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western  Nebraska. Many decades of fi eld work 
by numerous geologists have established most 
of the basic stratigraphy of much of the province 
and many hundreds of samples have provided 
insights into the composition and radiometric 
chronology of the ignimbrites. But unresolved 
correlation problems abound. Many eruptions 
have yet to be characterized in any detail with 
respect to dimensions, age, and composition. 
Many calderas have barely been identifi ed and 

many more have yet to be discovered. Thermo-
barometric interpretations of phase assemblages 
to elucidate intensive variables in magma 
systems have been carried out on only a few 
systems . Only reconnaissance isotopic analyses 
have been made; far more data will be required 
to provide meaningful syntheses of magma evo-
lution in individual caldera-forming magma 
systems as well as the origin of the Great Basin 
magmatic regime as a whole.

In this introduction to the themed issue of 
Geosphere, our intent is to provide an over-
view of the 36–18 Ma southern Great Basin 
ignimbrite province as a whole. After briefl y 
summarizing the geologic setting of the Great 
Basin and its volcanism, highlighting previ-
ous research, we then discuss the ignimbrites 
and their associated source calderas, and con-
clude with a statement of the scope of this 
themed issue.
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Figure 1. Middle Cenozoic vol-
canic fields in southwestern 
North America in which silicic 
ash-flow deposits are promi-
nent, manifesting the ignim-
brite fl areup. The Marysvale 
fi eld has relatively little ignim-
brite compared to andesitic 
lava (see Fig. 2) whereas the 
Southern Rocky Mountain 
fi eld and Mogollon-Datil fi eld 
(and the area to the west) have 
large volumes of ignimbrite as 
well as andesitic lava. The huge 
middle Cenozoic Sierra Madre 
Occidental ignimbrite fi eld of 
northwestern Mexico covers  an 
area of at least 300,000 km2 to 
a thickness locally in excess of 
1 km (e.g., Ferrari et al., 2007; 
Swanson et al., 2006). The fi eld 
“...probably displays the largest 
continuous ignimbrite expanse 
in the world” (McDowell  and 
Clabaugh, 1979, p. 116). Only 
a few percent of the estimated 
350–400 calderas have been 
recognized to date. CA—Cali-
fornia; NV—Nevada; UT—
Utah; CO—Colo rado; NE—
Nebraska; AZ—Arizona; NM—
New Mexico. Figure modifi ed 
from Garrity and Soller (2009).

Mid-Tertiary magmatism

Best et al., Geosphere, 2013
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geologic record in the central Great Basin where peak volcanism 

with respect to the entire province occurred during the late 

Oligocene-early Miocene [Best et al., 1989b ]. These data furnish a 

regional stratigraphic framework for evaluation of the relation be- 
tween extension and volcanism. Thirteen of these sections were 

examined by Cook [ 1965] and some in western Utah are included in 

the work by Hintze [1988]. The 31 have good chronologic con- 

straints and were chosen to represent the longest intervals of time 

and the most complete sequence of ash flow sheets in a particular 

area. With the exception of sections 9- 13, which represent time 

periods of only a few million years, most cover about 10 m.y. 

during the peak late Oligocene-early Miocene volcanism; some 

sections cover a greater interval of time. 

It is critically important in evaluating the timing of volcanism and 
regional tectonism to exclude from the data set stratigraphic sec- 
tions located within recognized calderas and other magmatic cen- 
ters. In such places, subsidence and postcollapse resurgence and 
associated faulting have produced local angular unconformities and 

erosional debris that could be confused with products of regional 
tectonic processes. Although we have avoided known large 
calderas, the possibility remains that the rock record in some sec- 

tions has been influenced by local magmatic processes; two such 
sections might be numbers 18 and 26 (see discussion below and 
Figures 6 and 7). 

Stratigraphic Record of Synvolcanic Extension 

Significant synvolcanic brittle extension of the crust would pro- 
duce conspicuous angular unconformities, fanning dips, and sedi- 
mentary deposits within the volcanic sequence [Gans et al., 1989, 
Figure 18] (see also Eaton [1982, Figure 6C] and Noble et al. 

[1990b]). Slide blocks may also occur between sedimentary de- 
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Fig. 4. Highly generalized time-volume relations of lava flow and tuff 
deposits in volcanic fields of the southwestern United States and Mexico 

(Sierra Madre Occidental [from McDowell et al., 1990]). Volume estimates 
are in thousands of cubic kilometers (sources of data are in Best et al. 
[ 1989b, Table 1 ] and Ratt• et al. [ 1989]). Note near coincidence in time of 

voluminous ash flow activity (ignimbrite flareup) in the five areas [Noble, 
1972]. Best and Christiansen, JGR 1991
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Intracaldera ignimbrite is deposited, com-
monly as a compound cooling unit, within its 
source caldera as it is collapsing, as described 
below. Caldera-collapse ignimbrite is a synony-
mous term if none of it is deposited outside the 
caldera.

Caldera-fi lling ignimbrite is deposited in a 
pre-existing and unrelated caldera from a source 
either within or outside the caldera. In the for-
mer case, the ash fl ows are essentially confi ned 
within the depression and the resulting deposit 
can be hundreds of meters thick.

Correlation

To reconstruct the full geographic extent and 
volume of a particular ignimbrite unit deposited 
in a single eruptive event, it is necessary to cor-
relate exposures separated by post-emplacement 

A

B

Figure 7. Panoramic views of conformable stratigraphic sequences of outfl ow ignimbrite sheets in “outfl ow alley” between the Central 
Nevada (CN) caldera complex to the west and the Indian Peak–Caliente (IPC) caldera complex to the east (Fig. 5). (A) Late-afternoon 
view toward the northeast of the Golden Gate Range (~115°19′ W, 38°13.5′ N) composed of a stack of ten ignimbrite sheets totaling 
~500 m in thickness (for additional information see Best et al., [b], this themed issue, Supplemental File 4). Photograph kindly provided 
by Wanda J. Taylor. From oldest upwards above Paleozoic rocks, the outfl ow sheets are: 31.13 Ma Cottonwood Wash and 30.06 Ma 
Wah Wah Springs (~20 m and ~30 m thick, respectively; both derived from IPC but concealed behind the low hill in left foreground); 
29.4 Ma Silver King (100 m, IPC); 29.20 Ma Lund (50 m, IPC); 27.57 Ma Monotony (55 m, CN); 27.16 Ma Lower Tuff Member (40 m), 
26.82 Ma Hancock Tuff Member (116 m), and 26.36 Ma Upper Tuff Member (30 m; all three members of the Shingle Pass Formation, 
CN); 23.04 Ma Bauers (15 m, IPC); and 22.93 Ma Pahranagat (60 m, CN). (B) View toward the north from U.S. Highway 93 of the 
south end of the North Pahroc Range ~70 km south-southeast of the Golden Gate Range (for additional information see Best et al., 
[a], this themed issue, Supplemental File 5). Tilted mesa on right exposes nine cooling units, including (Scott et al., 1992): ca. 27.3 Ma 
upper Bald Hills Tuff Member (45 m) and 24.55 Ma Hole-in-the-Wall Tuff Member (15 m, both members of the Isom Formation, 
IPC); 24.01 Ma Leach Canyon (95 m, IPC); 24.15 Ma Swett (60, IPC); local trachydacite tuff (10 m); 23.04 Ma Bauers (60 m, IPC); 
22.93 Ma Pahranagat (10 m, CN); 22.56 Ma Harmony Hills (30 m, IPC); and 18.51 Ma Hiko (100 m, IPC). Mesa on left exposes the 
same sequence with an additional intervening three cooling units of the Shingle Pass (140 m, CN) and another trachydacite tuff (15 m). 
Complete section a few kilometers to north that includes six additional ignimbrites below the Bald Hills totals ~900 m thick.

Best et al., Geosphere, 2013
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Figure 6. Chemical variation diagrams for whole-rock samples of ignimbrites in the western Nevada volcanic fi eld (WNVF). All analyses 
normalized to 100% volatile free. Plotted data are tabulated in Supplemental Table 3 [see footnote 3]. (A) Total alkali-silica diagram. Field 
boundaries from Le Maitre (1989). (B) Total alkali-silica diagram for ignimbrites in the central Nevada and Indian Peak–Caliente fi elds 
from Best et al. (2013b, 2013c). (C) K2O-SiO2 diagram using classifi cation of Le Maitre (1989) and Ewart (1982). (D) Modifi ed alkali-lime 
index diagram using classifi cation of Frost et al. (2001). (E) Ferroan-magnesian classifi cation of Frost et al. (2001). FeO* is total Fe as FeO.

Henry & John, Geosphere, 2013

Very silica rich eruptions and very low volumes of andesites
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40° N, Smith et al. (1991) determined that the 
extension resulted from mostly Early Miocene 
(23 Ma) and younger faulting. McQuarrie and 
Wernicke (2005, their table 1) found that most 
of the extension in an east-to-west transect 
from 111°47′ to 117°23′ W between 40°20′ 
and 38°40′ N occurred mostly after ca. 18 Ma. 
Although these transects lie for the most part to 
the north of the southern Great Basin ignimbrite 
province (Fig. 2), we believe it is reasonable to 
extrapolate the timing of extension southward 
into the province.

Four independent lines of evidence support 
the absence of signifi cant regional extension 
during the ignimbrite fl areup in the southern 
Great Basin, which would have resulted in 
fault-related topography and fault-tilted strata 
and deposition of syntectonic erosional debris 
between ignimbrites:

(1) Substantial and widespread angular dis-
cordances and erosional-debris deposits between 

outfl ow ignimbrite sheets are lacking. Perusal of 
the maps by Stewart and Carlson (1976) show-
ing the distribution of Cenozoic rock types in 
Nevada reveals that sedimentary deposits are 
virtually nonexistent for the 34–17 Ma ignim-
brite fl areup time period, with the few existing 
deposits mostly inside calderas. Sedimentary 
deposits are more widespread from 43 to 34 Ma 
and became abundant after 17 Ma, when sig-
nifi cant crustal extension began. In numerous 
conformable stratigraphic sections of 36–18 Ma 
ash-fl ow tuffs that we have examined (for loca-
tions of most of these, see Best and Christian-
sen, 1991), intercalated epiclastic sediment such 
as might have been shed off nearby uplifts is 
mostly restricted to the older parts of the sec-
tions. Numerous examples of conformable 
sequences of ignimbrites can be seen in photo-
graphs throughout this themed issue of Geo-
sphere. Throughout the southern Great Basin 
ignimbrite province, entire conformable ignim-

brite sequences are faulted and tilted as a result 
of post-deposition extension.

