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lonitic fabrics in the northern Snake Range
may have occurred during this Miocene time
New fission-track data together with interval, very late rather than early in the ex-
1:24 000-scale geologic mapping and analysis oftensional history of the region. Coarse fan-
Tertiary sedimentary deposits provide better glomerate and rock-avalanche deposits in
constraints on the time and nature of motion flanking Tertiary basins provide additional
along the Snake Range décollement, a classicevidence for major tectonism at this time.
Basin and Range metamorphic core complex Comparison of the timing of events in the
detachment fault in east-central Nevada. Here, northern Snake Range to that along strike of
the fission-track method provides a particu- the fault system indicates that Miocene slip
larly effective tool for dating faulting where  along the low-angle northern Snake Range dé-
bracketing or crosscutting relations are not collement and exhumation of extensive foot-
available. These new data suggest that the wall mylonites were coeval with more typical
Snake Range décollement forms part of a more Basin and Range high-angle rotational fault-
extensive, 150-km-long north-south—trending ing in the Deep Creek Range and Kern Moun-
fault system, the Snake Range—Deep Creektains to the north and in the southern Snake
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INTRODUCTION

The northern Snake Range in east-central
Nevada (Fig. 1) is a classic example of a normal
fault-bounded metamorphic core complex devel-
oped as a consequence of Tertiary extension of the
Basin and Range province (e.g., Coney, 1979). A
suite of 13 geologic quadrangle maps for the re-
gion depict in detail the bounding low-angle de-
tachment fault system, the Snake Range décolle-
ment (Miller et al.,, 1994b, 1999a, 1999b;
McGrew and Miller, 1995; Miller and Grier,
1995; Gans et al., 1999, in press; Lee et al., 19993,
1999b, 1999c; Miller and Gans, 1999). Although
closely studied, the origin and tectonic signifi-
cance of the Snake Range décollement remain

Range fault system. This fault system extends Range to the south. This suggests that the two enigmatic. Named and first interpreted as a Meso-

along the eastern flank of the northern and styles of faulting (low-angle detachment and
southern Snake Range, Kern Mountains, and high-angle rotational) can occur simultane-

Deep Creek Range, and accommodated at leastously along the length of a single normal fault
12-15 km of rapid slip in the Miocene, ca. 17 system. Data from the northern Snake Range
Ma. This component of motion is distinctly also underscore the importance of a vertical
younger (by about 15-20 m.y.) than an earlier component of uplift of the range in Miocene

episode of slip and extension across the regiontime, leading to the present domal geometry of
bracketed stratigraphically and geochronolog- the northern Snake Range décollement.

ically as late Eocene—early Oligocene age. When considered together with footwall de-

Apatite fission-track ages (n = 57) in most formational fabrics, the new data are most

zoic thrust fault by Misch (1960), it has been rein-
terpreted as a brittle-ductile transition zone devel-
oped during extension (Miller et al., 1983), as a
low-angle fault with considerable displacement
(Bartley and Wernicke, 1984), as a combination of
a brittle-ductile transition and shear zone with
less displacement (Lee et al., 1987), and as an ex-
ample of a rolling hinge normal fault (Buck,
1988; Lee, 1995).

This paper discusses the timing of exhumation

parts of the Snake Range and adjacent ranges simply explained as the consequence of higher and cooling of the footwall of this metamorphic

cluster at 17 Ma, indicating rapid cooling local geothermal gradients and a shallower
from >125 to <50 °C during exhumation at brittle-ductile transition zone along the north-
that time. In the northern Snake Range, zir- ern Snake Range part of the fault system. It

core complex detachment fault based on fission-
track dating and the record of this uplift as pre-
served in synextensional sedimentary rocks. Al-

con fission-track ages (n = 3) are essentially can be speculated that the Snake Range meta-though the origin of this low-angle detachment

morphic core complex represents the top of a
stretching welt of hotter, deeper level crust
that rose during extension. This rising welt

concordant with the apatite ages, indicating
very rapid cooling from >310 to <50 °C. For-
mation of at least part of the pervasive my-

fault system remains problematic, our new data
indicate that extensional strain along this detach-
ment system was coeval with large displacements

may have been localized by the presence ofalong the Deep Creek Range and Kern Moun-

reviously thickened crust beneath the region
*E-mail: miller@pangea.stanford.edu. P y g
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versity of Melbourne, Parkville, Victoria 3052, fegional magmatism and heating accompany-
Australia. ing rapid extension in Miocene time.
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tains faults to the north and along the southern

;4nd could have been triggered by increased Snake Range décollement to the south. Both are

regions of somewhat less Miocene strain where
high-angle rotational faulting played a key role in
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given a geothermal gradient of 25 °C/km (Fig. 2).
Rapid average slip rates (e.g., >2 km/m.y.) would
result in near-concordant apatite ages and long
track-length distributions over the portion of the
footwall exhumed from hotter than 100-125 °C
during this period of slip (Fig. 2F) (e.g., Green
etal., 1989b). Structurally above this zone of near-
concordant ages would be a zone of systematically
older ages representing the exhumed partial an-
nealing zone, where tracks were not completely
erased before exhumation (Fig. 2F). The horizon-
tal distance across the exhumed totally annealed
section may be added to the inferred thickness of
the nonannealed and partially annealed section
(nominally about 4 km assuming a typical
25 °C/km geothermal gradient) to obtain a mini-
mum estimate of the amount of horizontal exten-
sion (Fig. 2C). This simple approach is compro-
mised if additional heat sources such as
magmatism were present, if more than one major
fault were superimposed, or if significant redistri-
bution of heat occurred by mass flow of footwall
rocks. Because all of these factors may play im-
portant roles in generating the ultimate geometry
of the more controversial low-angle metamorphic
core complex detachment faults, the approach
shown in Figure 2 may not be directly applicable
to such fault systems. Even in these circumstances,
however, the array of fission-track ages still bear
on the specific time and rate of exhumation lead-
ing to the cooling of the samples in question.
Figure 1. Digital relief map of east-central Nevada showing locations of the mountain ranges
discussed in this paper: SSR—southern Snake Range; NSR—northern Snake Range; DCR—GEOLOGIC SETTING
Deep Creek Range; SCR—Schell Creek Range; KM—Kern Mountains; CR—Confusion
Range. The east-dipping Snake Range—-Deep Creek Range normal fault system defines the east-The Snake Range and surrounding mountain
ern flank of these ranges and was responsible for the exhumation of the footwall rocks in theranges are underlain primarily by an upper Pre-
ranges, mostly in Miocene time. Tertiary sediments were deposited and preserved within trans-cambrian to Triassic miogeoclinal shelf sequence
verse zones of deformation between the ranges (e.g., Sacramento Pass basin). Digital base ntgposited along the western continental margin
is from Edwards and Batson (1990a, 1990b). of North America (Fig. 3). Deposition ceased and
these units were gently folded during regional
metamorphism and intrusion of plutons at depth
unroofing footwall rocks. Indirectly, this compar- several kilometers of the overlying normal faulin Mesozoic time (Miller et al., 1988). The Pre-
ison provides new perspectives on the nature sfstem can be used to directly date the time of upambrian to Triassic stratigraphic succession has
low-angle metamorphic core complex detachlift and exhumation related to this slip. Essentiallypeen studied extensively and provides excep-
ment faults and suggests that the observed diffencks from this part of the footwall move relativelytional structural control on subsequent extension-
ences in footwall deformation along strike of thisip and out from beneath the hanging wall duringelated faulting in the region (e.g., Gans and
fault system may be related to greater locahajor fault slip, causing exhumation and coolingviller, 1983; Miller et al., 1983). Information
Miocene heating and crustal flow beneath théhat can be dated by the fission-track methodiscussed in the following suggests that the

cescccsgst®

northern Snake Range. (Fig. 2C). Many studies have now utilized thisnorthern Snake Range décollement forms part of
general approach with excellent results (e.ga more extensive 150-km-long fault system, here
FISSION-TRACK ANALYSIS Foster et al., 1990; Fitzgerald et al., 1991; John atermed the Snake Range—-Deep Creek Range

Foster, 1993; John and Howard, 1995; Howarthult system, which moved first in Eocene-

Apatite fission-track analysis is a particularlyand Foster, 1996; Dumitru et al., 1997). Figure 2 i©ligocene time, and then again in Miocene time,
effective tool for directly dating the exhumationlustrates the basic aspects of this approach for tba. 17 Ma. This single fault system, depicted in
and cooling of footwall rocks that accompany mastudy of high-angle rotational faults. Because fid-igure 3, serves, on a regional scale, to uplift the
jor normal fault slip in the brittle crust (Fig. 2).sion tracks in apatite anneal (are erased) comeeper Precambrian and Cambrian parts of the
Gans et al. (1991) modeled the thermal evolutigpletely above 110-125 °C (e.g., Green et almiogeoclinal succession (which compose the
of the footwall and hanging wall during normal1989a, 1989b), rocks would be exhumed by faulfootwall to this fault system) relative to upper Pa-
fault slip and concluded that fission-track coolingng from sufficient depths (4-5 km) if, for exam-leozoic units. These older footwall units now un-
ages of samples collected from the footwall withiple, slip on 60° dipping faults were at least 5 knderlie the highest peaks of the region in the north-
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Figure 3. Simplified tectonic maps of the Snake Range, Kern Mountains, and Deep Creek Range. (A) Map emphasizing Cenozoic ate#af
footwall rocks of the Cenozoic Snake Range—Deep Creek Range fault system that bounds these ranges on their eastern flanke&tigard bulge
in the Mesozoic Confusion Range synclinorium opposite the northern Snake Range, likely representing the region of greatest ©&lozoic ex-
tension across the fault system. Contours of K-Ar antPAr/ 3%Ar total gas ages and the intrusive ages of igneous rocks are from the compilation of
Miller et al. (1988). (B) Map emphasizing the along-strike continuity and similarities in the Mesozoic history of footwall rosk
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MILLER ET AL.

ern and southern Snake Range and in the De AXxis of
Creek Range, whereas upper Paleozoic hangin W Deep Creek Confusion Range

wall strata underlie the relatively low-lyingand e Range Synclinorium  Confusion
. ”

unextended Mesozoic Confusion Range syncl
norium to the east (Figs. 3 and 4). Within the faul
system, Paleozoic hanging-wall units are cui
tilted, and attenuated by complex arrays of noi
mal faults, particularly in the northern and south
ern Snake Range. Palinspastic restoration Km
structural cross sections suggests thatthegreat .+ 1+ 1+
amount of extension occurred across the northe
Snake Range part of the fault system, where tt
most extensive footwall mylonites are develope: B .
and where the axis of the Confusion Rangesyi o e Snakevaley
clinorium is displaced farthest to the east (Millel
et al., 1983; Gans and Miller, 1983) (Fig. 3). To-
tal extension is less in the southern Snake Ran granite
to the south (McGrew, 1993) and in the Deej|

No vertical exaggeration Kern Confusion
Mountains Range

. Schell
Creek Range to the north (Rodgers, 1987 Creek Northern |
Highly simplified sketches of the cross-sectiona Range Snake Range

geometry of this fault system are shown in Figur Confusion
4. Transverse zones of deformation are prese
between each of the main mountain ranges th
form the footwall to this fault system and appea
to dictate the location or aid in the preservation ¢
Tertiary sedimentary sequences (Fig. 3). Thes
Tertiary sequences are bound on the north at
south along the range fronts by faults with strike
slip as well as normal components of displace

Snake Range
décollement

Schell Creek

ment (Fig. 3). Snsaiitr;ze;r? . .
Here we first highlight aspects of the Meso- g C;J?ner;SIon
zoic history of the footwall rocks that enable us tc Snake Range N ange

establish the pre-Cenozoic structural continuit'
of this block along its entire length, from the
southern Snake Range to the Deep Creek Ran
The subsequent discussion of the Cenozoic hi
tory emphasizes the very different Cenozoit
strain histories in different parts of the footwall.
The fission-track data provide additional stron¢ Figure 4. Schematic cross sections across the Snake Range-Deep Creek Range fault system
support for this inferred pre-Cenozoic footwallbased on interpretations of previous workers: (A) Rodgers (1987); (B) Smith et al. (1991);

continuity. (C) Gans and Miller (1985); (D) McGrew (1993). Short lines represent approximate location and

orientation of mylonitic foliation. Section locations are shown in Figure 5A.

