west of the Snake River Plain. Silicic domes in 
southeastern Oregon younger than 11 m.y. show a monotonic 
decrease in age to the west-northwest toward Newberry caldera 
(MacLeod and others, 1976). 

In summary, the aeromagnetic anomaly, the diabase dike 
swarms in Nevada, the feeder dikes on the Columbia River 
Plateau, and the general trend of the western graben of the 
Snake River Plain are all approximately perpendicular to the 
Miocene extension direction (N68°E-S68°W) and indicate a uni-
form extension direction throughout much of the Western United 
States in mid-Miocene time, as Taubeneck (1970) first suggested. 
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Figure 6. Map of the Western United States showing the mid-
Miocene (M) and the present (P) extension direction. CRP = Columbia 
River flood basalt province, SRP = Snake River Plain, and Y = Yellow-
stone National Park. Northern Nevada rift (NR) is outlined by short 
dashes. Dates (in millions of years before present) off coast of California 
mark the locations of Mendocino triple junction (Atwater and Molnar, 
1973). CM = Cape Mendocino, present location of the triple junction. 
Chief Joseph dike swarm is shown approximately by dashed lines. 

It is interesting to note that all these features line up if Basin and 
Range extension is removed by assuming uniform spreading 
parallel to the mean of the present extension direction and the 
Miocene extension direction between the Colorado Plateau and 
the Sierra Nevada. As the major zone of dike intrusion on the 
Columbia River Plateau is quite broad, the realignment can only 
be made in a crude sense. A total extension of between 100 and 
150 km (equivalent to eastward restoration of the northern 
Nevada rift by 70 to 100 km) gives the best alignment. Total 
uniform extension greater than 250 km produces a misalignment. 

LATE TERTIARY PLATE MOTIONS 

During mid-Miocene time, subduction of the Farallon plate 
was occurring under all of the Northwestern United States (see 
Fig. 6 for the location of the Mendocino triple junction at 
various times). However, the mid-Miocene trend of the subduc-
tion zone was probably north-northwest, about 20° clockwise 
from the present northwest trend of the Pacific-North American 
transform boundary that developed when the Farallon plate was 
consumed (Dickinson and Snyder, 1978). Thus, as in other 
regions of spreading behind an active arc, the direction of 
opening (that is, the Miocene direction) was apparently perpen-
dicular to the trench. 

Compilations of data on Cenozoic magmatism in the 
Western United States by Christiansen and Lipman (1972), 
Lipman and others (1972), and Snyder and others (1976) indi-
cate that a broad (1,400 km wide) magmatic arc extended from 
the Front Range of the Rocky Mountains to the Sierra Nevada 
in the time interval 40 to 20 m.y. B.P. while the arc in the Pacific 
Northwest was narrow (300 km). By 20 m.y. B.P. the magmatic 
arc had abruptly narrowed to a zone only 400 km wide confined 
to the Sierra Nevada and the westernmost Basin and Range. The 
broad Oligocene-early Miocene arc apparently reflected a low-
angle, shallow subducting slab while the narrow arc of 20 to 10 
m.y. B.P. suggests a steeply dipping slab. Snyder and others 
(1976) pointed out that such a change in inclination would re-
quire rupture of the subducting lithosphere. 

The postulated change in subduction regime was closely 
followed by formation of the north-northwest-trending, 700-km-
long rift zone in the time interval 17 to 14 m.y. B.P. This sug-
gests the following speculative sequence in the initiation of 
rifting: For some period prior to 17 m.y. B.P., basaltic melt 
accumulated near the base of the lithosphere, but rifting and 
eruption were inhibited by compression of the North American 
lithosphere, possibly due to basal traction exerted by the shallow 
subducting plate. By 20 m.y. B.P., the shallow slab had broken 
up, the active slab dipped steeply and produced a narrow mag-
matic arc, and compression in the crust was relaxed. The Yellow-
stone hot spot penetrated the American plate 16 to 17 m.y. ago, 
and the rift zone grew rapidly to the north-northwest and south-
southeast from this locus. 

DISCUSSIONS AND CONCLUSIONS 

The northern Nevada rift appears to be part of a longer 
rift zone (700 km) that includes the graben of the western Snake 
River Plain and the feeder dikes of the Columbia River basalts, 
all formed about 17 to 14 m.y. ago. Localization of initial rifting 
to a narrow zone in the western Snake River Plain and northern 
Nevada suggests that the Yellowstone hot spot supplied the extra 
stress necessary to initiate rifting there, whereas on the Columbia 
River Plateau to the north, dike swarms broke through the lith-
osphere over a broad region, perhaps because a large volume of 
melt had already accumulated or because of a difference in the 
lithosphere. 

Rifting perpendicular to the Miocene extension direction 
began in a back-arc setting, but the convergent plate boundary 
soon changed to a transform boundary, and spreading in the 
northern Basin and Range province changed to the present 
direction. In contrast, on the Columbia River Plateau, under 
which slow subduction is probably continuing (Silver, 1969), 
spreading ceased and anticlinal folds with approximately east-
trending axes developed (Skehan, 1965). 

Remarkably consistent dike orientations all along this north-
northwest-trending rift zone demonstrate that in mid-Miocene 
time, N68°E-S68°W (±5° ) extension took place. Geologic and 
geophysical evidence indicates that at present, N65°W-S65°E 
(±20°) extension is taking place. This represents a clockwise 
change of about 45° in the direction of opening (Fig. 6) some 
time in the past 14 m.y. (Zoback and Thompson, 1976; Eaton 
and others, 1978). The clockwise change is consistent with super-
position of right-lateral shear (corresponding to the activation 
of the San Andreas transform system) along the western margin 
of the plate boundary. The pronounced east-northeast-trending 
normal faults (Midas trough, for example) that cut the northern 
Nevada rift almost orthogonally may represent a conjugate 
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set of faults required (with continuing movement on north-
northwest-trending faults) to accommodate this change in 
spreading direction. Structural relations in the Sawtooth dike 
area indicate that this normal faulting (orthogonal to the initial 
rifting) was well underway by 6 m.y. ago and suggest that the 
change of the spreading direction had certainly begun by that 
time. 
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