(2) Many ignimbrite outfl ow sheets (Figs. 
5 and 6) have a vast areal extent. Older ash-
fl ow tuffs do show evidence of accumulation 
in paleovalleys and restriction by topographic 
highs, but as the ignimbrite fl areup progressed, 
the topography was generally smoothed by the 
deposition of hundreds of meters of ignimbrite 
in outfl ow areas surrounding source calderas. 
Had there been signifi cant topography, younger 
ash fl ows would not have been dispersed so 
widely from their sources and in a generally 
diminishing thickness away from the source as 
we have documented. Analysis of the east-west 
versus north-south dimensions of ten major 
31–18 Ma outfl ow sheets in the eastern Great 
Basin reveals no indication of extension during 
their deposition; older sheets are as extended as 
younger ones (Best et al., this themed issue [a], 
their table 8).

(3) On a hilly depositional surface, non-hor-
izontal compaction foliations in the ignimbrites 
would have increased the between-site disper-
sions of paleomagnetic directions and adversely 
impacted the success of the paleomagnetic cor-
relations documented in Gromme and Hudson 
(this themed issue).

(4) Evidence for the continued existence dur-
ing the ignimbrite fl areup of unusually thick 
and, therefore, unextended crust (Fig. 3), which 
had formed by contractile deformation during 
earlier orogenies in the Great Basin area, is 
furnished by middle Cenozoic andesitic lavas. 
Comparison of the composition of these Great 
Basin lava samples (n = 376; Barr, 1993) with a 
worldwide database (n > 6000) of recent ande-
sitic arc lavas whose composition correlates 
with known crustal thickness indicates the Great 
Basin crust was probably as thick as 60–70 km 
in its eastern part and thinned somewhat west-
ward (Best et al., 2009). The absence of basalt 
until after ca. 20 Ma is another indication of an 
unusually thick crust in the Great Basin dur-
ing the middle Cenozoic; mantle-derived basalt 
magmas were not extruded because of the long 
path distance through the thick crust where frac-
tionation to less-mafi c daughters and assimila-
tion of silicic material intervened.

Local extension did occur during the fl areup 
and is manifest in angular discordances between 
deposits in and near centers of volcanism and 
plutonism as a result of shallow-crustal magma 
intrusion, doming, caldera collapse and resur-
gence, and depositional onlap. However, inter-
polation and extrapolation of local deformation, 
whatever its cause, through time and space (e.g., 
Gans et al., 1989) do not constitute evidence for 
large-magnitude, regional tectonic extension in 
the southern Great Basin ignimbrite province as 
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Figure 4. Diagrams showing 
the arc chemical signature in 
36–18 Ma ash-fl ow tuffs in the 
middle Cenozoic Great Basin 
ignimbrite province. (A) Dia-
gram discriminating among 
three tectonic regimes accord-
ing to Pearce et al. (1984). 
Although a few samples fall 
in the anorogenic or within-
plate field, they nonetheless 
show an arc characteristic in B. 
(B) Spidergram for all ignim-
brites. The trace-element pat-
terns display obvious negative 
Nb anomalies typical of sub-
duction-related rocks. Primi-
tive mantle composition from 
McDonough and Sun (1995).
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40° N, Smith et al. (1991) determined that the 
extension resulted from mostly Early Miocene 
(23 Ma) and younger faulting. McQuarrie and 
Wernicke (2005, their table 1) found that most 
of the extension in an east-to-west transect 
from 111°47′ to 117°23′ W between 40°20′ 
and 38°40′ N occurred mostly after ca. 18 Ma. 
Although these transects lie for the most part to 
the north of the southern Great Basin ignimbrite 
province (Fig. 2), we believe it is reasonable to 
extrapolate the timing of extension southward 
into the province.

Four independent lines of evidence support 
the absence of signifi cant regional extension 
during the ignimbrite fl areup in the southern 
Great Basin, which would have resulted in 
fault-related topography and fault-tilted strata 
and deposition of syntectonic erosional debris 
between ignimbrites:

(1) Substantial and widespread angular dis-
cordances and erosional-debris deposits between 

outfl ow ignimbrite sheets are lacking. Perusal of 
the maps by Stewart and Carlson (1976) show-
ing the distribution of Cenozoic rock types in 
Nevada reveals that sedimentary deposits are 
virtually nonexistent for the 34–17 Ma ignim-
brite fl areup time period, with the few existing 
deposits mostly inside calderas. Sedimentary 
deposits are more widespread from 43 to 34 Ma 
and became abundant after 17 Ma, when sig-
nifi cant crustal extension began. In numerous 
conformable stratigraphic sections of 36–18 Ma 
ash-fl ow tuffs that we have examined (for loca-
tions of most of these, see Best and Christian-
sen, 1991), intercalated epiclastic sediment such 
as might have been shed off nearby uplifts is 
mostly restricted to the older parts of the sec-
tions. Numerous examples of conformable 
sequences of ignimbrites can be seen in photo-
graphs throughout this themed issue of Geo-
sphere. Throughout the southern Great Basin 
ignimbrite province, entire conformable ignim-

brite sequences are faulted and tilted as a result 
of post-deposition extension.

(2) Many ignimbrite outfl ow sheets (Figs. 
5 and 6) have a vast areal extent. Older ash-
fl ow tuffs do show evidence of accumulation 
in paleovalleys and restriction by topographic 
highs, but as the ignimbrite fl areup progressed, 
the topography was generally smoothed by the 
deposition of hundreds of meters of ignimbrite 
in outfl ow areas surrounding source calderas. 
Had there been signifi cant topography, younger 
ash fl ows would not have been dispersed so 
widely from their sources and in a generally 
diminishing thickness away from the source as 
we have documented. Analysis of the east-west 
versus north-south dimensions of ten major 
31–18 Ma outfl ow sheets in the eastern Great 
Basin reveals no indication of extension during 
their deposition; older sheets are as extended as 
younger ones (Best et al., this themed issue [a], 
their table 8).

(3) On a hilly depositional surface, non-hor-
izontal compaction foliations in the ignimbrites 
would have increased the between-site disper-
sions of paleomagnetic directions and adversely 
impacted the success of the paleomagnetic cor-
relations documented in Gromme and Hudson 
(this themed issue).

(4) Evidence for the continued existence dur-
ing the ignimbrite fl areup of unusually thick 
and, therefore, unextended crust (Fig. 3), which 
had formed by contractile deformation during 
earlier orogenies in the Great Basin area, is 
furnished by middle Cenozoic andesitic lavas. 
Comparison of the composition of these Great 
Basin lava samples (n = 376; Barr, 1993) with a 
worldwide database (n > 6000) of recent ande-
sitic arc lavas whose composition correlates 
with known crustal thickness indicates the Great 
Basin crust was probably as thick as 60–70 km 
in its eastern part and thinned somewhat west-
ward (Best et al., 2009). The absence of basalt 
until after ca. 20 Ma is another indication of an 
unusually thick crust in the Great Basin dur-
ing the middle Cenozoic; mantle-derived basalt 
magmas were not extruded because of the long 
path distance through the thick crust where frac-
tionation to less-mafi c daughters and assimila-
tion of silicic material intervened.

Local extension did occur during the fl areup 
and is manifest in angular discordances between 
deposits in and near centers of volcanism and 
plutonism as a result of shallow-crustal magma 
intrusion, doming, caldera collapse and resur-
gence, and depositional onlap. However, inter-
polation and extrapolation of local deformation, 
whatever its cause, through time and space (e.g., 
Gans et al., 1989) do not constitute evidence for 
large-magnitude, regional tectonic extension in 
the southern Great Basin ignimbrite province as 
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Figure 4. Diagrams showing 
the arc chemical signature in 
36–18 Ma ash-fl ow tuffs in the 
middle Cenozoic Great Basin 
ignimbrite province. (A) Dia-
gram discriminating among 
three tectonic regimes accord-
ing to Pearce et al. (1984). 
Although a few samples fall 
in the anorogenic or within-
plate field, they nonetheless 
show an arc characteristic in B. 
(B) Spidergram for all ignim-
brites. The trace-element pat-
terns display obvious negative 
Nb anomalies typical of sub-
duction-related rocks. Primi-
tive mantle composition from 
McDonough and Sun (1995).

Best et al., Geosphere, 2013

Best et al. argue that these are subduction related, noting the Nb depletion.
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Plot of onset of magmatism in the western United States, defined by 90th percentile of ages within 1x1 degree blocks. Note the southwestward sweep out of Montana toward California, and the northward sweep out of Mexico. Evidence for an east-to-west sweep is not clear.
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37 and 22 Ma, major caldera-forming eruptions 
continued to ca. 14 Ma in the Caliente cal-
dera complex (Snee and Rowley, 2000) and to 
8 Ma in the southwestern Nevada volcanic fi eld 
(Fig. 1; Sawyer et al., 1994).

OVERVIEW OF IGNIMBRITES

Composition and Phenocryst Assemblage

Ignimbrites of the western Nevada vol canic 
field are characterized by 460 whole-rock 
chemical analyses, including 98 new analyses 
and additional trace element data for 87 pub-
lished analyses (Supplemental Table 33), and 
by petrographic and modal data summarized in 
Table 2. An additional ~100 chemical analyses 
were discarded due to hydrothermal alteration, 
most commonly manifested by alkali gains 
(K2O) and losses (Na2O) and/or addition of 

CO2. In this section, we describe the general 
characteristics of the ignimbrites and briefl y 
compare their characteristics to ignimbrites in 
the central Nevada and Indian Peak–Caliente 
fi elds (Best et al., 2013b, 2013c). Geochemical 
and petrographic features of ignimbrites related 
to the Stillwater and Caetano calderas are dis-
cussed in more detail in the section about these 
complexes.