MESOZOIC HISTORY OF FOOTWALL
ROCKS
McCoy Creek Group (unit pCmcl of Miller Other key correlations include the similarity in

Good evidence exists for the original continuet al., 1994b) that exhibits rapid lateral faciesomposition and age of Jurassic plutons (Fig. 3B)
ity of upper Precambrian to Cambrian unityvariations. In the southern Snake Range south ahd the identical stratigraphy of the Cambrian
within the footwall block of the Snake Range-Wheeler Peak, this unit is a massive cliff-forming?ole Canyon Limestone (which also exhibits
Deep Creek Range fault system, despite the ofuartzite. It becomes much thinner and corfairly rapid facies variations in a north-south di-
scuring effects of superimposed Cenozoic defoglomeratic north of Wheeler Peak. In its northrection) on either side of Sacramento Pass.
mation (Figs. 3A, 4, and 5). In the southerrernmost exposures in the southern Snake Ranif#ithin the northern Snake Range, upper Pre-
Snake Range, upper Precambrian and Cambridns a thin, distinctive quartz and chert pebbleambrian and Cambrian units, although strongly
strata are weakly deformed and variably metazonglomerate. It is exposed across Sacramentwylonitized, display map continuity throughout
morphosed adjacent to Jurassic plutons datedRass within a roof pendant in Jurassic plutonithe range (Figs. 3 and 5). Thus, now-mylonitized
160 Ma (Miller et al., 1988) (Figs. 3B and 5).rocks. Although more metamorphosed and ddeotwall units of the northern Snake Range were
These strata were once continuous with coevedrmed, it is still an easily recognized thin peb-once continuous with unmylonitized footwall
strata immediately north of Sacramento Pass ble conglomerate. This unit becomes a massiwmits in the southern Snake Range.
the strongly deformed footwall of the northerrcliff-forming quartzite in exposures in Hendrys Jurassic metamorphic fabrics in the southern
Snake Range (Figs. 3B and 5). One of the kayreek farther north in the northern Snake Rangeart of the northern Snake Range are succeeded
correlations is a quartzite unit in the PrecambriafMiller et al., 1999; Miller and Gans, 1999). northward by Cretaceous metamorphic and defor-
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mational fabrics (Fig. 3B). A series of mineral-inbear on the timing of exhumation, cooling, andbtain a minimum estimate of the amount of slip
isograds related to the Cretaceous metamorphault slip along the Snake Range—Deep Creakuring the time interval in question (Fig. 2C). In
event indicate steadily increasing metamorphiRange fault system. Constraints on the age tfe estimates of fault slip from apatite data pre-
grade northward (Fig. 3B). Swarms of pegmatitéaulting provided by Tertiary sedimentary sucsented here, we conservatively assume a high
dikes (now transposed by deformation to subhocessions add weight to our conclusions based preextension geothermal gradient of about
izontal sill-like bodies) are present in the Smitlihe thermochronologic database. Our discussi@b °C/km, leading to a conservative nominal
Creek region and yield monazite U-Pb ages dfegins with the southern Snake Range, proceettickness of about 3 km for the overlying section.
82 Ma. Nearby metamorphic rocks yield similato the northern Snake Range where our data are

monazite ages of 78 Ma (Huggins and Wrightmost extensive, and then lesser data from ti&outhern Snake Range

1989; Huggins, 1990). In the northernmosSchell Creek Range, Kern Mountains, and Deep

reaches of the Snake Range, even units relativéBreek Range. Figures 5, 6, 7, 8, and 9 summarize The southern Snake Range is underlain by
high in the stratigraphic succession (e.g., Uppé¢iming constraints along the entire length of thgently arched or domed upper Precambrian and

Cambrian and Ordovician) are metamorphosed fault system. Cambrian strata intruded at depth by Jurassic and

upper greenschist grade. Cretaceous plutons. The 36 Ma Young Canyon
Due to lack of exposure, footwall units cannofission-Track Principles and Methods pluton intrudes these same strata along the east

be traced continuously northward across the Kern flank of the range (Figs. 3-5). Incipient mylonitic

Mountains transverse zone into the Kern Moun- For this study, apatite and zircon from footwalfabrics associated with the southern Snake Range
tains. However, Cretaceous plutonic rocks (thquartzites, schists, and granitic rocks were andécollement are developed only along the east-
75 Ma Tungstonia pluton; (Lee et al., 1986) antyzed using fission-track methods (Fig. 5 an@érnmost flank of the range in the upper Precam-
Paleozoic strata metamorphosed in the Cretdiable 1). The use of apatite data for reconstrudirian to Cambrian Prospect Mountain Quartzite,
ceous are exposed in a footwall position in thing thermal, burial, and unroofing histories relies®ioche Shale, and Pole Canyon Limestone. Geo-
Kern Mountains (Fig. 3B). These Cretaceousn the fact that ne##U fission tracks form at an metrically similar ductile to brittle fabrics also in-
metamorphic rocks can be mapped northwaressentially constant rate and with an essentialiplve the Young Canyon pluton (McGrew, 1993).
across the west end of Pleasant Valley (Fig. ®pnstant initial track length, while tracks are siPalinspastic restoration and analysis of balanced
into the main region of exposure of late Precanmultaneously annealed (erased) by elevated sulyoss sections allowed McGrew (1993) to esti-
brian and Cambrian rocks in the Deep Creegurface temperatures (e.g., Green et al., 198%aate that the southern Snake Range décollement
Range, where they were also involved in Lat@989b; Dumitru, 1999). At temperatures hotteand associated footwall mylonites accommo-
Cretaceous deformation and metamorphisitihan 110-125 °C, annealing is total, erasing atlated between 8 and 18 km of total displacement
(Miller et al., 1988; Rodgers, 1987). A point oftracks and resetting the fission-track clock tan Tertiary time, during(?) and after the intrusion
interest is that across the northern Snake Rangero. If such samples then cool rapidly to temef the Young Canyon pluton. Any offset along
and the Kern Mountains, higher Miocene temperatures cooler than about 50 °C, such as duriggunger, range-bounding faults is minor as only
peratures and possibly mylonite developmergxhumation, their fission-track ages will directlya thin (<1 km) accumulation of Tertiary sedimen-
seem to be superimposed on rock sequences thate the time of cooling (Fig. 2F). Where initialtary rocks is present in the valley between the
have all undergone peak metamorphism in Latemperatures are cooler than 110-125 °C, suchssuthern Snake Range and Confusion Range
Cretaceous time. Although earlier Oligocene pluat shallower levels in the crust, annealing is patMcGrew, 1993) (Fig. 4). K-Ar antPAr/3%Ar to-
tons are present in the Deep Creek Range, Kelial, which reduces apparent ages and tradkl gas white mica ages from footwall rocks in-
Mountains, and southern Snake Range, they dengths but does not reset the fission-track cloarease systematically westward, from Miocene
not appear to have been the main source of heatmpletely to zero. If such samples cool duringl8—20 Ma) on the east side of the range to as old
for the bulk of the Tertiary metamorphism in thaunroofing, the observed fission-track ages will bas 160 Ma on the west side (Fig. 3A) (Miller
northern Snake Range. older than the time of cooling and the track lengtht al., 1988). The old ages on the west side reflect
In summary, footwall units of the Snakedistributions will exhibit a significant componentthe main (Jurassic) metamorphic and intrusive
Range-Deep Creek Range fault system haveo&ishort tracks that formed and were only parevent that affected this area, and indicate resi-
common depositional, metamorphic, and intrusivéally annealed before the cooling event. Thugjence of rocks at temperatures cooler than about
history that supports the conclusion that thegbserved ages and track lengths will vary sy850—400 °C since that time. The intermediate
formed a coherent tract of rocks at least 150 kiwematically with former sample depth, as outlinedges are presumably mostly partially reset ages
long from north to south prior to disruption byin Figure 2, D—G. that do not directly date cooling, but reflect par-
Cenozoic deformation. This structural continuity Fission tracks in zircon anneal at higher tential argon loss during younger events.
is further supported by the similarities in higheperatures than those in apatite and thus constrain\We analyzed apatite from 9 samples of granitic
temperature cooling histories based on K-Ar ankigher temperature parts of the cooling historyocks and 12 samples of low-grade metaquartzite
total gas'Ar/3°Ar ages (Fig. 3A) and especially The exact annealing temperatures for zircon afeom the footwall of the southern Snake Range dé-
by the similarities in apatite fission-track ages weurrently less well calibrated than for apatite. Asollement (Table 1 and Figs. 5-7). Virtually

discuss below. summarized in Tagami and Dumitru (1996), well granitic samples yielded high-quality data,
prefer a zircon annealing window of 230 °C (eswhereas quartzite samples yielded only fair data

CENOZOIC HISTORY OF FOOTWALL sentially no annealing) to 310 °C (total annealand commonly had apatite yields that were too low

ROCKS ing) for a heating duration of the order of 10 m.yto allow useful track length data to be collected.

and will assume those values for this study.  The results show a clear geographic distribution;

The following discussion highlights key as- The horizontal distance that exposes totally resamples from the eastern and central part of the

pects of the Cenozoic deformational history o$et samples in the tilted footwall of a fault blockange cluster tightly around 17 Ma in age and ex-
footwall rocks, the timing constraints on the agenay be added to the inferred thickness of thigibit long mean track lengths with tight distribu-

of mylonitic fabrics, and fission-track data thatoverlying unreset and partially reset section ttons. Plots of age versus east-west location for
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TABLE 1. FISSION TRACK SAMPLE LOCALITY, COUNTING, AND AGE DATA

Sample Irradiation Latitude  Longitude Elevation No Spontaneous Induced P(x?) Dosimeter Analyst Age+1lo
number number (°N) °w) (m) xls Rho-S NS Rho-I NI (%) Rho-D ND (Ma)
Northern Snake Range apatite samples