Chemical analyses and petrographic data for 
most major ignimbrites in the western Nevada 
volcanic fi eld defi ne two major rock types: 
pheno cryst-rich (>20 vol%) and phenocryst-
poor (<15 vol%) rhyolites (Figs. 6A and 7; 
Table 2). Both types of rhyolitic tuff may be nor-
mally zoned upward from rhyolite or high-silica 
rhyolite to trachydacite, although a distinct sub-
type of phenocryst-rich rhyolite, which includes 
the Caetano Tuff and the tuff of Poco Canyon, is 
characterized by great intracaldera thicknesses 
(>2000 m) of relatively homogeneous crystal-
rich (30–50 vol% phenocrysts) high-silica  
rhyolite (see discussion of the Caetano and Still-
water calderas). Phenocryst-poor rhyolites form 
several exceptionally widespread units, includ-
ing the tuff of Campbell Creek (Henry et al., 

2012a) and the Nine Hill Tuff (Deino, 1989; 
Best et al., 1989). The Weed Heights Member 
of the Mickey Pass Tuff apparently is reversely 
zoned from silicic dacite to high-silica rhyo-
lite (Table 2; Proffett and Proffett, 1976; Ekren 
et al., 1980).

Phenocryst assemblages in rhyolitic ignim-
brites of the western Nevada volcanic fi eld vary 
little (Table 2); quartz, plagioclase, and sanidine 
in variable proportions generally form >90% 
of the total phenocryst populations. Biotite and 
lesser hornblende are the principal mafi c silicate 
minerals, with minor clino- and orthopyrox-
ene present in some tuffs. Fe-Ti oxide miner-
als are ubiquitous. Anorthoclase is present in 
a few tuffs, most notably the Nine Hill Tuff, 
which has three feldspar phenocrysts, sanidine, 
anortho clase, and plagioclase. Sphene is a nota-
ble accessory phase in the Santiago Canyon Tuff 
and its correlative units, the tuffs of Toiyabe and 
Copper Mountain. Zircon, apatite, and allanite 
are other common accessory phases.

Notably sparse in the western Nevada vol canic 
fi eld are “Isom-type” trachydacite ignimbrites 
that contain a higher-temperature, anhydrous  
phenocryst assemblage of plagioclase, pyrox-
ene, and Fe-Ti oxides. Tuffs with Isom-type 
characteristics but unknown sources that are 
probably in the western Nevada fi eld include 
(1) the Belleville Tuff in the Candelaria area 
(Speed and Cogbill, 1979) and (2) the tuff of 
Crow Springs in the Royston Hills (Whitebread 
and Hardyman, 1987). In contrast, ignimbrites 
of this type are widespread and voluminous in 
the volcanic fi elds to the east and include tuffs of 
the Isom Formation that were erupted from the 
Indian Peak–Caliente fi eld (Best et al., 2013b, 
2013c).

Ignimbrites in the western Nevada fi eld are 
overwhelmingly rhyolite using the IUGS (Inter-
national Union of Geological Sciences) clas-
sifi cation system (Le Maitre, 1989), although 
a few tuffs are zoned to trachydacite or dacite 
(Fig. 6A). Most notable of the zoned tuffs is the 
tuff of Eleven mile Canyon, whose silica content 
ranges from 64.3 to 74.5 wt%. Other zoned tuffs 
and those that consist of dacite or trachydacite 
include the Nine Hill Tuff and tuffs of Sheep Can-
yon, Ryecroft Canyon, Logan Spring, Corcoran  
Canyon, Cove Mine, and Job Canyon and the 
upper unit of the tuff of Mount Jefferson (Fig. 
6A). Five analyses of the correlative tuffs of Dog-
skin Mountain and McCoy Mine, a widespread, 
large-volume, plagioclase- and biotite-rich unit, 
extend from trachydacite and dacite to low-
silica rhyolite with 66.6%–69.6% SiO2 (Fig. 6). 
The tuff of Dogskin Mountain–McCoy Mine is 
the only ignimbrite of the western Nevada fi eld 
that could be a “monotonous intermediate” 
(Hildreth , 1981). The tuff of Perry Canyon and 
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Figure 5. Contours of age of initial, locally sourced magmatism showing southwesterly 
migration of magmatism. Intermediate to silicic intrusive and effusive activity generally 
preceded caldera-forming ash-fl ow eruptions by 2–6 Ma in any area. For example, forma-
tion of the 34 Ma Caetano caldera followed ~6 Ma of nearby, semi-continuous andesitic to 
non-explosive rhyolitic activity (John et al., 2009). Development of the 32.9 Ma Northum-
berland caldera was preceded by andesitic and rhyolitic intrusions at 35.4 Ma (McKee, 
1974, 1976; our unpublished data).

3Supplemental Table 3. Chemical analyses of ash-
fl ow tuffs in the western Nevada volcanic fi eld. If you 
are viewing the PDF of this paper or reading it offl ine, 
please visit http://dx.doi.org/10.1130/GES00867.S3 
or the full-text article on www.gsapubs.org to view 
Supplemental Table 3.

Henry & John, Geosphere, 2013
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Fig. 2. Magmatic belts and location of ductile deformation in 
Cenozoic metamorphic core complexes for the time interval 40-55 
Ma ago (early and middle Eocene time). The core complexes occur 
in the areas shown by a darker pattern. The numbers in those areas 
are keyed to the complexes listed in Table 1. 

fundamentally change the extensional tectonic regime. The 
explanations for magmatism and stress within the 
Cordilleran lithosphere may be interrelated but must also be 
somewhat independent of one another. 
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The rapid production of core complexes of amazing extent 
in the Colorado River corridor has been commented on by 

many workers, often in puzzlement [Davis, 1980; Glazner 
and Bartley, 1984; Howard and John, 1987; Miller and John, 

1988; Davis, 1988; Davis and Lister, 1988]. Why is this 

phenomena so extremely developed in this particular area 
and at one certain time, about 20-18 Ma ago? 

Contemplation of the maps showing changing patterns of 
magmatic activity provides an explanation that further 
elaborates on the theme that cold lithosphere is strong and 
areas of a magmatically sustained steep geothermal gradient 
are thoroughly weak. The unique circumstance that began 
the time of hyperextension is the merging of Arizona and 
Nevada magmatic fields at about 25-22 Ma, first documented 
by Armstrong and Higgins [1973]. This created a new 
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Fig. 4. Magmatic belts and location of ductile deformation in 
Cenozoic metamorphic core complexes for the time interval 10-25 
Ma ago (latest Oligocene to early late Miocene time). The core 
complexes occur in the areas shown by a darker pattern. The 
numbers in those areas are keyed to the complexes listed in Table 1. 

tectonic regime, a continuous magmatic belt from Mexico to 
Canada for the first time since about 80 Ma ago. Until 
about 22 Ma the Laramide magmatic gap remained as a 
"bridge" of cold lithosphere constraining extension in 
adjacent areas. When that bridge ceased to exist (referred to 
above as "burning the bridge"), the constraint was removed. 

Extension of unusual rate and magnitude followed linkage of 
the magmatic fields within a few million years, and 
continued for several million years, until the previously 
accumulated stresses were accommodated and a new steady 

state with forces resisting plate motion was achieved. In 

early to middle Miocene time California became a separate 
microplate, able to rotate and move away from North 
America at rates that may have approached several 
centimeters per year. It is noteworthy that large tectonic 
rotations in the Transverse Ranges occurred during middle 
Miocene time [Hornafius et al., 1986] and that the last 

episode of accretion of the Franciscan Complex, in the King 
Range area, occurred just after middle Miocene time 
[McLaughlin et al., 1982]. These events coincided with the 

brief time interval during which California was a rapidly 

Ii C 

I 

I 

I 

i 

iI1( 'ql':(• ./ • / 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

/ 

I 

• I 
I 

I 

/ 
I 

i 

I 

I 

i' 

1o 0 
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Cenozoic metamorphic core complexes for the time interval 0-10 Ma 
ago (late Miocene to Holocenetime). The core complexes occur in 
the areas shown by a darker pattern. The numbers in those areas are 
keyed to the complexes listed in Table 1. 
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Figure 4. Frequency plots of volcanism shaded by composition overlain with spatially averaged areal
extension rate, _"!. Transition to volcanism above slab‐window shown by dark grey band. Light grey band
demarcates brief periods of contraction (area decrease) associated with Pacific‐North America plate‐
boundary right‐shear. The dashed grey band in Mojave from ca. 18 Ma–6 Ma indicates a period of local
to potentially regional contraction supported by geologic data [e.g., Bartley et al., 1990] that is in contrast
to the extension indicated by the model. This discrepancy may arise from the highly uncertain position of
the San Andreas fault bounding the Mojave region on the southwest. Dashed black lines denote extension
that may be spurious due to uncertainties in the reconstruction of MW2005.
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McQuarrie and Oskin, JGR, 2010
intervals defined by the reconstruction of MW2005, e.g.,
2 Myr windows from 0 Ma to 18 Ma, and 6 Myr windows
from 18 Ma to 36 Ma. The frequency of analyses in each
region is normalized by the area of that region at the middle
of each time step. Though extension rate is calculated from
the change in area of the entire region (Figure 3), in detail
strain is not homogeneous in space and time in any region
(Figure 2). Three regions closest to the San Andreas fault
(Mojave, Colorado River Corridor, and Southern Arizona)
undergo a transition from extension to mostly contraction in
the late Miocene (Figure 4). This transition arises largely due
to the onset of significant right shear through portions of
these regions. In the MW2005 model, the transition to con-
traction occurs at ∼6 Ma in the Mojave region, significantly
later than ca. 18 Ma as indicated from some geologic data
[e.g., Bartley et al. 1990]. The highly uncertain position of the
western bounding edge of the Mojave (i.e., the exact paleo‐
location of the San Andreas fault) complicates determining
the exact extensional history of this region.

4. Discussion

4.1. Patterns of Magmatism
[20] Although palinspastically restored NAVDat points

represent analyses and not eruptive volume, space‐time pat-
terns highlighted by NAVDat data still reflect the migration
and intensity of volcanism through time. Even without
palinspastic restoration, several space‐time patterns are evi-

dent in the broader NAVDat data set [Glazner, 2004]. These
include: (1) A southward magmatic sweep fromMontana into
Nevada from ∼55 to about 20 Ma. (2) A clockwise sweep
around the Colorado Plateau from New Mexico to southern
Nevada, from about 36 to 18 Ma. (3) A burst of magmatism
at about 16 Ma in northern Nevada, eastern Oregon and
Washington, followed by outward sweeps to Yellowstone
and southwestern Oregon. (4) A burst of magmatism in the
Sierra Nevada at 3.5 Ma. In the following section we discuss
these patterns of magmatism and extension on palinspasti-
cally restored North American frames. By retrodeforming the
NAVDat and comparing this to plate‐boundary and plate‐
interior deformationwe provide new perspective on the origin
of these overarching patterns (Figures 1–4 and Animations 1
and 2).
4.1.1. Northern Magmatic Sweep: Basin and Range
and Rio Grande Rift
[21] At 36 Ma, magmatism extended from northwest

Nevada across the northern Colorado Plateau to the northern
Rio Grande region. This NW to SE trending band sweeps
southwest from 36 Ma to 24 Ma and stalls at its southern
most location from 24–18 Ma [Dickinson and Snyder, 1978;
Best and Christiansen, 1991; Lipman, 1992; Christiansen
and Yeats, 1992]. Although the largest number of NAVDat
samples is located in Nevada and the northern Rio Grande
Rift area (particularly at 36 Ma), by 24 Ma magmatic centers
have formed across the Colorado Plateau to link the northern
volcanism into one continuous belt (Figure 2b). The NW‐SE

Figure 3. Index map for regions used to compare strain rate and the frequency of volcanism (Figure 4).
Black boundaries represent the eight subregions of the tectonic reconstruction over which strain rate and
volcanism are averaged. Due to overlap the eastern California shear zone‐Walker Lane region (ECSZ) is
outlined in black dashed line. The boundaries are highlighted on both the undeformed (36 Ma) and fully
deformed (0 Ma) grid.
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Typical Mid-Tertiary Stratigraphie Section 
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Figure 18. Typical Tertiary stratigraphie section and structural relations f rom highly extended areas 
within the Basin and Range province. 

explains certain aspects of local eruptive and extensional histories 
or the highly diachronous nature of both volcanism and faulting 
within the province. 

Space-time distributions of extension and volcanism 

The eruptive and extensional histories of the highly extended 
domains discussed in the text are shown qualitatively in Figure 
19, plotted as a function of their age and latitude. These domains 
represent only a small fraction of the total area affected by Ceno-
zoic volcanism and extensional faulting, but are sufficient to 
illustrate some general spatial and temporal patterns. In the 
northern Basin and Range province, the onset of both Cenozoic 
magmatism and extension at any particular latitude migrated 

southward, from southern Oregon and northern Nevada in the 
Eocene, to central Nevada and Utah in the Oligocene, to south-
ern Nevada in the Miocene (e.g., Armstrong, 1970; Lipman et al., 
1972; Stewart and Carlson, 1976). This general southward mi-
gration is apparently mirrored by an opposing northward or 
northwestward migration in the southern Basin and Range prov-
ince, particularly along the lower Colorado River extensional 
corridor (e.g., Glazner and Bartley, 1984). The onset of predomi-
nantly basaltic or bimodal volcanism is also diachronous and 
typically lags behind the onset of extension by 5 to 15 m.y. The 
onset of both volcanism and extension generally predate passage 
of the Mendocino triple junction, especially in the northern Basin 
and Range province (Fig. 19). 
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Figure 18. Typical Tertiary stratigraphie section and structural relations f rom highly extended areas 
within the Basin and Range province. 

explains certain aspects of local eruptive and extensional histories 
or the highly diachronous nature of both volcanism and faulting 
within the province. 

Space-time distributions of extension and volcanism 

The eruptive and extensional histories of the highly extended 
domains discussed in the text are shown qualitatively in Figure 
19, plotted as a function of their age and latitude. These domains 
represent only a small fraction of the total area affected by Ceno-
zoic volcanism and extensional faulting, but are sufficient to 
illustrate some general spatial and temporal patterns. In the 
northern Basin and Range province, the onset of both Cenozoic 
magmatism and extension at any particular latitude migrated 

southward, from southern Oregon and northern Nevada in the 
Eocene, to central Nevada and Utah in the Oligocene, to south-
ern Nevada in the Miocene (e.g., Armstrong, 1970; Lipman et al., 
1972; Stewart and Carlson, 1976). This general southward mi-
gration is apparently mirrored by an opposing northward or 
northwestward migration in the southern Basin and Range prov-
ince, particularly along the lower Colorado River extensional 
corridor (e.g., Glazner and Bartley, 1984). The onset of predomi-
nantly basaltic or bimodal volcanism is also diachronous and 
typically lags behind the onset of extension by 5 to 15 m.y. The 
onset of both volcanism and extension generally predate passage 
of the Mendocino triple junction, especially in the northern Basin 
and Range province (Fig. 19). 
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Clear evidence for coincidence of magmatism and extension would look like this
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DECREASING AGE (MA) l> 
Figure 19. Eruptive rates (shaded) and extensional strain rates (vertical ruled pattern) of selected parts of 
the Basin and Range province, plotted as a function of age and latitude. These curves are highly 
generalized and are based on available geochronologic and structural data from each area. Vertical axes 
for each domain are probably logarithmic; maximum strain rates and eruptive rates are approximately 
10 l 4 / s and 1,000 kmVm.y., respectively. E marks onset of rapid, large-magnitude extension; B shows 
the approximate time of transition to predominantly basaltic or bimodal volcanism. The position of the 
Mendocino triple junction (MTJ) as a function of age was obtained from Engebretson et al. (1985). See 
text for sources of data. 
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E is onset of extension
B is onset of late-stage basaltic 

or bimodal volcanism

Lined areas are extensional magnitude, shaded are volcanic. In this vision, extension and magmatism are tightly related.
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present to delineate all details of the timing and intensity of exten- 
sion. Despite this inadequacy, our perspective of how extension and 
volcanism are related in space and time in the Great Basin differs 

significantly from conclusions drawn by some other geologists. 
Our interpretation of what we consider to be representative data 

in the Great Basin is that a period of limited extension, and possibly 
even regional tectonic quiescence, prevailed from at least as early 

as about 31 Ma and lasted until roughly 22-20 Ma, essentially 
coinciding with the period of maximum, voluminous volcanism that 

was manifest in maximum pyroclastic activity (Figure 10). Local 

extension occurred before this tectonic lull and ignimbrite flareup 

but widespread extension, including major detachment faulting in 

places, afterwards. On a province-wide scale, maximum extension 

and the most voluminous volcanism are poorly correlated, not only 

in time but also in space (Figure 11 a). In the Great Basin, volcanism 

was dominated by extrusion of lavas at 43-34 and 17-6 Ma [Stew- 

art and Carlson, 1976] during extension (Figure 10). However, 
there is little spatial correlation between areas of lava-dominant 

volcanism and highly extended terranes (Figure 11 b). Some areas 

of older and younger volcanism have, as yet, no documented major 

detachment faults. Extended areas do not everywhere manifest 
volcanism. 

On the basis of available information, it thus appears that exten- 

sion and volcanism during the Tertiary in the Great Basin were not 

closely coupled processes; this lack of close coupling was also 
suggested by Bartley et al. [ 1988], Taylor [ 1989], and Taylor et al. 
[1989]. 
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Fig. 11. (a) Detachment fault terranes (stippled; from Davis and Lister 
[1988]; see also Wust [1986]) and areas of voluminous volcanic rocks 

deposited 34-17 Ma (diagonal ruling; from Stewart and Carlson [ 1976]; and 
D.M. Miller (written communication, 1989)). The 34-17 Ma volcanism 

was chiefly pyroclastic, except in central Utah where lavas dominate. (b) 
Detachment fault terranes correspond poorly to lava-dominant areas formed 
at 43-34 Ma (horizontal ruling) and 17-6 Ma (vertical ruling). 

If extension and volcanism are loosely coupled on a province- 

wide basis, then simple, end-member models of passive and active 

continental rifting, such as proposed by Sengor and Burke [1978], 

are difficult to apply in the Great Basin. 

Gans et al. [1989, pp. 47-48] recognized that significant 

supracrustal extension did not occur in some large, middle Tertiary 
eruptive centers in the southwestern United States, such as the San 

Juan volcanic field in Colorado, parts of the Mogollon-Datil vol- 

canic field in New Mexico, and much of the Oligocene to Miocene 

ash flow tuff province in the central Great Basin. They asked why 

these areas did not extend and if there was anything fundamentally 

different about the magmatism. It is beyond the scope of this paper 
to consider details of the large San Juan and Mogollon-Datil fields. 

But we consider next whether there is anything fundamentally 

different in the Great Basin between Tertiary volcanism associated 

in space and time with major extension, as in the east central Nevada 

area studied by Gans et al. [ 1989] and Feeley and Grunder [ 1991 ], 

and volcanism not accompanied by extension. As a test, we com- 

pare time-compositional properties of the east central Nevada field 
with the Indian Peak volcanic field [Best et al., 1989a]; the latter 

field surrounds the Indian Peak caldera complex (Figure 6), was 

created by episodic eruptions about 32-27 Ma, and has little evi- 
dence for concurrent extension. 

The Indian Peak field, like others in the Great Basin formed 

during peak volcanic activity [Best et al., 1989b ], was created by 

eruption of thousands of cubic kilometers of silicic ash flows and 

only minor andesitic through rhyolitic lavas from a localized mag- 

ma system, now marked by a large caldera complex [Best et al., 

1989a ]. Figure 12 demonstrates that few contrasts exist between the 

Best and Christiansen, JGR 1991

A different view has been that they are complementary.
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present to delineate all details of the timing and intensity of exten- 
sion. Despite this inadequacy, our perspective of how extension and 
volcanism are related in space and time in the Great Basin differs 

significantly from conclusions drawn by some other geologists. 
Our interpretation of what we consider to be representative data 

in the Great Basin is that a period of limited extension, and possibly 
even regional tectonic quiescence, prevailed from at least as early 

as about 31 Ma and lasted until roughly 22-20 Ma, essentially 
coinciding with the period of maximum, voluminous volcanism that 

was manifest in maximum pyroclastic activity (Figure 10). Local 

extension occurred before this tectonic lull and ignimbrite flareup 

but widespread extension, including major detachment faulting in 

places, afterwards. On a province-wide scale, maximum extension 

and the most voluminous volcanism are poorly correlated, not only 

in time but also in space (Figure 11 a). In the Great Basin, volcanism 

was dominated by extrusion of lavas at 43-34 and 17-6 Ma [Stew- 

art and Carlson, 1976] during extension (Figure 10). However, 
there is little spatial correlation between areas of lava-dominant 

volcanism and highly extended terranes (Figure 11 b). Some areas 

of older and younger volcanism have, as yet, no documented major 

detachment faults. Extended areas do not everywhere manifest 
volcanism. 