20-189-3 LU012-03 39°11'20" 114°05'28" 1951 20 0.0714 95 1.2540 1667 27.0 1.2320 5792 ELM 123+1.3
CH-25* LU006-07  39°19'28" 114°08'28" 2024 20 0.2645 458 3.8480 6662 24.0 1.3600 5424 ELM 16.4+0.8
CH-26* LU005-08  39°19'42"  114°08'20" 1963 21 0.1668 292 2.3570 4126 2.9 1.3180 4356 ELM 16.4+1.3
FT-1 LUO011-05 39°13'34"  114°06'33" 2097 20 0.1858 152 3.4770 2845 94.0 1.3200 6052 ELM 124+1.0
FT-8* LUO011-06 39°14'01"  114°06'13" 2472 20 0.0903 98 1.2020 1305 22.0 1.3420 6052 ELM 17.7+1.9
FT-9 LU011-07  39°14'03" 114°09'01" 2316 20 0.0590 65 1.0490 1156 34.0 1.3650 6052 ELM 135+1.7
FT-10* LUO011-08 39°14'24"  114°10'06" 2621 20 0.1144 186 1.5730 2558 14.0 1.3880 6052 ELM 17.7+x1.4
FT-15* LUO011-09 39°14'34"  114°08'12" 2871 20 0.5280 342 8.3190 5388 26.0 1.4110 6052 ELM 15.7+0.9
FT-19WS LUO11-10  39°19'02" 114°18'33" 2073 21 0.1038 101 1.6020 1559 49.0 1.4330 6052 ELM 16.3+1.7
FT-25WS* LUO11-11 39°19'22"  114°17'03" 2515 20 0.2924 329 4.2700 4804 1.4 1.4580 6052 ELM 175+1.3
FT-30 LU024-11 39°13'12"  114°05'08" 2134 13 0.1067 80 1.3650 1023 0.0 1.2620 5616 ELM 174 +3.7
FT-31* LUO11-12 39°12'38"  114°04'47" 1811 20 0.1148 132 1.9510 2243 0.2 1.4800 6025 ELM 17.0+£22
FT-32* LU006-05 39°12'26"  114°04'25" 1768 20 0.4359 231 6.0030 3181 53.0 1.2900 5424 ELM 164+1.1
FT-33 LU024-12 39°11'37"  114°08'40" 2622 19 0.0926 87 1.1570 1087 66.0 1.2750 5616 ELM 17.9+2.0
FT-34 LU024-13  39°11'28" 114°08'37" 2463 21 0.0945 79 1.1380 951 72.0 1.2900 5616 ELM 18.8+2.2
FT-36 LUO011-13 39°11'06" 114°13'10" 2579 21 0.0652 71 0.8145 887 32.0 1.5030 6052 ELM 21.1+26
JL3-16-117 LU012-02 39°23'10" 114°18'20" 2250 25 0.1581 303 1.9440 3724 32.0 1.2150 5792 ELM 17.3+1.1
Jomt LUO05-11 39°10'50"  114°08'21" 2256 22 0.0782 99 1.4140 1791 27.0 1.3750 4356 ELM 13.3+x1.4
OM-5 LU012-05 39°12'02"  114°14'55" 2377 20 0.0717 100 0.9089 1267 74.0 1.2700 5792 ELM 176 +1.8
PCM2 LU012-08 39°13'40"  114°07'32" 2200 15 0.1217 62 2.0540 1047 6.6 1.3250 5792 ELM 13.8+1.8
PEG-DMC* LU012-07  39°18'30" 114°13'00" 2169 19 0.1192 199 1.7160 2865 28.0 1.3700 5792 ELM 16.7+1.2
UP-31 (clast)* LUO013-10 39°08'12"  114°14'30" 2000 22 0.0917 166 1.1560 2093 34.0 1.3990 5878 ELM 195+1.6
UP-33* LUO013-11 39°09'15"  114°17'22" 2200 20 0.1757 158 2.6310 2366 11.0 1.4250 5878 ELM 16.7+1.4
Deadman LU032-05  39°17'16" 114°11'26" 2682 20 0.0684 72 1.4140 1488 46.0 2.6550 11988 RWB  223+27
FT-41T LU032-08 39°09'47"  114°10'08" 3158 20 0.5448 394 18.2400 13190 1.2 2.8850 11988 RWB 15.7+x1.1
FT-45A (clast) LU032-09  39°07'50" 114°07'37" 1768 20 0.0936 55 1.8460 1085 71.0 29610 11988 RWB  26.1+3.6
FT-45-1 (clast) SU040-18  39°07'50"  114°07'37" 1768 18 0.0840 130 1.8040 2792 15.0 1.6580 4197 TAD 150+1.4
FT-45-4 (clast) SU040-19  39°07'50"  114°07'37" 1768 40 0.1037 147 2.2880 3243 8.6 1.6580 4197 TAD 146+1.3
TC-7 (clast) LU032-07  39°19'42" 114°03'50" 1689 20 0.3095 346 6.5000 7267 9.9 2.8080 11988 RWB  232+15
Ely-1C (clast) SU040-17  39°19'42"  114°03'50" 1689 16 0.0766 63 1.7610 1448 60.0 1.6280 4197 TAD 13.8+1.8
Northern Snake Range zircon samples

Deadman LU068-09 39°17'16"  114°11'26" 2682 11 1.8750 457 2.9540 720 78.0 0.5667 2587 RWB 158+1.0
FT-10 LU068-07 39°14'24"  114°10'06" 2621 14 1.0730 617 1.6480 947 28.0 0.5624 3130 RWB 16.1+0.9
FT-31 LU068-08 39°12'38"  114°04'47" 1811 11 0.9349 475 1.5820 804 59.0 0.5674 2587 RWB 14.7+0.9
Southern Snake Range apatite samples

Strawberry* LU012-13 39°03'32"  114°17'32" 2350 23 0.0982 189 1.4670 2823 12.0 1.4170 5792 ELM 16.6 +1.3
UP-18* LU013-05  38°51'30" 114°13'13" 2500 23 0.1124 106 1.3820 1303 79.0 1.2620 5878 ELM 18.0+1.8
UP-20* LU013-06 38°51'40" 114°11'30" 2000 21 0.1345 133 1.8190 1799 4.5 1.2600 5878 ELM 16.7+1.8
UP-54 LU014-01 39°01'34"  114°17'18" 3050 20 0.3813 355 3.2780 3052 7.2 1.2200 5626 ELM 249+14
UP-59 LU014-02  39°01'10" 114°14'03" 2360 20 0.1656 149 1.8130 1632 20.0 1.2400 5626 ELM 19.9+1.7
WC-2 LU012-09 39°01'59"  114°22'02" 2260 20 0.0318 52 0.3046 498 90.0 1.3430 5792 ELM 246 +3.6
FT-44 (clast) LU032-02  38°55'28" 114°06'16" 1800 20 0.0740 100 1.9610 2651 73.0 24250 11988 RWB 159+1.6
93SRFT-15 SU029-12  38°56'38" 114°18'01" 3389 10 0.2178 90 2.0890 863 0.4 1.7940 5079 TAD 26.3+6.6
93SRFT-16* SU029-14  38°56'26" 114°16'34" 2975 48 0.0810 332 1.5700 6438 20.0 1.8220 5079 TAD 18.1+1.1
93SRFT-22/23 SU029-15  39°00'11" 114°19'07" 3231 43 0.4426 583 5.6650 7462 6.0 1.8220 5079 TAD 27.4+1.2
93SRFT-24 SU029-16  39°00'03"  114°19'13" 3426 2 0.9397 95 6.6670 674 28.0 1.8410 5079 TAD 49.9+55
93SRFT-25 SU029-17  38°59'52"  114°19'17" 3536 2 0.8519 53 6.5420 407 22.0 1.8410 5079 TAD 46.1+6.8
93SRFT-26/27  SU029-18  38°59'10" 114°18'48" 3981 4 0.5734 34 6.6950 397 90.0 1.8590 5079 TAD 30.7+55
93SRFT-28 SU029-19  38°59'17" 114°18'58" 3822 14 0.5764 246 6.3760 2721 4.9 1.8590 5079 TAD 32.0+3.0
93SRFT-29* SU029-20  38°55'47"  114°15'05" 2524 29 0.0710 170 1.4220 3405 34.0 1.8780 5079 TAD 181+1.4
93SRFT-30* SU029-21  38°55'27"  114°14'08" 2402 40 0.0794 251 1.5800 4992 0.8 1.8780 5079 TAD 184+1.4
93SRFT-31* SU029-22  38°55'22"  114°13'54" 2377 44 0.0654 198 1.4940 4525 47.0 1.8970 5079 TAD 16.0+£1.2
WPFT-1 SU034-04  38°55'03"  114°21'05" 2426 18 0.5566 474 6.0690 5168 56.0 1.6220 4808 TAD 286+14
WPFT-2 SU034-05  38°55'20"  114°21'20" 2213 6 0.0686 24 1.1120 389 56.0 1.6220 4808 TAD 19.3+4.1
WPFT-4 SU034-07  38°55'19"  114°19'35" 2773 14 0.3107 116 3.5230 1315 44.0 1.6430 4808 TAD 279+27
WPFT-5 SU034-08  38°55'14"  114°18'55" 3042 6 0.2380 28 3.8260 450 15.0 1.6630 4808 TAD 19.9+3.9
Southern Snake Range zircon samples

93SRFT-29 SU039-13  38°55'47"  114°15'05" 2524 17 3.9950 1138 6.4210 1829 1.8 0.3065 4728 TAD 429+23
93SRFT-30 SU039-17  38°55'27"  114°14'08" 2402 7 4.9900 941 8.5420 1611 0.0 0.3129 4728 TAD 40.2+3.7
93SRFT-31 SU039-15  38°55'22"  114°13'54" 2377 12 40730 1172 6.6860 1924 8.5 0.3108 4728 TAD 422+1.7
Schell Creek Range apatite samples

PBG107B LU012-11  39°15'42"  114°30'27" 1900 20 0.0675 69 0.9773 999 97.0 1.3800 5792 ELM 16.7+2.1
95BR-125 SU028-19  39°19'38"  114°31'06" 2030 11 0.2821 34 7.3250 883 72.0 1.7610 4949 TAD 13.1+23
95BR-126 SU028-20/21 39°22'30"  114°31'38" 2010 52 0.1725 255 4.2710 6315 5.2 1.7740 4949 TAD 13.8+0.9
95BR-127 SU028-23  39°26'27"  114°32'12" 1980 17 0.2687 151 6.7150 3773 68.0 1.7860 4949 TAD 13.8+1.2
95BR-129 SU028-25  39°33'49" 114°33'12" 1900 5 0.3529 59 5.6220 940 41.0 1.7990 4949 TAD 21.8+29
Schell Creek Range zircon samples

PBG107 LU025-08 39°15'42"  114°30'27" 1900 20 6.5180 2707 6.2550 2598 0.0 0.6428 1483 RWB 30.3+19
UP-45A LU025-07 39°28'20"  114°36'37" 2725 10 7.9290 906 1.6980 194 35.0 0.6207 2647 RWB 126.+10.0
UP-61 LU025-05 39°29'17"  114°30'32" 2000 10 5.8110 669 3.2570 375 0.1 0.5955 2647 RWB 473 +55
UP-64 LU025-06 39°22'30"  114°32'53" 2000 9 3.5740 333 1.7820 166 75.0 0.6113 2647 RWB 535+5.2
Kern Mountains apatite sample

SCt LU005-03 39°38'32"  114°04'55" 2350 20 0.0699 105 0.8157 1226 66.0 1.2600 4356 ELM 189+1.9
894 Geological Society of America Bulletin, June 1999



SNAKE RANGE-DEEP CREEK RANGE FAULT SYSTEM, NEVADA

TABLE 1 (CONTINUED).

Notes: Abbreviations: No xls—number of individual crystals (grains) dated; Rho-S—spontaneous track density (x10° tracks per square centimeter); NS—number of
spontaneous tracks counted; Rho-l—induced track density in external detector (muscovite) (x10° tracks per square centimeter); Nl—number of induced tracks counted;
P(x?)—x? probability (Galbraith, 1981; Green, 1981); Rho-D—induced track density in external detector adjacent to dosimetry glass (x10° tracks per square centimeter);
ND—number of tracks counted in determining Rho-D. Age is the sample fission track age; pooled age (Green, 1981) given when P(x2) > 5%, otherwise central age given
(Galbraith and Laslett, 1993), calculated using zeta calibration method (Hurford and Green, 1983).

The following is a summary of key laboratory procedures. Samples analyzed by E. Miller and R. Brown were analyzed at La Trobe University; samples analyzed by
T. Dumitru were analyzed at Stanford University. Apatites were etched for 20 s in 5N nitric acid at room temperature. Zircons were etched in eutectic NaOH:KOH melt at
~225 °C for 8-100 hr until well etched. Grains were dated by external detector method with muscovite detectors. Dosimetry glasses with external detectors were used as
neutron flux monitors. Zeta calibration factors for specific minerals and dosimetry glasses were 351.25 (ELM apatite with glass SRM 612); 348 (RWB apatite with SRM
612); 389.5 (TAD apatite with glass CN5); 87.7 (RWB zircon with glass U3 for irradiation LU025); 88 (RWB zircon with U3 for irradiation LU068); and 447.3 (TAD zircon
with CN5). Samples were irradiated in well-thermalized positions of Oregon State University (Stanford) or Lucas Heights reactor (La Trobe). External detectors were
etched in 48% HF. At Stanford, tracks were counted with Zeiss Axioskop microscope with 100x air objective, 1.25x tube factor, 10x eyepieces, transmitted light with
supplementary reflected light as needed; external detector prints were located with Kinetek automated scanning stage (Dumitru, 1993). At La Trobe, tracks were counted
with Zeiss Universal microscope with 100x air objective, 1.25x or 1.6x tube factor, 10x eyepieces, transmitted light with supplementary reflected light as needed; external
detector prints were located with Autoscan automated scanning stage (Smith and Leigh-Jones, 1985). Only grains with c-axes subparallel to slide plane were dated.
Confined tracks lengths were measured only in apatite grains with c-axes subparallel to slide plane; only horizontal tracks measured (within £~5°-10°), following protocols
of Laslett et al. (1982). Lengths were measured with computer digitizing tablet and drawing tube, calibrated against stage micrometer (e.g., Dumitru, 1993). Data reduction
was done with program by D. Coyle.

*Falls in totally reset cluster in Figure 6A; used in calculation of weighted mean age for range.

TApproximate locality.

these samples show no apparent systematic vaisaitant mean is 17.4 Ma with a Lincertainty of press). In the Murphy Wash region (Figs. 5 and 9),
tion in age with distance from the eastern rang&5 Ma (e.g., Dumitru, 1990, equations A2 andhormal faults sole into the southern Snake Range
front (Fig. 7B). In contrast, samples from the westA3). This serves as the best estimate of the avelécollement, and both hanging-wall faults and the
ern flank of the range are distinctly older, rangingge time that the currently exposed rocks in théted Paleozoic sequences they bound are uncon-
to 50 Ma, and exhibit broad, complex length dissouthern Snake Range cooled below 100 °C, tiiermably overlain by a gently dipping conglom-
tributions with many short tracks (these samplesffective closure temperature of the apatite sygrate. This conglomerate is in turn overlain by a
are designated PR in Fig. 5). We also analyzed ztem in this situation. We also calculated meathin, unwelded crystal-rich rhyolite tuff dated as
con from three granitic samples. These samplesges for other areas (northern Snake Range &3-07 + 0.07 Ma and by a thick dacite ignimbrite
which are from a restricted area in the center of ttagites and zircons, Schell Creek Range apatitedated as 30.29 + 0.07 Ma (P. B. Gans, 1998, un-
range, yield concordant ages averaging 42 Mand Kern Mountain apatites) that proved essepublishedAr/ 3%Ar data). On the basis of its age,
The 17 Ma apatite samples were annealed &ally concordant with 17 Ma (discussed in thecomposition, and the presence of conspicuous
temperatures hotter than 110-125 °C before codbllowing), as well as an overall weighted meararge biotite phenocrysts, the dacite is correlated
ing rapidly at 17 Ma. This is indicated by theirfor all of the areas of 16.41 + 0.25 Ma 1 with the Cottonwood Wash Member of the Nee-
track length distributions and by the concordance On the basis of the reasoning discussed prewdies Range Group (Best et al., 1989). These rela-
of ages over a wide geographic area. The lorausly for calculating minimum amounts of faulttions provide compelling evidence for pre-31 Ma
track lengths require that the samples cooleslip based on apatite data (Fig. 2), at least 15 kstip on this part of the fault system. In contrast,
rapidly to near surface temperatures (<50 °Q)f slip occurred along the southern Snake Rangdéong the eastern flank of the southern Snake
within several million years, indicating a mini- décollement in Miocene time; 12 km calculatedrkange near Big Wash and Snake Creek (Figs. 5
mum bound for the cooling rate of at least aboditom the horizontal distance across the range eand 9), tilted Tertiary fanglomerate sequences are
10-15 °C/m.y. (e.g., Green et al., 1989b). Thposing 17 Ma samples, plus an inferred 3 km as thick as 2 km and dip 40° to the west into the
older samples are inferred to have cooled at timeore for the overlying partially annealed samplesapped continuation of the southern Snake
same time, but from lower temperatures (and préFigs. 2, 5, 7, and 8). The fission-track data leav®ange décollement, which here dips 20° to the
sumably less burial) where the fission-track clockpen the possibility of a somewhat greateeast (McGrew and Miller, 1995). These deposits
was not completely reset to zero. This is evidencemmount of slip in Miocene time as well as theeommonly contain clasts of Needles Range vol-
by the systematic trend in these samples towapbssibility of pre-Miocene slip on this fault. Ascanics, and so are younger than 31 Ma. The se-
older ages and shorter mean track lengths (Fifpr slip and exhumation since 17 Ma, the longjuences also locally contain abundant clasts of
6A), indicating that short, pre-17 Ma tracks ardrack lengths in the 17 Ma samples indicate thé®otwall marble mylonite and granitic boulders
still present (e.g., Green et al., 1989a, 1989hey have resided at burial temperatures beloderived from Jurassic granite currently exposed in
Dumitru, 1999). 50 °C since soon after the 17 Ma cooling eventhe Snake Creek drainage. Apatite from one of
In order to obtain the best possible estimate dherefore any late Miocene to recent exhumatiaese granitic clasts (sample FT-44) yields a fis-
the age of cooling in the southern Snake Rangeas totaled no more than about 2 km. This infesion-track age of 15.9 + 1.6 Ma, concordant with
and the uncertainty on that age, we calculatedesmce is compatible with geologic data that sugages from the nearby footwall rocks, and indicates
weighted mean age and corresponding uncegest that any steeper faults bounding the east si@ld6 Ma or younger age for these sedimentary
tainty from the ages of the seven southern Snaké the southern Snake Range have limited disecks. Deposition in this basin was coupled to slip
Range samples that are within the shaded 17 Ndéacement, based on the insignificant thicknessong the currently low-angle fault bounding the
cluster in Figure 6A (these samples are indicateaf valley fill deposits between the southern Snakerestern side of the basin; we previously mapped
in Table 1). These are the samples that exhidRange and the Confusion Range (Figs. 3 and 4jis fault as the southern Snake Range décolle-
track length distributions characteristic of rapid Tertiary sedimentary sequences in the southement. We now realize that this particular fault (la-
cooling from total annealing temperatures: th&nake Range support these conclusions and ph®led 2 in Fig. 4D) must be younger, and perhaps
tight clustering and the fact that useful trackide strong evidence for a two-stage history ofuts the older portion of the southern Snake
length data could be collected indicate that theyotion along the southern Snake Range décollRange décollement mapped farther west and
are generally the better quality samples. The resent (McGrew and Miller, 1995; Miller et al., in south in the range. In map view and cross section,
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Figure 6. (A) Plot of apatite fission-track age vs. mean track length for northern and southern Snake Range (NSR, SSR) samlew/hich
track length data could be collected. Apatite samples that cool rapidly from hotter than 125-100 °C (total annealing temperais) to cooler than
50 °C should exhibit long mean track lengths of 14-15.8n (Gleadow et al., 1986; Green et al., 1989a, 1989b). Note pronounced clustering of sam-
ples with such lengths around an age of 17 Ma, indicating major cooling at that time. Samples from the western flank of the ket Snake Range
exhibit systematically older ages and shorter mean track lengths, interpreted to indicate cooling at 17 Ma but from starting tperatures insuf-
ficient to fully anneal tracks (cooler than 100-125 °C) (cf. Green, 1989). This is evidence of lesser unroofing in this aregP(@ of apatite fission-
track ages for samples for which track length data could not be collected due to, e.g., low track numbers and low apatite yidRist also includes
zircon fission-track ages. All of these samples are inferred to be totally annealed and to directly date cooling, except foresofithe southern Snake
Range apatite samples, possibly the southern Snake Range zircon samples, possibly a few of the northern Snake Range sample§,airidea
Schell Creek Range zircon samples. Total annealing is inferred because of the consistency of ages, the fact that nearby saxpibi 14—15.5um
mean lengths (northern and southern Snake Range), and the concordance of zircon and apatite ages (northern Snake Range). Qddéteaages
from western flank of southern Snake Range reflect cooling at 17 Ma from temperatures insufficient to fully anneal tracks (<125). Gans et al.
(1991) reported apatite and zircon fission-track data and biotité%Ar/ 3%Ar ages from the Deep Creek Range and interpreted them to indicate ex-
tended cooling over about the period 18-14 Ma, overlapping with the strong 17 Ma age cluster shown here.

the two faults merge into one another, so that doSnake Range décollement, (1) pre-31 Ma motia@al slip estimated by McGrew (1993) for the
umenting their crosscutting relations was imposn its western reaches, and (2) Miocene motiorsouthern Snake Range décollement.

sible without data on the relative timing of faultongoing at 17 Ma, along the entire eastern flank of Three zircon samples from a restricted area in
slip. In summatry, the information discussed hertine range. Miocene slip, estimated to be at least it center of the range yielded concordant ages
indicates two periods of motion on the southerkm, thus accounts for most of the 8-18 km of tofFigs. 5 and 6B) with a weighted mean age of
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Figure 7. Plot of apatite fission-track ages vs. distance from the easternmost flank of the southern and northern Snake Ralmgie northern
Snake Range (A), ages are essentially invariant across the entire width of the range and indicate major cooling at 17 Ma. Irstheéhern Snake
Range (B), apatite ages are invariant across the entire width of the range and also indicate major cooling at 17 Ma. Sampldsaliter ages along
the western margin of the range were at shallower depths where fission-track annealing was only partial before cooling at 17 Mach of the
age-scatter exhibited by these older samples correlates with sample elevation and derives from the fact that higher elevasiopkes were at shal-
lower burial depths and thus lower burial temperatures before cooling at 17 Ma.
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42.2 + 1.3 Ma. These ages may indicate maji White m{ifn%“lg_Aﬁ{fags\é Stotal gas
cooling at that time, in which case they may re - 60
flect some of the pre-29-31 Ma faulting in the
range. Alternatively, these may be mixed age @o(/ L 50 .
that do not directly date a specific cooling even % g
In either case, these ages, in conjunction with tl Southern Snake Range | 40 <
apatite data, indicate that before the start of the oy
Ma coolir!g event, samples in the center of th Schell Creek Range | 30 f
range resided at crustal temperatures somewh o c
between about 125 and 300 °C. The samples w \ Northern Snake Range 20 %
older apatite ages on the west flank of the ran 1 23 km—— Q
resided at temperatures <110-125 °C before t 1{ Ma — = 9 km 17 Ma =
start of the 17 Ma exhumation event, and th , ) - 10