On the basis of available information, it thus appears that exten- 

sion and volcanism during the Tertiary in the Great Basin were not 

closely coupled processes; this lack of close coupling was also 
suggested by Bartley et al. [ 1988], Taylor [ 1989], and Taylor et al. 
[1989]. 
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deposited 34-17 Ma (diagonal ruling; from Stewart and Carlson [ 1976]; and 
D.M. Miller (written communication, 1989)). The 34-17 Ma volcanism 

was chiefly pyroclastic, except in central Utah where lavas dominate. (b) 
Detachment fault terranes correspond poorly to lava-dominant areas formed 
at 43-34 Ma (horizontal ruling) and 17-6 Ma (vertical ruling). 

If extension and volcanism are loosely coupled on a province- 

wide basis, then simple, end-member models of passive and active 

continental rifting, such as proposed by Sengor and Burke [1978], 

are difficult to apply in the Great Basin. 

Gans et al. [1989, pp. 47-48] recognized that significant 

supracrustal extension did not occur in some large, middle Tertiary 
eruptive centers in the southwestern United States, such as the San 

Juan volcanic field in Colorado, parts of the Mogollon-Datil vol- 

canic field in New Mexico, and much of the Oligocene to Miocene 

ash flow tuff province in the central Great Basin. They asked why 

these areas did not extend and if there was anything fundamentally 

different about the magmatism. It is beyond the scope of this paper 
to consider details of the large San Juan and Mogollon-Datil fields. 

But we consider next whether there is anything fundamentally 

different in the Great Basin between Tertiary volcanism associated 

in space and time with major extension, as in the east central Nevada 

area studied by Gans et al. [ 1989] and Feeley and Grunder [ 1991 ], 

and volcanism not accompanied by extension. As a test, we com- 

pare time-compositional properties of the east central Nevada field 
with the Indian Peak volcanic field [Best et al., 1989a]; the latter 

field surrounds the Indian Peak caldera complex (Figure 6), was 

created by episodic eruptions about 32-27 Ma, and has little evi- 
dence for concurrent extension. 

The Indian Peak field, like others in the Great Basin formed 

during peak volcanic activity [Best et al., 1989b ], was created by 

eruption of thousands of cubic kilometers of silicic ash flows and 

only minor andesitic through rhyolitic lavas from a localized mag- 

ma system, now marked by a large caldera complex [Best et al., 

1989a ]. Figure 12 demonstrates that few contrasts exist between the 
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present to delineate all details of the timing and intensity of exten- 
sion. Despite this inadequacy, our perspective of how extension and 
volcanism are related in space and time in the Great Basin differs 

significantly from conclusions drawn by some other geologists. 
Our interpretation of what we consider to be representative data 

in the Great Basin is that a period of limited extension, and possibly 
even regional tectonic quiescence, prevailed from at least as early 

as about 31 Ma and lasted until roughly 22-20 Ma, essentially 
coinciding with the period of maximum, voluminous volcanism that 

was manifest in maximum pyroclastic activity (Figure 10). Local 

extension occurred before this tectonic lull and ignimbrite flareup 

but widespread extension, including major detachment faulting in 

places, afterwards. On a province-wide scale, maximum extension 

and the most voluminous volcanism are poorly correlated, not only 

in time but also in space (Figure 11 a). In the Great Basin, volcanism 

was dominated by extrusion of lavas at 43-34 and 17-6 Ma [Stew- 

art and Carlson, 1976] during extension (Figure 10). However, 
there is little spatial correlation between areas of lava-dominant 

volcanism and highly extended terranes (Figure 11 b). Some areas 

of older and younger volcanism have, as yet, no documented major 

detachment faults. Extended areas do not everywhere manifest 
volcanism. 

On the basis of available information, it thus appears that exten- 

sion and volcanism during the Tertiary in the Great Basin were not 

closely coupled processes; this lack of close coupling was also 
suggested by Bartley et al. [ 1988], Taylor [ 1989], and Taylor et al. 
[1989]. 
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[1988]; see also Wust [1986]) and areas of voluminous volcanic rocks 

deposited 34-17 Ma (diagonal ruling; from Stewart and Carlson [ 1976]; and 
D.M. Miller (written communication, 1989)). The 34-17 Ma volcanism 

was chiefly pyroclastic, except in central Utah where lavas dominate. (b) 
Detachment fault terranes correspond poorly to lava-dominant areas formed 
at 43-34 Ma (horizontal ruling) and 17-6 Ma (vertical ruling). 

If extension and volcanism are loosely coupled on a province- 

wide basis, then simple, end-member models of passive and active 

continental rifting, such as proposed by Sengor and Burke [1978], 

are difficult to apply in the Great Basin. 

Gans et al. [1989, pp. 47-48] recognized that significant 

supracrustal extension did not occur in some large, middle Tertiary 
eruptive centers in the southwestern United States, such as the San 

Juan volcanic field in Colorado, parts of the Mogollon-Datil vol- 

canic field in New Mexico, and much of the Oligocene to Miocene 

ash flow tuff province in the central Great Basin. They asked why 

these areas did not extend and if there was anything fundamentally 

different about the magmatism. It is beyond the scope of this paper 
to consider details of the large San Juan and Mogollon-Datil fields. 

But we consider next whether there is anything fundamentally 

different in the Great Basin between Tertiary volcanism associated 

in space and time with major extension, as in the east central Nevada 

area studied by Gans et al. [ 1989] and Feeley and Grunder [ 1991 ], 

and volcanism not accompanied by extension. As a test, we com- 

pare time-compositional properties of the east central Nevada field 
with the Indian Peak volcanic field [Best et al., 1989a]; the latter 

field surrounds the Indian Peak caldera complex (Figure 6), was 

created by episodic eruptions about 32-27 Ma, and has little evi- 
dence for concurrent extension. 

The Indian Peak field, like others in the Great Basin formed 

during peak volcanic activity [Best et al., 1989b ], was created by 

eruption of thousands of cubic kilometers of silicic ash flows and 

only minor andesitic through rhyolitic lavas from a localized mag- 

ma system, now marked by a large caldera complex [Best et al., 

1989a ]. Figure 12 demonstrates that few contrasts exist between the 

Best and Christiansen, JGR 1991

“Detachment 
terranes”

34-17 Ma volcanism
17-6 Ma volcanism



Axen et al., GSA Bull, 1993

Much of the extension here is the Sheep Pass and equivalents, which are looking to be more pre-middle Eocene.  Seems a lot of extension is well south of coeval magmatism
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The volcanic sections in the Eldorado
Mountains are steeply tilted to the east and
are cut and offset by closely spaced, gently
west-dipping normal faults (Fig. 2) (9). Pal-
inspastic reconstructions indicate a stretch-
ing factor of !2.0, oriented 80° east of
north. The age of extension can be assessed
directly by means of cross-cutting relations
and by angular unconformities within syn-
tectonic deposits. There is no evidence for
faulting and tilting before eruption of the
15.1-Ma ignimbrite. In 15.0- to 14.1-Ma vol-
canic and sedimentary rocks, tilts decrease
abruptly upsection, individual flows thicken
on the downthrown sides of faults, and off-
sets along faults decrease progressively upsec-
tion (Fig. 2). These relations demonstrate
that extensional faulting was under way by
15 Ma (8). Coarse clastic intervals in some
of these syntectonic deposits record erosional
unroofing of older rocks in adjacent footwall
blocks. Younger (14.1 to 13.0 Ma), gently
tilted olivine basalt, trachyandesite, and rare
silicic flows unconformably overlie the pre-
viously faulted and tilted units and provide
an upper age bracket for most of the exten-
sion (Fig. 2). Collectively, these observa-
tions suggest that extension began at 15.1 to
15.0 Ma and that the area was stretched by
a factor of 2.0 by 14.1 Ma. Extensional
faulting and tilting continued after 14.1
Ma at a greatly reduced rate along widely

spaced high-angle faults.
The antithetical relation between the ex-

tensional strain rate and the eruption rate
(Fig. 3B) that we have documented in the
Eldorado Mountains cannot be attributed to
analytical error because the 40Ar/39Ar ages
tightly bracket the timing of both the shutoff
of volcanism and the inception of extension
to within about 100,000 years. Neither is it a
consequence of incomplete sampling or the
episodicity inherent in large-volume erup-
tions. The cumulative thickness curve (Fig.
3A) reflects eruptions of hundreds of thin,
locally derived mafic lava flows over several
million years, where the recurrence interval
was !5000 to 10,000 years. More than 50
flows were erupted between 15.5 and 15.0
Ma, whereas no flows have yet been identi-
fied with ages between !14.9 and 14.3 Ma.
Indeed, this antithetical behavior was first
suggested by field relations: Volcanic rocks
in the area are mostly either preextensional
and steeply tilted or postextensional and
flat-lying; flows that are demonstrably syn-
extensional and that have intermediate dips
are volumetrically insignificant.

The tectono-magmatic evolution of the
northern CREC can thus be divided into
three phases. Volcanism preceded the incep-
tion of extension by several million years and
increased in vigor until extension began
(Fig. 4A). After the onset of rapid extension,

volcanic eruptions in the area virtually
ceased (Fig. 4B). The abrupt waning of erup-
tive activity implies that extension evidently

Fig. 1. Generalized map and key Cenozoic tecton-
ic features of the western United States. Gray
shading is the approximate extent of the Basin and
Range physiographic province; patterned areas
are the major late Cenozoic volcanic provinces
(Cascades arc, Columbia River basalts, and Snake
River plain). Black splotches indicate Cordilleran
metamorphic core complexes. MTJ, Mendocino
triple junction; LV, Las Vegas, Nevada; Y, Yering-
ton, Nevada; DV, Death Valley; SWNVF, southwest
Nevada volcanic field; W, Whipple Mountains; V,
Vulture Mountains; Q, Questa, New Mexico.