. . Mean FT Age in Northern Snake Range Deep Creek Range
18-20 Ma white mica argon ages along the ea
ernmost flank of the range (Fig. 3A) indicate —T .//. 11—+ 0
temperatures hotter than about 350 °C before ¢ 40 20 10 0

humation. Together, these data indicate asyr
metric Miocene exhumation of the range, witl et Distance from eastern range front East
much greater exhumation on the east, and st
gest that the tilted fault-block model of Figure z Figure 8. Schematic plot of fission-track (FT) ages with respect to distance as measured from
is likely applicable to the southern Snake Rangithe eastern flanks of the ranges. All data are from this paper, except the Deep Creek Mountains
data, which are summarized from Gans et al. (1991). As per the model of Figure 2, minimum es-
Northern Snake Range timates of the amount of Miocene slip (and the minimum horizontal extension) are given by
summing the horizontal distances measured between samples that yield concordant ages and
The well-developed footwall mylonites of thelong track length distributions with the inferred conservative 3 km thickness estimate for the
northern Snake Range stand in contrast to tloverlying partial annealing zone. The distances exhibiting concordant ages are indicated for
general lack of such fabrics in the southern Snaleach range in question.
Range. The severe thinning of stratigraphic unit
in the footwall of the northern Snake Range vel
sus the southern Snake Range (Fig. 4) is the camrust where they developed at higher temperaide of the range resided at higher temperatures for
sequence of this strain. The thick section of Tetures (Lee et al., 1987). Thus, footwall rocks untonger periods of time, and that this relationship
tiary strata exposed between the two ranges in tderwent penetrative deformation and wholesalwas compatible with asymmetric unroofing of the
Sacramento Pass area obscures the exact reasmange in shape as detachment faulting and exnge. Lee (1995), utilizing multiple diffusion do-
for this abrupt northward strain gradient. Theshumation took place. For these reasons, it imain analysis of “0Ar/3%Ar data from
differences in strain are coupled with differencebkely that the northern Snake Range does nét-feldspars, showed that rocks along the eastern
in the Miocene thermal history of the two parts ofepresent a rigid tilted fault block, compromisingside of the range resided at temperatures above
the Snake Range (discussed in the following) arttle direct utility of the fission-track approach il-300 °C throughout Oligocene time, until about
together may be key reasons for the localizatidnstrated in Figure 2. 20 Ma. In contrast, the western side of the range
and preservation of the Sacramento Pass sedi-Mylonitic fabrics overprint Late Cretaceous in-had already cooled below 300 °C by 46 Ma. These
mentary basin. trusive and metamorphic rocks on the northweslata indicated differential cooling (earlier on the
Map units in the footwall of the northernflank of the range. Muscovite from an undeformedvest) and suggested at least two, and perhaps
Snake Range décollement are everywhere gentlyyolite porphyry dike that cuts mylonitic fabricsthree, episodes of rapid cooling related to slip on
dipping and parallel to the overlying low-angleyielded a plateau age of 36.9 + 0.3 Ma, wheredke overlying detachment fault. Based on the mod-
detachment fault (Figs. 4 and 5). All units are sesompositionally similar (but undated) dikes to thesling of the K-feldspar data, supplemented by our
verely thinned and are stretched in a N60W diast are involved in the mylonitic deformationpreliminary apatite fission-track data, these epi-
rection, the result of strain associated with the dsuggesting a two-stage history for mylonite devekodes were thought to be middle Eocene (48-41
velopment of mylonitic fabrics (Miller et al., opment (Lee and Sutter, 1991; Lee et al., 1987)a), late Oligocene (30-26 Ma), and early
1983; Lee et al., 1987; Lee and Sutter, 1991). THeontours of K-Ar and total ga8Ar/3%Ar ages Miocene (20-16 Ma) age (Lee, 1995). However,
10°-20° dipping fault system exposed along thmimic the strain gradient within the footwall rocksfootwall rocks across the entire eastern half of the
east side of the range and the parallel footwallith a systematic decrease eastward from a highmainge, from the range crest to its eastern flank, ap-
fabrics can be followed in the subsurface on sei0 Ma to a low of 20 Ma (Fig. 3A). This pattern isparently resided at temperatures above 300 °C un-
mic reflection data. These reflectors are not offsimilar to that observed in the southern Snak# the youngest event. The fission-track data indi-
set by any significant faults between the Snakeange, but all ages are younger and the “chronate exhumation of footwall rocks in Miocene
and Confusion Ranges (Gans and Miller, 1985jours” are more widely spaced. Based on théme, ca. 17 Ma. Lee (1995) argued that all my-
Strain associated with mylonitic fabrics systemprevalence of disturbé8Ar/3%Ar spectra, Lee and lonitization was likely over by 20 Ma, but the com-
atically decreases westward in the range arfltter (1991) reasoned that the gradient in ages diished zircon and apatite fission-track data (dis-
eventually dies out along the very northwesternot indicate progressive cooling, but rather was thaissed in the following) leave open the possibility
edge of the range (Fig. 3A) (Lee et al., 1987; Leresult of both cooling and one or more reheatintpat mylonitic fabrics along the eastern side of the
and Sutter, 1991). The fabrics and associatexents with attendant partial argon loss. They corange could be slightly younger, perhaps as young
strain are inferred to continue with depth in theluded, however, that the rocks along the easteas 17 Ma.
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We analyzed 22 apatite and 3 zircon samplésg valleys. Along strike of this bend to the southiliocene age, occurring ca. 17 Ma, or perhaps
from the footwall of the northern Snake Range single, down-to-the-west normal fault has beeolder. In any case, Miocene temperatures in the
(Table 1). All metamorphic and plutonic rocksmapped, the displacement of which increasesust were considerably lower here than in the
yielded abundant apatite, generally of good to exsouthward. This fault apparently also served to acerthern Snake Range.
cellent quality. Many of the metamorphic rockscommodate uplift of the crest of the range relative Tertiary sedimentary and volcanic rocks flank
yielded particularly high quality apatite, whichto its western flank (Figs. 3, 4, and 5). These struthe northern Snake Range and are best exposed in
grew during Cretaceous amphibolite facies metaudres in combination could be viewed as the restitte Sacramento Pass and Kern Mountains trans-
morphism and which is still coarse grained desf isostatically driven vertical uplift and associ-verse zones (Fig. 3). These sequences shed addi-
spite severe grain-size reduction of the enclosireged doming of the northern Snake Range. If stpnal light on the timing of faulting in the Snake
rocks during mylonitization. our fission-track ages from this side of the rangRange and provide supporting evidence for the

Of the 14 apatite samples with track lengttmay date this uplift, but not necessarily the age tivo-stage history of fault motion outlined from
data, 11 cluster tightly around an age of about 1slip along the western part of the northern Snakbe thermochronologic data.

Ma and a mean track length of 14-15.5 mm, aridange décollement. Available fission-track data The Tertiary section in Sacramento Pass is
the remaining three plot only slightly outside ofrom the Schell Creek Range are much more linabout 2 km thick, generally dips about 30°—40° to
this cluster (Fig. 7A). The remaining samplested than in the northern Snake Range, and tlikee west, and was deposited unconformably over
without length data also generally cluster arounduality of the dated apatites (mostly from low-Paleozoic strata (Grier, 1983, 1984; Miller and
a 17 Ma age (Fig. 7B). The weighted mean age gfade metaquartzites) is quite poor. However, fogrier, 1995). The Tertiary section and underlying
the 11 well-clustered samples in Figure 7A probsamples from the base of the Schell Creek fautbcks are now fault bounded on all sides of their
ably provides the best estimate of the mean tintBock, which is tilted about 30°—40° to the wespresent outcrop area and are cut and repeated by
of cooling below about 100 °C, yielding an age ofGans et al., 1985), yield apatite ages with aeveral subparallel, arcuate normal faults that
16.7 = 0.4 Ma (xt), whereas all 14 samplesweighted mean of 14.8 + 0.6 Ma. Considering thmerge with the main range-bounding faults to the
with length data yield an age of 16.2 + 0.3 Mapoor sample quality, this age is essentially comorth and south (Figs. 3 and 5). The oldest depos-
Plots of age versus east-west location show mordant with the ages from the Snake Rangés of the basin include volcanic rocks, lacustrine
apparent systematic variation in age across tfidhese ages are compatible with the interpretatidimestone, marl, and lesser conglomerate (Fig. 9).
entire east-west extent of the footwall exposurthat major slip on the Schell Creek fault occurreédn age of 35 Ma was preferred for the volcanic
(Figs. 6 and 7). In addition, the three zircon sanduring uplift and arching or doming of the northrocks at the base of the succession (see review in
ples yielded ages of 14.7 + 1.0, 16.1 + 1.0, andestern Snake Range and during slip along tf@ans et al., 1989), but Martinez et al. (1998) re-
15.8 + 1.1 Ma (xfr) with a weighted mean of eastern part of the northern Snake Range décolfmrted a nevi®Ar/3%Ar biotite age of 31 Ma for
15.5 £ 0.6 Ma, concordant withiro2incertainty ment (eastern side of the range). In other wordhese volcanic rocks. Large lenses of intensely
with the mean 16.7 + 0.4 Ma apatite age. Theshe exhumation and cooling recorded by samplésecciated Paleozoic strata, interpreted as rock-
data indicate that rocks in the footwall of thefrom the northern Snake Range was coeval witivalanche deposits likely derived from a region of
northern Snake Range cooled very rapidly frorhigh-angle rotational faulting along the majorsteep topography, occur within this older succes-
hotter than 310 °C, the total annealing temperaange-bounding fault of the Schell Creek Rangaion (Grier, 1984; Miller et al., 1996; Martinez
ture of zircon (see Tagami and Dumitru, 1996), tdhe rugged geomorphology of the Schell Creeé&t al., 1998). Based on their map geometry, the
cooler than 50 °C, implying a minimum coolingRange and evidence for recent motion on th&valanche deposits were derived mostly from the
rate of at least 100 °C/m.y. These data placerange-bounding fault based on scarps in alluviunvest or southwest margin of the basin. A 21.0
younger age limit on the formation of footwallindicate that some of the motion along this fault iz 0.5 Ma®Ar/39Ar biotite age on underlying tuffa-
mylonites, which are believed to develop by crysyounger than Miocene age. The fission-track dateous horizons indicates an entirely Miocene age
tal plastic flow in quartzose rocks at temperaturgsace an upper bound of about 4 km on this podbtr the avalanche deposits (Martinez et al., 1998).
between about 300 and 450 °C (e.g., Koch et aMiocene slip (assuming a low thermal gradient of The upper part of the Sacramento Pass sedi-
1989; Tullis, 1990). 20-25 °C/km); otherwise younger fission-tracknentary sequence consists of coarse alluvial-fan