Fig. 2. Composite columnar section (left) and schematic
cross section (right) of the northern Eldorado Mountains
based on mapping, structural analysis, and high-precision
40Ar/39Ar geochronology (7, 8, 19, 20). Ages were deter-
mined from more than 100 40Ar/39Ar mineral and whole-

rock step-heating experiments performed at the University of California, Santa Barbara (UCSB), and at
Stanford University during 1991 to 1996 (methods and a table summarizing the 40Ar/39Ar data are available
at www.sciencemag.org/feature/data/975101.shl). Most ages shown are weighted means of multiple deter-
minations and are listed in units of Ma. Stratigraphic nomenclature is modified from (9). Abbreviations: pC,
Precambrian crystalline basement; Tp, Tpl, Tpm, and Tpu are undifferentiated, lower, middle, and upper
members of Patsy Mine volcanic rocks; Tb, tuff of Bridge Spring; Tm, Tml, and Tmm are undifferentiated,
lower, and middle Mount Davis volcanics; Tc, volcaniclastic conglomerate; Tyb, younger capping basalts.

Fig. 3. Eruptive and structural history of the Eldo-
rado Mountains area. (A) Cumulative thickness of
volcanic rocks and cumulative stretching factor (")
versus time, averaged from many fault blocks. The
diamond symbols are the 40Ar/39Ar ages. Uncer-
tainties are about equal to symbol size. (B) Esti-
mated average eruption rates (volume per unit
area per unit time) and extensional strain rate (ln
"/#t , where t is time).

REPORTS
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Gans and Bohrson, Science, 1997
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Figure 19. Eruptive rates (shaded) and extensional strain rates (vertical ruled pattern) of selected parts of 
the Basin and Range province, plotted as a function of age and latitude. These curves are highly 
generalized and are based on available geochronologic and structural data from each area. Vertical axes 
for each domain are probably logarithmic; maximum strain rates and eruptive rates are approximately 
10 l 4 / s and 1,000 kmVm.y., respectively. E marks onset of rapid, large-magnitude extension; B shows 
the approximate time of transition to predominantly basaltic or bimodal volcanism. The position of the 
Mendocino triple junction (MTJ) as a function of age was obtained from Engebretson et al. (1985). See 
text for sources of data. 
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Closer examination of at least one complex suggests that while tightly related in time, extension and volcanism are not coeval.
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130,000 to 66,000 yr B.P. Data are compatible with a constant slip rate along the entire Sierra Nevadan range 
front in the Mono Basin, and a lack of volcanic activity. (b) Tahoe to Tenaya time, 66,000 to 40,000 yr B.P. Range 
front faulting has ceased at Bloody Canyon, but has continued along the rest of the range front faults. There 
is also no volcanism in this time interval, except perhaps in the central segment of the Mono Craters (queried). 
(c) Tenaya to Tioga time, 40,000 to 14,000 yr B.P. Faulting at Parker Canyon as well as at Bloody Canyon has now 
ceased, but has continued along the Mono Lake Fault and the Hartley Springs Fault. Dikes intrude underneath 
the central and northern segments of the Mono Craters and underneath the cinder cone at June Lake. (d) Tioga 
time, 14,000 yr B.P., to the present. Although faulting at Lundy Canyon has continued at typical range front 
rates, extension rates axe lower at Lee Vining Canyon and at June Lake. Extension from Lee Vining Canyon 
south to the Inyo Domes is largely taken up by dikes. There is also activity on a west-northwest trending group 
of northeast trending faults and dikes from Paoha Island to Black Point. 
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Initiation of volcanism has shifted extension into diking--so volcanism could represent extension.
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section B–B′). The faults cut and repeat the 
Miocene sedimentary sequence and appear to 
die southward, minimally (<500 m) displacing 
the mapped trace of the Raft River detachment 
(Figs. 8 and 9). We interpret these crosscutting 
relationships to indicate that the normal faults 
mapped in the Raft River Basin are younger 
than both the Albion fault and the high-strain 
fabrics of the Raft River detachment.

The east-west trend of the trace of the Raft 
River detachment separating lower plate rocks 
beneath the domed detachment from upper 
plate Miocene fault blocks can be interpreted 
as a having a major strike-slip component in its 
early history of slip between 13.5 and 9.5 Ma. 
An alternative interpretation is that the normal 
faults that cut and rotate the Miocene basinal 
sequence sole into a basal detachment beneath 
the Raft River Valley, and this fault system 
has been cut and downdropped by a down-
to-the north normal fault along the northern 
(and southern) fl anks of the Raft River Moun-
tains, uplifting the Raft River Mountains with 
respect to the faulted Miocene basin sections 
and exposing the basal detachment fault, which 
might have formed the Miocene ductile-brittle 
transition zone (Figs. 8 and 9). While these two 
scenarios are not mutually exclusive, we pre-
fer the former scenario, given that the lower 
plate rocks at the north edge of the Raft River 
Mountains have north-dipping foliation planes 
but east-west–trending lineations, thus preclud-
ing ductile top-to-the-north stretching, which 
would produce north-south–oriented lineations. 
Another piece of evidence precluding much 
top-to-the-north motion along the northern 
edge of the Raft River Mountains is the fact that 
the dips of the Miocene strata do not change 
toward the Raft River detachment, which might 
be expected if the northern edge of the Raft 
River detachment had top-to-the-north motion 
(Fig. 9). Regardless of the exact kinematic rela-
tionships, the entire evolution of the complex 
resulted in the domal nature of the elongate 
Raft River Mountains core complex , which 
appears to wrap around the northern, southern, 
and eastern edges of the mountain (Fig. 9).

Apatite and zircon fi ssion track ages from the 
Raft River Mountains (Wells et al., 2000) and 
the Albion Mountains (Egger et al., 2003) range 
from 15.1 ± 2.4 to 7.4 ± 2.0 Ma (2σ), and were 
interpreted to represent cooling via the rapid 
exhumation of the footwall to near surface con-
ditions ca. 13.4 Ma (Egger et al., 2003; Fig. 12; 
summary of apatite fi ssion track thermochronol-
ogy) and to record the progressive unroofi ng of 
the Raft River detachment during the migration 
of a rolling hinge from ca. 13.4 to 7 Ma (Wells 
et al., 2000; Wells, 2001). The new data from the 
Raft River Basin allow us to delineate a more 

detailed history of the Miocene faulting and 
deposition temporally related to the 13.4–7 Ma 
low-temperature uplift and cooling history of 
adjacent footwall rocks.

The oldest Miocene tuff dated (13.45 Ma) 
records the beginning of deposition of the Salt 
Lake Formation in the Raft River Basin. Fault-
ing along the Albion fault began ca. 14 Ma, with 
rapid slip occurring between 13.5 and 10.5 Ma 
(Figs. 12, 13A, and 13B). During this time, the 
basin developed its greatest accommodation 
space and was fi lled with clastic detritus derived 

almost exclusively from upper plate Paleozoic 
rocks (Figs. 11B, 11C, 13A, and 13B).

By between ca. 10.5 and 9.5 Ma, sediment 
sources to the basin included structurally deeper 
rocks of the footwall (Archean and Cenozoic 
intrusive rocks) with continued contribution of 
debris from the hanging wall (Paleozoic), con-
sistent with a history of rapid exhumation docu-
mented by the reverse clast stratigraphy (Fig. 
10D) and detrital zircon signatures of basin 
sedi ments (Figs. 11A, 11B, and 13C). Rapid slip 
on the Albion fault was responsible for the rise 
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section B–B′). The faults cut and repeat the 
Miocene sedimentary sequence and appear to 
die southward, minimally (<500 m) displacing 
the mapped trace of the Raft River detachment 
(Figs. 8 and 9). We interpret these crosscutting 
relationships to indicate that the normal faults 
mapped in the Raft River Basin are younger 
than both the Albion fault and the high-strain 
fabrics of the Raft River detachment.

The east-west trend of the trace of the Raft 
River detachment separating lower plate rocks 
beneath the domed detachment from upper 
plate Miocene fault blocks can be interpreted 
as a having a major strike-slip component in its 
early history of slip between 13.5 and 9.5 Ma. 
An alternative interpretation is that the normal 
faults that cut and rotate the Miocene basinal 
sequence sole into a basal detachment beneath 
the Raft River Valley, and this fault system 
has been cut and downdropped by a down-
to-the north normal fault along the northern 
(and southern) fl anks of the Raft River Moun-
tains, uplifting the Raft River Mountains with 
respect to the faulted Miocene basin sections 
and exposing the basal detachment fault, which 
might have formed the Miocene ductile-brittle 
transition zone (Figs. 8 and 9). While these two 
scenarios are not mutually exclusive, we pre-
fer the former scenario, given that the lower 
plate rocks at the north edge of the Raft River 
Mountains have north-dipping foliation planes 
but east-west–trending lineations, thus preclud-
ing ductile top-to-the-north stretching, which 
would produce north-south–oriented lineations. 
Another piece of evidence precluding much 
top-to-the-north motion along the northern 
edge of the Raft River Mountains is the fact that 
the dips of the Miocene strata do not change 
toward the Raft River detachment, which might 
be expected if the northern edge of the Raft 
River detachment had top-to-the-north motion 
(Fig. 9). Regardless of the exact kinematic rela-
tionships, the entire evolution of the complex 
resulted in the domal nature of the elongate 
Raft River Mountains core complex , which 
appears to wrap around the northern, southern, 
and eastern edges of the mountain (Fig. 9).

Apatite and zircon fi ssion track ages from the 
Raft River Mountains (Wells et al., 2000) and 
the Albion Mountains (Egger et al., 2003) range 
from 15.1 ± 2.4 to 7.4 ± 2.0 Ma (2σ), and were 
interpreted to represent cooling via the rapid 
exhumation of the footwall to near surface con-
ditions ca. 13.4 Ma (Egger et al., 2003; Fig. 12; 
summary of apatite fi ssion track thermochronol-
ogy) and to record the progressive unroofi ng of 
the Raft River detachment during the migration 
of a rolling hinge from ca. 13.4 to 7 Ma (Wells 
et al., 2000; Wells, 2001). The new data from the 
Raft River Basin allow us to delineate a more 

detailed history of the Miocene faulting and 
deposition temporally related to the 13.4–7 Ma 
low-temperature uplift and cooling history of 
adjacent footwall rocks.