In summary, the fission-track data indicateages would be observed. deposits derived mainly from the southwest,
Miocene exhumation of the entire east-west ex- Zircon fission-track ages from the Schellbased on paleocurrent analyses and the presence
tent of the central part of the northern Snak€reek Range structural block are much older araf clasts of distinctive granite and metasedimen-
Range, a distance of about 23 km (Fig. 3, 7, andore variable than those from equivalent stratiary rocks common only to the northernmost part
8). However, several lines of reasoning argue thgtaphic units in the northern Snake Range (Figs.ds the southern Snake Range (Miller et al., 1996).
the exposures of the Snake Range décollementand 6). This indicates that the crustal levels eXone of these granite boulders yielded an apatite
the western part of the range may have ceaspdsed in the Schell Creek Range were at tempdission-track age of 19.5 + 1.6 Ma (sample UP-
moving by Miocene time. Minerals with higheratures between 125 and 300 °C in Miocene tim#l), concordant within 2 with ages from foot-
blocking temperatures indicate exhumation byresulting in incomplete resetting of zircon ages)yall granitic rocks of the southern Snake Range
faulting in the northwest part of the range in latand thus that these units underwent significantignd compatible with the inference of an episode
Eocene—early Oligocene time or earlier (Ledpwer temperatures in Miocene time than diaf rapid Miocene exhumation and erosion. Con-
1995). The décollement is bent, folded, or domeelquivalent stratigraphic units in the northermglomerates in a more easterly fault block (sample
so that it now dips west in this region. This everfsnake Range (Figs. 4 and 5). The total amount lafcality FT-45A, Fig. 5) contain clasts of my-
precluded continued eastward slip along this poslip on the Schell Creek fault is calculated frontonitic two-mica granite derived from the Jurassic
tion of the décollement. The bend is partially thenap relations to be about 10-12 km, all of whicl®ilver Creek granite exposed exclusively in the
result of reverse drag of units into the adjacemrobably postdates motion on the northwestermypper Silver Creek drainage in the northern Snake
Schell Creek fault to the west (Figs. 4 and 6nost portion of the Snake Range décollemenRange (Fig. 5). Palinspastic restorations indicate
(Gans and Miller, 1985), but is also related to upwhich it cuts (Gans et al., 1985). Based on ouhat this easterly fault block restores to the posi-
lift of the northern Snake Range relative to flankelata alone, it is unclear if most of that slip idion of the Silver Creek drainage (Miller and
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Grier, 1995), and thus the northern Snake Range@een the northern Snake Range and the KernMylonitic fabrics are developed only along the
also served as a source area for at least part of Meuntains (Fig. 4B) (Gans et al., 1989). Here, theasternmost tip of the Kern Mountains and in-
younger fanglomerates in the sequence. Threarly Oligocene Kalamazoo volcanic and associolve Paleozoic strata that were metamorphosed
clasts from sample locality FT-45 yielded apatitated shallow intrusive rocks constitute the bulk ofind deformed during intrusion of the Skinner
ages of 26.1 +3.7,15.0 + 1.4, and 14.6 + 1.3 M#he Tertiary succession in the hanging wall of th€anyon granite (Gans et al., 1990; Miller et al.,
The younger two ages are concordant with the agécollement. Poorly exposed, younger sedimei994a). The fabrics also involve the border phases
atite exhumation ages from the footwall samplery rocks were deposited across the dominant{gikes and sills) of the granite, but the main phase
in the northern Snake Range. The older age couldicanic succession. The entire sequence @ the pluton is undeformed. A transect of seven
be spurious or the dated clast could be fromfaulted and tilted westward, with dips decreasingpatite samples from the larger Cretaceous
source area or structural level where apatites werem 35° to 10° upsection. Part of the fault-relatedungstonia Granite that underlies the Kern Moun-
not fully annealed before the 17 Ma cooling eventilting was coeval with Kalamazoo volcanism atains proved undatable because the apatites are
The preservation of such levels is not appareabout 35 Ma, and these faults sole into the nortfull of tiny zircon inclusions (as noted by Best
from the fission-track data on samples from thern Snake Range décollement in the shallow suét al., 1974). The only sample that contained dat-
present footwall exposures of the northern Snalsairface (Gans et al., 1989) (Fig. 9), indicating aable apatite was collected from the Skinner
Range, but these levels may have been removedrliest Oligocene episode of motion along th€anyon granite and yielded a fission-track age of
by relatively minor erosion between Miocenedécollement. The volcanic rocks are overlain b§8.4 + 1.9 Ma, concordant with ages from the
time and today. more gently dipping conglomerate and lacustrineorthern Snake Range (Figs. 3A, 7, and 9).

The new geochronologic data reported bgedimentary rocks. A vitric tuff dated as 24 Mais In the Deep Creek Range, a detailed study by
Martinez et al. (1998) suggest that most of thmterstratified with these sedimentary rocks, placgsans et al. (1991) utilized apatite and zircon fis-
Sacramento Pass sedimentary successionirg an upper age limit on the older episode of nosion-track dating in conjunction witRAr/3%Ar
Miocene age or younger, because the base of il faulting and suggesting that the faults that catating of muscovite, biotite, and K-feldspar to
section that includes the rock- avalanche depositse entire sequence continued to move after eartletermine the age of exhumation and cooling re-
is dated by a tuff as 21 + 0.5 Ma. These deposi&st Miocene time (Gans et al., 1989). Coarse, velgted to tilting and block rotation of the Deep
thus herald a major period of uplift, erosion, andently dipping conglomerates cap the sequen€&eek Range. Two discrete ages of fault slip and
exhumation in Miocene time, compatible withand contain granitic and metamorphic rocks de#ting are indicated, one in Oligocene time
fission-track data from the footwall units. Therived from footwall rocks in the nearby Kern(37-34 Ma) and another in Miocene time (18-14
faults that cut the Sacramento Pass section mefgeuntains. The stratigraphy and age constrainida). The data suggest that the Miocene event
into the main trace of both the northern anfrom this sequence suggest faulting in earliesasted several million years with the best estimate
southern Snake Range décollement, thus dati@igocene time (35 Ma) and also after 24 Mafor the period of major slip being from about 18
motion along the eastern part of what has be@ompatible with the history of footwall uplift de- to 14 Ma. Part of the total slip on the Deep
mapped as the Snake Range décollement @dsced from thermochronologic data in the northEreek—Kern Mountains part of the fault system
Miocene age or younger. Palinspastic restorati®@rn Snake Range and compatible with the oriely accumulated in Eocene-Oligocene time,
indicates that this group of faults represents 8.4 + 1.9 Ma fission-track apatite age from theoeval with intrusion of the Skinner Canyon
minimum of 5 km of horizontal extension (Miller adjacent Kern Mountains portion of the footwallgranite. Based on the apatite fission-track data set

etal., 1996). (discussed in the following). from the Deep Creek Mountains, however, a very

Tertiary deposits are locally exposed along the minimum of 12 km of slip must have accumu-
northeastern side of the northern Snake Rangeern Mountains and Deep Creek Range lated during the Miocene event (Gans et al.,
At the mouth of Smith Creek (Fig. 5), relations 1991) (Fig. 8).

similar to those in Sacramento Pass are evident.The Kern Mountains and Deep Creek Range
Here, a sequence of Tertiary conglomerates &e underlain by a 13—14-km-thick upper PreSummary
tilted 40° to the west and is bound beneath by@mbrian to Paleozoic shelf sequence intruded
low-angle fault that dips 15°-20° to the east. Thiey the Late Cretaceous (75 Ma) Tungstonia In summary, the sedimentary and volcanic se-
sequence includes clasts of mylonitic footwalGranite and the Eocene-Oligocene Skinneguences that now constitute part of the hanging
rocks that can be matched to distinctive bedrodRanyon (35 + 1 Ma) and Ibapah (39 Ma) granwall of the Snake Range—Deep Creek Range fault
units exposed in the upper part of the Smitfies (Miller et al., 1988; Rodgers, 1987; Gansystem support a two-stage movement history, as
Creek drainage (Gans et al., 1999a). As the lovet al., 1990, 1991). Post-Eocene tilting of the twdo the thermochronologic data from footwall
angle fault cuts sedimentary units hosting clastanges by 35°—45° is indicated by the dips of thecks (Fig. 9). The thermochronologic data pro-
of footwall lithologies, it must also cut the north-Paleozoic succession and overlying latest Eeide compelling evidence for a major episode of
ern Snake Range décollement as mapped higleame volcanic rocks (Gans et al., 1990, 1991Miocene slip along this fault system, the Deep
in the range (cf. faults labeled 1 and 2 in Fig. 4C)-he separation or offset of Tertiary volcanicCreek data indicating slip over the period 18— 4
Two of these clasts of mylonitic rock (TC-7 androcks present in both footwall and hanging walMa and the northern and southern Snake Range
Ely-1C) yielded apatite fission-track ages of 23.&hdicates ~15 km of cumulative slip along thedata indicating major slip at 17 Ma (Fig. 9). Ab-
+1.5and 13.8 £ 1.8 Ma. The younger age is comange-bounding fault in the Deep Creek Rangsplute age constraints on the early Oligocene event
cordant with the ages from the footwall sampleand to 25 km of total separation along the faulire based mostly on stratigraphic data, the age of
in the northern Snake Range, whereas the oldgystem that unroofed the Kern Mountainwolcanic rocks, and the cooling history of minerals
age could be spurious or derived from a structur@Rodgers, 1987; Gans et al., 1991). Along theith higher blocking temperatures. These data in-
level where apatites were not fully annealed bd<ern Mountains segment of the fault, part of thiglicate a late Eocene—early Oligocene age, as pre-
fore the 17 Ma cooling event. separation accumulated due to nonrigid footwalliously suggested (e.g., Gans and Miller, 1983;
The Snake Range décollement is inferred to Heehavior and intrusion of the Skinner CanyoiGans et al., 1989). The new fission-track database
at a shallow depth (<1 km) beneath the region bgranite. provides a reasonable estimate of how much of the
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total extensional strain is represented by thef total slip, eventually exhuming mylonitesmigration of faulting occurred during the
younger of the two events. The combined fissiorformed at depth in the Earth’s crust. The lack ofounger Miocene event, but this migration is not
track data along the entire length of the fault sysypparent tilting of the footwall of the northernresolvable with our new data because its time
tem suggest a minimum of 12—15 km of dip-slifsnake Range over more than 25 km in the direspan is too short.

motion along the entire fault system in Miocendion of motion of the overlying fault, the inference In the northern Snake Range, a large compo-
time (Fig. 8), with likely greater horizontal exten-that ductile flow of lower plate rocks was pervanent of pure shear as well as differential vertical
sion represented by the central part of the fault sysive and continued to greater depths beneath thglift is needed to explain the fabrics developed

tem in the northern Snake Range. detachment, and the complexity and extreméuring deformation of footwall rocks (Lee et al.,
amount of extension represented by the mosaic 8887) and ultimately the uplift, exhumation, and
DISCUSSION AND CONCLUSIONS upper plate normal faults, are all important characooling of the range as documented by the fis-

teristics of the Snake Range that do not easily §ion-track data presented in this paper.

The fission-track data from east-central Nevadsuch a model. These characteristics led us to pro-The three-step model shown in Figure 10 is
provide useful constraints on the time of faultingpose more of a “pure-shear stretching” or “ductilemodified after our initial interpretation of the
and exhumation that led to the development of thaittle transition zone” model for the northernSnake Range décollement as described by Gans
Deep Creek Range, Schell Creek Range, and tBaake Range décollement (e.g., Miller et al., 1988t al. (1985) and honors the above considerations
northern and southern Snake Range. Prior to tiBans et al., 1985; Lee et al., 1987). The interpretas well as the new data presented in this paper.
acquisition of these new data, crosscutting reldion that core complex detachment faults represefihe model ascribes the uniqueness of the northern
tions and volcanic stratigraphy indicated that eXarge-displacement, very low angle faults (WerSnake Range to the progressive rise of a large welt
tension at the regional scale had begun during laticke, 1985) was an influential model for struc-of hot crust during extension in Miocene time. We
est Eocene to early Oligocene time and wasires like the Snake Range décollement, but trseiggest that the previously thickened crust be-
closely tied to magmatism (e.g., Gans et algharacteristics described above were also difficutteath the northern Snake Range (the result of Cre-
1989). Although geologic relations indicated thato incorporate into this model (e.g., Gans anthceous thrust faulting; e.g., Armstrong, 1972;
extension continued after this time, few bracketMiller, 1985). Furthermore, low-angle fault mod-Coney and Harms, 1984; Miller and Gans, 1989)
ing relations existed to document the ages and thks have been criticized because it is mechanicaliyay have helped initiate and localize this instabil-
magnitudes of the younger events. Becausdfficult for these to move in the Earth’s crust andty, which could have been ultimately driven by a
younger extension was so poorly dated, we sefdecause there have been few or no earthquakesewed pulse of magmatism and extension
ously underestimated its significance in our eadocumented on low-angle faults in actively exacross the northern Basin and Range in Miocene
lier publications on the geology of the region. tending regions (e.g., Jackson and McKenzid¢ime (Dumitru et al., 1997). During the rise of this

The evidence summarized in this papet983; Jackson and White, 1989; see Wernickextending welt of crustal rocks, possibly cored by
demonstrates that a major period of rapid extel995). These criticisms led to a rather different butenozoic magmas, the most active part of the
sion occurred across the region during Miocenmechanically more satisfactory explanation fonorthern Snake Range décollement migrated east-
time, ca. 17 Ma. During a few million years, alow-angle faults termed the “rolling-hinge” modelward with the changing locus of the margin of the
minimum of 12—15 km of slip and a comparabléBuck, 1988; Wernicke and Axen, 1988; Hamil-rising welt (Fig. 10). The final domal configura-
or greater amount of horizontal extension octon, 1988; Wdowinski and Axen, 1992). Thetion and the vertical uplift of the northern Snake
curred along the main fault system that boundslling hinge model attempts to combine observeRange relative to adjacent regions is also related
the eastern side of the Deep Creek Range afidnal data on very low-angle extensional fault$o this rising welt, which resulted in the observed
northern and southern Snake Range. while honoring rock mechanical principles, ex-bending or doming and down-to-the-west faulting

An important aspect of the data set is that it iplaining areally extensive low-angle detachmertf the Snake Range décollement along the west
dicates that movement along the low-angle Snakaults as the result of progressive development asile of the range. The cartoon depiction of this up-
Range décollement in the northern Snake Rangetation of steeply dipping faults that bound thdifted and extended welt of crustal rocks in plan
was contemporaneous with normal slip on highmigrating edge of a low-strength footwall, whichview illustrates how its lateral boundaries may
angle faults along strike in the southern Snak#eforms easily and rapidly as a consequence ladve led to development of the transverse struc-
Range to the south and the Kern Mountains aridctonic unloading. Lee (1995) analyzed the cootural zones and their associated sedimentary
Deep Creek Range to the north. Thus it appearg) histories of rocks in the Snake Range and sulgasins (Fig. 10).
that the development of low-angle metamorphigested that these histories are compatible with aThe model depicted in Figure 10 suggests that
core complex detachment faults can occur taelling hinge model for the Snake Range décollehe rise of the Snake Range metamorphic core
gether in space and time with more typical Basiment. Axen and Bartley (1997) evaluated theomplex could have been related to driving forces
and Range-style, high-angle, rotational faults. lrolling hinge model from the perspective of fieldthat originated deeper in the crust and likely
the following discussion we explore the implicarelations, and also discussed data from the Snabdayed an active rather than a passive roll in the
tions of our database for the evolution of th&ange. initiation and development of the metamorphic
Shake Range metamorphic core complex and ad-During the two-stage Cenozoic history of thecomplex and its overlying detachment fault. The
dress a more speculative question. Do detacBnake Range, with initial extension in laterolling hinge and isostatic bending models for
ment faults like the Snake Range décollemeriocene—early Oligocene time followed by largeeore complex uplift, in contrast, interpret these
represent evolutionary end-members of highmagnitude extension in Miocene time, the locusomplexes as the result of, or the response to, de-
angle rotational faults or do they represent diof active faulting in the Snake Range appears taudation of the upper crust by faulting. Our more
tinctly different phenomena? have migrated from west to east, abandoning eapeculative conclusion is that the northern Snake

Early in the history of thought on how corelier portions of the fault system as evidenced bRange décollement may not be a normal fault, but
complexes develop, Davis (1983) suggested thtite cooling histories of higher temperature sygather a highly complex structural boundary de-
detachment faults might represent examples of rtems on the western flank of the range (Leeeloped above a rising and extending mass of hot
tated high-angle normal faults with large amount$995). It is also possible that fairly rapid eastwardrustal rocks, perhaps cored by buoyant Miocene
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Figure 10. Model for the Cenozoic extensional and uplift history of the Snake Range, modified after Gans et al. (1985) to inocaje geologic
and fission-track data discussed in this paper. For discussion, see text. NSRD—northern Snake Range décollement.

plutons and/or crustal melts. Analog modeling cACKNOWLEDGMENTS
extensional core complexes utilizing sand, sili-

Track Laboratory at La Trobe University. Many
thanks go to Andy Gleadow for his hospitality, in-

cone putty, and pods of low-viscosity materials (to Finalization of this manuscript and new dataight, and input with this project. We also thank all
reproduce the effects of granitic rocks or zones éfom the southern Snake Range and Schell Creekthe working members of the laboratory at the
partial melt) were carried out by Brun et alRange were partially funded by National Sciencéme who answered our many questions and were
(1994), who specifically remarked on the similarfoundation grant EAR-9417939. Most of the datalways available to help. In particular, Dave
ities of their models to the geometry of the northfrom the northern Snake Range in this paper wefeoyle, Dennis Arne, and Paul O’Sullivan were

ern Snake Range metamorphic core complex. generated while Miller was

Geological Society of America Bulletin, June 1999

a visitor at the Fissiowery helpful.

903



MILLER ET AL.

vey Miscellaneous Investigations Map 1-1849, scale region, California and Nevada: U.S. Geological Survey
We thank all the past members of the Stanford 7 7~ Bulletin 1790, p. 51-85.

Geological Survey for the hard work and €nergyitzgerald, P. G., Fryxell, J. E., and Wernicke, B. P., 1991Howard, K. A., and Foster, D. A., 1996, Thermal and unroofing
and help in the preliminary stages of geologic I\N/Iioczneccrusttal_ &ixtfensic%n _andtup:(ift inlsqutréeasltern histtr(])ry_rofn%th’i\(jk, tiltte_d Ba';si_n—and—?angelcrftjcs;tal Sﬁctipn

P evada: Constraints from fission-track analysis: Geology, in the Tortilla Mountains, Arizona: Journal of Geophysi-
mapping in e§3t'central _Nevada'_Thanks also to v. 19, p. 1013-1016. cal Research, v. 101, p. 511-522.
Danny Stockli for collecting additional sampleSrFoster, D. A., Harrison, T. M., Miller, C. F., and Howard, K. A., Huggins, C. C., 1990, Nature and timing of metamorphism in
in the Schell Creek Range' Dean Miller for draft- 1990, The*Ar/3°Ar thermochronology of the eastern the Smith Creek area, northern Snake Range, Nevada
. v Mojave Desert, California, and adjacent western Arizona  [M.S. thesis]: Stanford, California, Stanford University,
ing and laboratory help; Keith Howard and Jeff implications for the evolution of metamorphic core 92 p.

Lee for reviewing early versions of the manu-  complexes: Journal of Geophysical Research, v. 95uggins, C. C., and Wright, J. E., 1989, Superimposed Creta-

it : p. 20005-20024. ceous and Tertiary metamorphism in the northern Snake
sc_rlpt, and Gar_y Axen, Barbara_Johns, and Da\/lgalbraith, R. F., 1981, On statistical models for fission track Range, Nevada: Geological Society of America Abstracts
Miller, who reviewed the submitted manuscript.  counts: Mathematical Geology, v. 13, p. 471-478. with Programs, v. 21, p. A95.

Galbraith, R. F., and Laslett, G. M., 1993, Statistical models foHurford, A. J., and Green, P. F., 1983, The zeta age calibration
mixed fission track ages: Nuclear Tracks and Radiation ~ of fission track dating: Chemical Geology, v. 41,

REFERENCES CITED Measurements, v. 21, p. 459-470. p. 285-317.
Gans, P. B., and Miller, E. L., 1983, Style of mid-Tertiary exten-Jackson, J., and McKenzie, D., 1983, The geometrical evolu-
Armstrong, R. L, 1972, Low-angle denudational faults, hinter-  sjon in east-central NevadaGurgel, K.D., ed., Geologic tion of normal fault systems: Journal of Structural Geol-
land of the Sevier orogenic belt, eastern Nevada and west-  excursions in the overthrust belt and metamorphic core  ogy, v. 5. p. 471-482.
ern Utah: Geological Society of America Bulletin, v. 83, complexes of the intermountain region: Utah Geologicallackson, J. A., and White, N. J., 1989, Normal faulting in the
p. 1729-1754. and Mineral Survey Special Studies, v. 59, p. 107-160.  upper continental crust: Observations from regions of ac-

Axen, G.J., and Bartley, J., 1997, Field tests of the rolling hinggans, P. B., and Miller, E. L., 1985, The Snake Range décolle-  tive extension: Journal of Structural Geology, v. 11,
hypothesis: Journal of Geophysical Research, v. 102, ment interpreted as a major extensional shear zone: Com-  p. 15-36.

p. 20515-20537. ment: Tectonics, V. 4, p. 411-415. John, B. E., and Foster, D. A., 1993, Structural and thermal con-
Bartley, J. M., and Wernicke, B. P., 1984, The Snake Range d&ans, P. B., Miller, E. L., McCarthy, J., and Oldcott, M. L., straints on the initiation angle of detachment faulting in

collement interpreted as a major extensional shear zone: 1985, Tertiary extensional faulting and evolving ductile-  the southern Basin and Range, the Chemehuevi Moun-

Tectonics, v. 3, p. 647-657. brittle transition zones in the northern Snake Range and  tains case study: Geological Society of America Bulletin,
Best, M. G., Armstrong, R. L., Graustein, W. C., Embree, G.F.,,  vicinity: New insights from seismic data: Geology, v. 13, v. 105, p. 1091-1108.

and Ahlborn, R. C., 1974, Mica granites of the Kern p. 189-193. John, B. E., and Howard, K., 1995, Rapid extension recorded

Mountains pluton, eastern White Pine County, NevadaGans, P. B., Mahood, G.A., and Schermer, E., 1989, Synexten- by cooling age patterns and brittle deformation, Naxos,
Remobilized basement of the Cordilleran miogeosyn-  sional magmatism in the Basin and Range Province: A Greece: Journal of Geophysical Research, v. 100,

cline?: Geological Society of America Bulletin, v. 85, case study from the eastern Great Basin: Geological So-  p. 9969-9979.
p. 1277-1286. ciety of America Special Paper 223, 53 p. Koch, P. S., Christie, J. M., Ord, A., and George, R. P. J., 1989,
Best, M. G., Christiansen, E. H., and Blank, H. R., Jr.,, 1989Gans, P. B., Miller, E. L., Clark, D. H., and Rodgers, D. W., Effect of water on the rheology of experimentally de-

Oligocene caldera complex and calc-alkaline tuffs and 1990, Geologic relations in the Kern Mountains—Deep  formed quartzite: Journal of Geophysical Research, v. 94,

lavas of the Indian Peak volcanic field, Nevada and  Creek Range, Nevada-Utah and the origin of metamor- ~ p. 13975-13996.

Utah: Geological Society of America Bulletin, v. 101, phic core complex detachment faults: Geological Societyaslett, G. M., Kendall, W. S., Gleadow, A. J. W., and Duddy,

p. 1076-1090. of America Abstracts with Programs, v. 22, no. 3, p. 24. I. R., 1982, Bias in the measurement of fission track
Brun, J.-P., Sokoutis, D., and Driessche, J. V. D., 1994, Anagans, P. B., Miller, E. L., Brown, R., Houseman, G., and Lister,  length distributions: Nuclear Tracks and Radiation Mea-

logue modeling of detachment fault systems and core  G. S., 1991, Assessing the amount, rate and timing of tilt-  surements, v. 6, p. 79-85.

complexes: Geology v. 22, p. 319-322. ing in normal fault blocks: A case study of tilted granites inLee, D. E., Stacey, J. S. D., and Fisher, L., 1986, Muscovite-
Buck, W. R., 1988, Flexural rotation of normal faults: Tecton-  the Kem-Deep Creek Mountains, Utah: Geological Soci-  phenocrystic two-mica granites of NE Nevada are Late

ics, v. 7, p. 959-974. ety of America Abstracts with Programs, v. 23,n0.2,p.28.  Cretaceous in ag# Shorter contributions to isotope re-
Coney, P. J., 1979, Tertiary evolution of Cordilleran metamorGans, P. B., Miller, E. L., Huggins, C. C., and Lee, J., 1999a,  search: U.S. Geological Survey Bulletin 1622, p. 31-39.

phic core complexe) Armentrout, J. M., Cole, M. R., Preliminary geologic map of the Little Horse Canyor 7.5Lee, J., 1995, Rapid uplift and rotation of mylonitic rocks from

and TerBest, H., Jr., eds., Cenozoic paleogeography of the  quadrangle, Nevada and Utah: Nevada Bureau of Mines ~ beneath a detachment fault: Insights from potassium

western United States: Third Pacific Coast Paleogeogra-  and Geology Field Studies Map scale 1: 24000 (in press).  feldspar*?Ar/3%Ar thermochronology, northern Snake

phy Symposium: Los Angeles, Pacific Section, Society otzans, P. B., Miller, E. L., and Lee, J., 1999b, Preliminary geo-  Range, Nevada: Tectonics, v. 14, p. 54-77.