The oldest Miocene tuff dated (13.45 Ma) 
records the beginning of deposition of the Salt 
Lake Formation in the Raft River Basin. Fault-
ing along the Albion fault began ca. 14 Ma, with 
rapid slip occurring between 13.5 and 10.5 Ma 
(Figs. 12, 13A, and 13B). During this time, the 
basin developed its greatest accommodation 
space and was fi lled with clastic detritus derived 

almost exclusively from upper plate Paleozoic 
rocks (Figs. 11B, 11C, 13A, and 13B).

By between ca. 10.5 and 9.5 Ma, sediment 
sources to the basin included structurally deeper 
rocks of the footwall (Archean and Cenozoic 
intrusive rocks) with continued contribution of 
debris from the hanging wall (Paleozoic), con-
sistent with a history of rapid exhumation docu-
mented by the reverse clast stratigraphy (Fig. 
10D) and detrital zircon signatures of basin 
sedi ments (Figs. 11A, 11B, and 13C). Rapid slip 
on the Albion fault was responsible for the rise 
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events in the Albion–Raft River–Grouse Creek (ARG) metamorphic core complex. AFT—
apatite fi ssion track. See text for relevant discussion.
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section B–B′). The faults cut and repeat the 
Miocene sedimentary sequence and appear to 
die southward, minimally (<500 m) displacing 
the mapped trace of the Raft River detachment 
(Figs. 8 and 9). We interpret these crosscutting 
relationships to indicate that the normal faults 
mapped in the Raft River Basin are younger 
than both the Albion fault and the high-strain 
fabrics of the Raft River detachment.

The east-west trend of the trace of the Raft 
River detachment separating lower plate rocks 
beneath the domed detachment from upper 
plate Miocene fault blocks can be interpreted 
as a having a major strike-slip component in its 
early history of slip between 13.5 and 9.5 Ma. 
An alternative interpretation is that the normal 
faults that cut and rotate the Miocene basinal 
sequence sole into a basal detachment beneath 
the Raft River Valley, and this fault system 
has been cut and downdropped by a down-
to-the north normal fault along the northern 
(and southern) fl anks of the Raft River Moun-
tains, uplifting the Raft River Mountains with 
respect to the faulted Miocene basin sections 
and exposing the basal detachment fault, which 
might have formed the Miocene ductile-brittle 
transition zone (Figs. 8 and 9). While these two 
scenarios are not mutually exclusive, we pre-
fer the former scenario, given that the lower 
plate rocks at the north edge of the Raft River 
Mountains have north-dipping foliation planes 
but east-west–trending lineations, thus preclud-
ing ductile top-to-the-north stretching, which 
would produce north-south–oriented lineations. 
Another piece of evidence precluding much 
top-to-the-north motion along the northern 
edge of the Raft River Mountains is the fact that 
the dips of the Miocene strata do not change 
toward the Raft River detachment, which might 
be expected if the northern edge of the Raft 
River detachment had top-to-the-north motion 
(Fig. 9). Regardless of the exact kinematic rela-
tionships, the entire evolution of the complex 
resulted in the domal nature of the elongate 
Raft River Mountains core complex , which 
appears to wrap around the northern, southern, 
and eastern edges of the mountain (Fig. 9).

Apatite and zircon fi ssion track ages from the 
Raft River Mountains (Wells et al., 2000) and 
the Albion Mountains (Egger et al., 2003) range 
from 15.1 ± 2.4 to 7.4 ± 2.0 Ma (2σ), and were 
interpreted to represent cooling via the rapid 
exhumation of the footwall to near surface con-
ditions ca. 13.4 Ma (Egger et al., 2003; Fig. 12; 
summary of apatite fi ssion track thermochronol-
ogy) and to record the progressive unroofi ng of 
the Raft River detachment during the migration 
of a rolling hinge from ca. 13.4 to 7 Ma (Wells 
et al., 2000; Wells, 2001). The new data from the 
Raft River Basin allow us to delineate a more 

detailed history of the Miocene faulting and 
deposition temporally related to the 13.4–7 Ma 
low-temperature uplift and cooling history of 
adjacent footwall rocks.

The oldest Miocene tuff dated (13.45 Ma) 
records the beginning of deposition of the Salt 
Lake Formation in the Raft River Basin. Fault-
ing along the Albion fault began ca. 14 Ma, with 
rapid slip occurring between 13.5 and 10.5 Ma 
(Figs. 12, 13A, and 13B). During this time, the 
basin developed its greatest accommodation 
space and was fi lled with clastic detritus derived 

almost exclusively from upper plate Paleozoic 
rocks (Figs. 11B, 11C, 13A, and 13B).

By between ca. 10.5 and 9.5 Ma, sediment 
sources to the basin included structurally deeper 
rocks of the footwall (Archean and Cenozoic 
intrusive rocks) with continued contribution of 
debris from the hanging wall (Paleozoic), con-
sistent with a history of rapid exhumation docu-
mented by the reverse clast stratigraphy (Fig. 
10D) and detrital zircon signatures of basin 
sedi ments (Figs. 11A, 11B, and 13C). Rapid slip 
on the Albion fault was responsible for the rise 
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Figure 12. Diagram summarizing the geochronological, thermochronological, and tectonic 
events in the Albion–Raft River–Grouse Creek (ARG) metamorphic core complex. AFT—
apatite fi ssion track. See text for relevant discussion.

Or, maybe, we have grossly overestimated extension in Paleogene.
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is interpreted as evidence of prevolcanic normal fatalting and 
tilting, and the 17.6 Ma K-At date is interpreted to indicate 
that tilting related to movement on the South Mountains 
detachment fault continued after 17.6 Ma. 

Summary. Apatite fission track dates from the Sierra 
Estrella indicate that exhumation and rapid cooling of the 
lower plate of the South Mountains detachment shear zone 
began by about 25 Ma. Granitoid intrusion in the South 
Mountains was followed by extension-related mylonitization 
that occurred before 19-20 Ma. Continued rapid cooling of 
lower plate rocks through fission track apatite annealing 
temperatures at 17-18 Ma indicates continued tectonic 
denudation. Tilting of upper plate rocks, inferred to be 
related to continued extension, occurred both before and 
after 17.5 Ma. The age of prevolcanic basin genesis and 
elastic sedimentation is poorly constrained but could extend 
as far back as the initiation of cooling in the Sierra Estrella 
at 25 Ma. 

Summary and Discussion 
Magmatism 

Mid-Cenozoic volcanism in southwestern Arizona com- 
monly produced a three-part sequence of early mafic to 
intermediate lava flows overlain by felsic to intermediate 
lava flows and pyroclastic rocks in turn overlain by basaltic 
and andesitic lava flows (Figures 17 and 18). In some 
areas, basal mafic rocks are absent and in others they are 
overlain by mesa-forming basalts without intervening felsic 

rocks. The upper basaltic and andesitic lavas can be divided 
into 13-20 Ma mafic lavas that were erupted immediately 
after felsic magnmtism and appear to be related to it, and 
< 13 Ma basalt, such as in the Buckskin Mountains area, 
that are not associated with the volcanic fields defmed by 
earlier volcanism. 

Voluminous felsic magmatism began between 25 and 22 
Ma in five of the eight areas represented by the histograms 
in figure 2 (Figures 2b and 2d-2g). In the Organ Pipe and 
Vulture areas voluminous felsic magmatism began largely at 
about 20 Ma (Figtares 2a and 2h). In the eastern Gila Bend 
Mountains, felsic magmatism was fairly minor, and volumi- 
nous mafic magmatism occurred at 19-21 Ma (Figure 2c). 
Only six dates out of 166 plotted are older than 25.0 Ma; 
two of these are from thin tuffs interbedded within volumi- 
nous clastic sedimentary rocks and another is probably 
spurious. Two others are problematic because they conflict 
with a U-Pb zircon date. Felsic magmatism ended at 19-20 
Ma in most areas (Figures 2b-2e and 2g), at about 22 Ma in 
the Yuma area (Figure 2f), and at 15-17 Ma in the Vulture 
Mountains and Organ Pipe areas (Figtares 2a and 2h). The 
duration of voluminous felsic magmatism in each area was 
about 3-6 Ma. 

The most extensive areas of volcanic rocks in southwest- 
ern Arizona form the Kofa and Ajo volcanic fields (Figtare 
19). Two calderas inferred at the center of the Kofa 
volcanic field correspond to residual Bouguer gravity lows 
[Grubensky and Bagby, 1990]. The only other large 
residual Bouguer gravity anomaly in southwestern Arizona 
is under the Ajo volcanic field (Figtares 4 and 19; Lyson•.ki 
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Figure 17. Time-stratigraphic columns from Figures 5, 8, 10, 12, 14, and 16 showing correlation of 
assemblages and timing of tilting. Vertical scale in Ma. Deposition of major assemblages and timing of 
tilting are diachronous, but each area contains a crudely similar sequence of strata and chronology of 
tilting. See Figure 5 for explanation of patterns. 
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Basalt and basaltic andesite (14-16 Ma), including Batamote Andesite 
[Gilluly, 1946; Tosdal et al., 1986], basaltic andesite complex in 
the Growler Mountains [Gray et al., 1985b], basaltic andesite of 
Sauceda Wash [Gray et al., 1985a], and basalt in Aguila Moun- t [Tu 1980] sins cker, . 

t tilting i Ajo R ge (16.19 Ms) trios II all 

lit fM tezuma'sHea - . Rhyo e o on d (16 17 5 Ms) [Tosdal et al., 1986] 

Childs Latite: 18-19 Ms, 53-60% SiO2, shoshonite, latite, and high potassium 
dacite flows and flow breccias that contain up to 70% coarse plagio- 
clase with AB45-AB60 [Gilluly, 1946; Tosdal et al., 1986; Miller, 

Rhyolite of Pinkley Peak (18-22 Ms) [Tosdal et al., 1986], rhyolite complex 1988]. . . 
in the Growler Mountains [Gray et al., 1988], areally extensive felsic 
volcanics (19-22 Ms) in the Sikort Chuapo, Sauceda, and Sand Tank 
Mountains [Gray et al., 1985a, 1988]. 

most tilting in Little Ajo Mountains (sometime between 18 and 24 Ms) 
/Ajo volcanics (24 Ma) and Sneed andesite in the Little Ajo Mountains 

[Gilluly, 1946], andesitic rocks (22 Ms) below Daniels conglomerate 
in Growler Mountains [Gray et al., 1985b], latite (24.3 Ms), basalt, 
and andesite of Docktor and Keith [1978], and possibly basalt of 
Black Butte in Sauceda and Sand Tank Mountains [Gray et al., 
1985a, 1988] and basalt in the southern Maricopa Mountains (20.4 
Ms) [Cunningha et al., 1987]. 

Conglomerate and Sandstone in southern maricopa Mountains (>20.4 Us) [Cunningham et al., 1987] and in northern Sand Tank Mountains 
(>21.9 Ms) [Gray et al., 1988]; Locomotive fanglomerate (>=24 Ms) 
[ Gilluly, 1946]. 

Explanation 
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Figure 5. Simplified stratigraphy of the Organ Pipe-Sauceda area. 

poorly known but were probably within a 500 x 200 m area Extension. Proterozoic crystalline rocks in the eastern- 
of interbedded mafic volcanic flows, tuff, and conglomerate most Gila Bend Mountains are depositionally overlain by up 
that rest depositionally on Proterozoic basement [Gilbert, to 1 km of conglomerate and sandstone that are in turn 
1991]. These dates are not included in Figtires 2 and 7 depositionally overlain by a tuff unit dated at 22.2_+0.5 Ma 
because the location and stratigraphic position of the. and 22.8+_0.5 Ma (Table 1 and Figures 6, cross section 
sampled rocks are poorly known, the volume of rock 
represented by the suspected sample area is small, and the 
dates are quite dissimilar to those from surrounding areas. 
These dates may indicate, however, that minor volcanism 
and sedimentation occurred well before main phase volca- 
nism. 

BB', and 7). These southwest dipping Tertiary rocks are on 
strike with lithologically similar sediments 30 km to the 
southeast in the northern Sand Tank Mountains that are 
interbedded with a tuff dated at 21.7_+0.7 Ma [Gray et al., 
1988]. Between the two areas near Gila Bend, seismic 
reflection profiles reveal a southwest dipping stratal se- 

Spencer et al., JGR, 1995
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genie heating following earlier crustal shortening weakened 
the lithosphere and triggered both magmatism and extension- 
al thinning of overthickened, gravitationally unstable crest 
[Glazner and Bartley, 1985; Sonder et al., 1987]. This 
hypothesis predicts that the laterally varying age and magni- 
tude of late Cretaceous to early Tertiary crustal thickening 
and magmatic heating controlled the locus and timing of 
later extension [Wernicke et al., 1987]. (3) Magmatism was 
initiated by sulxluction, and extension was caused by some 
combination of magmatic heating of unstable overthickened 
crest and reduced compressive stress from the plate bound- 
ary [Coney and Harms, 1984]. This hypothesis predicts that 
magmatism was unrelated to earlier structural and magmatic 
events and that extension was either triggered by local 
magmatic heating or occurred regionally in response to 
reduced plate boundary compression. Extension and 
magmatism have also been linkexl locally; uplift of meta- 
morphic core complexes and associated large-magnitude 
extension have been attributed to magma injection in the 
upper crest [Rehrig and ReynoMs, 1980; Lister and BaMwin, 
19931. 

Some geologists have proposed on the basis of earlier 
compilations that Cenozoic magmatism and extension in the 
Mojave-Sonoran desert region of Arizona, California, and 
southernmost Nevada migrated from south to north. Glazner 
and Supplee [1982] proposed that northward migration of 
Cenozoic magmatism was due to northward movement of the 
southern edge of the subducted Farallon/Vancouver plate. 
Glazner and Bartley [1984] proposed that the onset of 
extension similarly migrated northward and that this was due 
to northward migration of the unstable triple junction where 
the Mendocino fracture zone contacted the continental 

margin [see Ingersoll, 1982]. 
The study area is within the southern part of the Basin 

and Range province and encompasses the southwestern one 
fourth of Arizona (Figure 1). Voh•minous marie and felsic 
magmatism and slight to extreme crustal extension affected 
southwestern Arizona between 30 and 10 Ma. The purpose 
of this study is (1) to synthesize geologic and geochronologic 
data that constrain the timing of magmatism and extension 
in southwestern Arizona, (2) to clarify regional migration 
patterns of extension and magmatism, and (3) to assess local 
and regional relationships between extension and magmatism 
and causes of each. This study builds on dozens of detailed 
(mostly 1:24,000 scale) geologic maps produced during the 
past 15 years, many as part of the COGEOMAP program 
between the Arizona Geological Survey and the U.S. 
Geological Survey, aml on more than 160 K-Ar and 
4øAr/39Ar dates, many of which are presented here. 
Geologic Setting 

Mesozoic and Cenozoic magmatism and deformation in 
southwestern Arizona overprinted continental crest that 
consisted of early and middle Proterozoic crystalline rocks 
overlain by Paleozoic platformal sedimentary rocks similar 
to those exposed in the Grand Canyon [Dickinson, 1989]. 
Complex Mesozoic deformation, magmatism, sedimentation, 
and erosion greatly modified the pre-Mesozoic rocks but are 
incompletely understood because of widespread burial by 
Cenozoic supracrustal rocks. The significance of these 
different geologic processes varied greatly within southwest- 
em Arizona. Mid-Jurassic magmatism affected much of the 
western and southern parts of southwestern Arizona but was 
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Figure 1. Location of study area and index map for map 
figures. SE, Sierra Estrella; SM, South Mountains. 

unimportant in central Arizona [Tosdal et al., 1989; Rey- 
no/ds, 1988]. Younger, intense, thrust-related deformation 
in west central Arizona was preceded and accompanied by 
deposition of up to several kilometers of upper Jurassic to 
upper Cretaceous elastic sediments [e.g., Reynolds et al., 

Arizona relation of tilting to volcanism. Note too some thick clastic sequences preceding volcanism.



Figure 4. Frequency plots of volcanism shaded by composition overlain with spatially averaged areal
extension rate, _"!. Transition to volcanism above slab‐window shown by dark grey band. Light grey band
demarcates brief periods of contraction (area decrease) associated with Pacific‐North America plate‐
boundary right‐shear. The dashed grey band in Mojave from ca. 18 Ma–6 Ma indicates a period of local
to potentially regional contraction supported by geologic data [e.g., Bartley et al., 1990] that is in contrast
to the extension indicated by the model. This discrepancy may arise from the highly uncertain position of
the San Andreas fault bounding the Mojave region on the southwest. Dashed black lines denote extension
that may be spurious due to uncertainties in the reconstruction of MW2005.
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McQuarrie and 
Oskin, JGR, 2010intervals defined by the reconstruction of MW2005, e.g.,

2 Myr windows from 0 Ma to 18 Ma, and 6 Myr windows
from 18 Ma to 36 Ma. The frequency of analyses in each
region is normalized by the area of that region at the middle
of each time step. Though extension rate is calculated from
the change in area of the entire region (Figure 3), in detail
strain is not homogeneous in space and time in any region
(Figure 2). Three regions closest to the San Andreas fault
(Mojave, Colorado River Corridor, and Southern Arizona)
undergo a transition from extension to mostly contraction in
the late Miocene (Figure 4). This transition arises largely due
to the onset of significant right shear through portions of
these regions. In the MW2005 model, the transition to con-
traction occurs at ∼6 Ma in the Mojave region, significantly
later than ca. 18 Ma as indicated from some geologic data
[e.g., Bartley et al. 1990]. The highly uncertain position of the
western bounding edge of the Mojave (i.e., the exact paleo‐
location of the San Andreas fault) complicates determining
the exact extensional history of this region.

4. Discussion

4.1. Patterns of Magmatism
[20] Although palinspastically restored NAVDat points

represent analyses and not eruptive volume, space‐time pat-
terns highlighted by NAVDat data still reflect the migration
and intensity of volcanism through time. Even without
palinspastic restoration, several space‐time patterns are evi-

dent in the broader NAVDat data set [Glazner, 2004]. These
include: (1) A southward magmatic sweep fromMontana into
Nevada from ∼55 to about 20 Ma. (2) A clockwise sweep
around the Colorado Plateau from New Mexico to southern
Nevada, from about 36 to 18 Ma. (3) A burst of magmatism
at about 16 Ma in northern Nevada, eastern Oregon and
Washington, followed by outward sweeps to Yellowstone
and southwestern Oregon. (4) A burst of magmatism in the
Sierra Nevada at 3.5 Ma. In the following section we discuss
these patterns of magmatism and extension on palinspasti-
cally restored North American frames. By retrodeforming the
NAVDat and comparing this to plate‐boundary and plate‐
interior deformationwe provide new perspective on the origin
of these overarching patterns (Figures 1–4 and Animations 1
and 2).
4.1.1. Northern Magmatic Sweep: Basin and Range
and Rio Grande Rift
[21] At 36 Ma, magmatism extended from northwest

Nevada across the northern Colorado Plateau to the northern
Rio Grande region. This NW to SE trending band sweeps
southwest from 36 Ma to 24 Ma and stalls at its southern
most location from 24–18 Ma [Dickinson and Snyder, 1978;
Best and Christiansen, 1991; Lipman, 1992; Christiansen
and Yeats, 1992]. Although the largest number of NAVDat
samples is located in Nevada and the northern Rio Grande
Rift area (particularly at 36 Ma), by 24 Ma magmatic centers
have formed across the Colorado Plateau to link the northern
volcanism into one continuous belt (Figure 2b). The NW‐SE

Figure 3. Index map for regions used to compare strain rate and the frequency of volcanism (Figure 4).
Black boundaries represent the eight subregions of the tectonic reconstruction over which strain rate and
volcanism are averaged. Due to overlap the eastern California shear zone‐Walker Lane region (ECSZ) is
outlined in black dashed line. The boundaries are highlighted on both the undeformed (36 Ma) and fully
deformed (0 Ma) grid.
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Recall these are not volumes….