Economic Paleontologists and Mineralogists, p. 14-28.  |ogic map of the Spring Mountain 7duadrangle, north- Lee, J., and Sutter, J. F., 1991, Incremeftat/3?Ar ther-
Coney, P. J., and Harms, T. A., 1984, Cordilleran metamorphic  ern Snake Range, Nevada-Utah: Nevada Bureau of Mines mochronology of mylonitic rocks from the northern

core complexes: Cenozoic extensional relics of Mesozoic  and Geology Field Studies Map, scale 1: 24000 (in press). ~ Snake Range, Nevada: Tectonics, v. 10, p. 77-100.

compression: Geology, v. 12, p. 550-554. Gleadow, A. J. W., Duddy, I. R., Green, P. F., and Lovering, J. FLee, J., Miller, E. L., and Suitter, J. F., 1987, Ductile strain and
Corrigan, J. D., 1993, Apatite fission track analysis of 1986, Confined fission track lengths in apatite: A diagnos-  metamorphism in an extensional tectonic setting: A case
Oligocene strata in south Texas, U.S.A.: Testing anneal- tic tool for thermal history analysis: Contributions to Min- study from the northern Snake Range, Nevada, U.B.A.,
ing models: Chemical Geology, v. 104, p. 227-249. eralogy and Petrology, v. 94, p. 405-415. Coward, M. P., Dewey, J. F., and Hancock, P. L., eds.,
Davis, G. H., 1983, Shear-zone model for the origin of metagreen, P. F., 1981, A new look at statistics in fission track dat-  Continental extensional tectonics: Geological Society
morphic core complexes: Geology, v. 11, p. 342-347.  ing: Nuclear Tracks and Radiation Measurements, v. 5,  [London] Special Publication 28, p. 267—298.
Dumitru, T. A., 1990, Subnormal Cenozoic geothermal gradi-  p. 77-86. Lee, J., Gans, P. B., and Miller, E. L., 1999a, Preliminary geo-

ents in the extinct Sierra Nevada magmatic arc: Cons&reen, P. F., 1989, Thermal and tectonic history of the East  logic map of the Mormon Jack Pass' gGadrangle,
quences of Laramide and post-Laramide shallow-angle  Midlands shelf (onshore UK) and surrounding regions as- ~ northern Snake Range, White Pine County, Nevada:
subduction: Journal of Geophysical Research, v. 95,  sessed by apatite fission track analysis: Geological Soci-  Nevada Bureau of Mines and Geology Field Studies Map,
p. 4925-4941. ety of London Journal, v. 146, p. 755-774. scale 1: 24000 (in press).

Dumitru, T. A., 1993, A new computer-automated microscop&reen, P. F., Duddy, I. R., Gleadow, A. J. W., and LoveringLee, J., Gans, P. B., and Miller, E. L., 1999b, Preliminary geo-
stage system for fission track analysis: Nuclear Tracks  J. F,, 1989a, Apatite fission-track analysis as a paleotem-  logic map of the Third Butte East 7duadrangle, north-
and Radiation Measurements, v. 21, p. 575-580. perature indicator for hydrocarbon explorationyaeser, ern Snake Range, White Pine County, Nevada: Nevada

Dumitru, T. A., 1999, Fission-track geochronology, in Noller, N. D., and McCulloh, T. H., eds., Thermal history of sed- Bureau of Mines and Geology Field Studies Map, scale
J. S., Sowers, J. M., and Lettis, W. R., eds., Quarternary  imentary basins: Methods and case histories: New York, ~ 1: 24000 (in press).

geochonology: Applications in Quaternary geology and  Springer-Verlag, p. 181-195. Lee, J., Miller, E. L., Gans, P. B., and Huggins, C. C., 1999c,

paleoseismology, V. 1: Washington, D., C., AmericanGreen, P. F., Duddy, I. R., Laslett, G. M., Hegarty, K. A., Preliminary geologic map of the Mount Moriah 7.5

Geophysical Union, Geophysical Monograph Series (in Gleadow, A. J. W., and Lovering, J. F., 1989b, Thermal ~ quadrangle, northern Snake Range, White Pine County,

press). annealing of fission tracks in apatite, 4, Quantitative mod- ~ Nevada: Nevada Bureau of Mines and Geology Field
Dumitru, T.A., Miller, E. L., Stockli, D. F., and Surpless, B.E., elling techniques and extension to geological timescales: ~ Studies Map, scale 1: 24 000 (in press).

1997, Fission track constraints on time-space patterns of  Chemical Geology, v. 79, p. 155-182. Martinez, C. M., Miller, E. L., and Stockli, D. F., 1998,

Miocene extension in the northern Basin and Rangerier, S. P., 1983, Tertiary stratigraphy and structural history of ~ Miocene age rock avalanche deposits of the Sacramento

Province: Geological Society of America Abstracts with Sacramento Pass in the Snake Range, Nevada: Geological Pass Basin, Basin and Range Province, Nevada: Geolog-

Programs, v. 29, no. 6, p. 232. Society of America Abstracts with Programs, v. 15, p. 403. ical Society of American Abstracts with Programs, v. 30,
Edwards, K., and Batson, R. M., 1990a, Experimental digitaGrier, S. P., 1984, Alluvial fan and lacustrine carbonate depos-  no. 5, p. 53.

shaded-relief maps of Utah: U.S. Geological Survey Mis- jts in the Snake Range: A study of Tertiary sedimentatioMcGrew, A. J., 1993, The origin and evolution of the Southern

cellaneous Investigations Map |-1847, scale 1: 1000000.  and associated tectonism [M.S. thesis]: Stanford, Califor- ~ Snake Range décollement, east-central Nevada: Tecton-
Edwards, K., and Batson, R. M., 1990b, Experimental digi- nia, Stanford University, 55 p. ics, v. 12, p. 21-34.

tal shaded-relief maps of Nevada: U.S. Geological SumHamilton, W. B., 1988, Detachment faulting in the Death ValleyMcGrew, A. J., and Miller, E. L., 1995, Geologic map of Kious

904 Geological Society of America Bulletin, June 1999



SNAKE RANGE-DEEP CREEK RANGE FAULT SYSTEM, NEVADA

Spring and Garrison 7.§uadrangles, White Pine and Conference on Geochronology, Cosmochronology and  Reno, Geological Society of Nevada, p. 75-86.

Millard Counties, Nevada and Utah: U.S. Geological Sur- Isotope Geology, Berkeley, California, June 1994. Smith, M. J., and Leigh-Jones, P., 1985, An automated micro-

vey Open-File Report OF-95-10, scale 1: 24 000. Miller, E. L., Gans, P. B., and Grier, S. P., 1994b, Geologic map  scope scanning stage for fission track dating: Nuclear
Miller, D. D., Miller, E. L., Stockli, D., Chan, C., Green Nylen, of Windy Peak 7.5quadrangle, White Pine County, Tracks and Radiation Measurements, v. 10, p. 395-400.

N., Hessler, A., Jaen, ., Lenkeit, A., Lucks, M., and Soria, Nevada: U.S. Geological Survey Open-File Map and Refagami, T., and Dumitru, T. A., 1996, Provenance and thermal

A., 1995, Sedimentary record of Tertiary extension, port OF94-687, scale 1:24 000. history of the Franciscan accretionary complex: Con-

Sacramento Pass area, Snake Range, east-central Nevadiier, E. L., Gans, P. B., and Stanford Geological Survey, Ge- straints from zircon fission track thermochronology: Jour-
Geological Society of America Abstracts with Programs, ologic maps of the Wheeler Peak and Minerva Canyon  nal of Geophysical Research, v. 101, p. 11,353-11364.

V. 27, no. 6, p. 389. 7.5 quadrangles, southern Snake Range, Nevada: U.Sullis, J., 1990, Experimental studies of deformation mecha-
Miller, E. L., and Gans, P. B., 1989, Cretaceous crustal structure ~ Geological Survey Open-File Map and Report, scale nisms and microstructures in quartzo-feldspatic raoks,
and metamorphism in the hinterland of the Sevier thrust ~ 1: 24000 (in press). Barber, D. J., and Meredith, P. G., eds., Deformation

belt, western U.S. Cordillera: Geology, v. 17, p. 59—-62Miller, E. L., Gans, P. B., Grier, S. P., Huggins, C. C., and Lee, processes in minerals, ceramics, and rocks: London, Un-
Miller, E. L., and Gans, P. B., 1999, Preliminary geologic map J., 1999, Preliminary geologic map of the Old Mans win Hyman, p. 190-227.

of The Cove 7.5quadrangle, northern Snake Range, Canyon 7.5quadrangle, northern Snake Range, WhiteWdowinski, S., and Axen, G. J., 1992, Isostatic rebound due to

White Pine County, Nevada: Nevada Bureau of Minesand ~ Pine County, Nevada: Nevada Bureau of Mines and Ge-  tectonic denudation: A viscous flow model of a layered

Geology Field Studies Map, scale 1: 24 000 (in press).  ology Field Studies Map, scale 1: 24 000 (in press). lithosphere: Tectonics, v. 11, p. 303-315.

Miller, E. L., and Grier, S. P., 1995, Geologic map of LehmanMisch, P., 1960, Regional structural reconnaissance in centralernicke, B., 1985, Uniform-sense normal simple shear of the
Caves 7.5quadrangle, White Pine County, Nevada: U.S. northeast Nevada and some adjacent areas: Observations continental lithosphere: Canadian Journal of Earth Sci-
Geological Survey Map GQ-1758, scale 1:24 000. and interpretationsn Guidebook to the geology of east- ences, V. 22, p. 108-125.

Miller, E. L., Gans, P. B., and Garing, J., 1983, The Snake  central Nevada: International Association of PetroleunWernicke, B., 1995, Low-angle normal faults and seismicity: A
Range décollement: An exhumed mid-Tertiary ductile- Geology and Eastern Nevada Geological Society, review: Journal of Geophysical Research, v. 100,
brittle transition: Tectonics, v. 2, p. 239-263. Eleventh Annual Field Conference, Salt Lake City, Utah, p. 20159-20174.

Miller, E. L., Gans, P. B., Wright, J. E., and Suitter, J. F., 1988, p.17-42. Wernicke, B., and Axen, G. J., 1988, On the role of isostasy in

Metamorphic history of the east-central Basin and RangRodgers, D. W., 1987, Thermal and structural evolution of the  the evolution of normal fault systems: Geology, v. 16,
Province: Tectonic setting and relationship to magma-  southern Deep Creek Range, west-central Utah and east- p. 848-851.
tism,in Ernst, W. G., ed., Metamorphic and tectonic evo- central Nevada [Ph.D. thesis]: Stanford, California, Stan-
lution of the Western U.S. Cordillera (Rubey Volume ford University, 184 p.
VII): Englewood Cliffs, New Jersey, Prentice-Hall, Smith, D. L., Gans, P. B., and Miller, E. L., 1991, Palinspastic
p. 649-682. restoration of Cenozoic extension in the central and eastern
Miller, E. L., Forrest, S., Gans, P. B., Snoke, A., Wright, J., and Basin and Range Province at latitude 39-40 degrees, MANUSCRIPTRECEIVED BY THE SOCIETY JUNE 13, 1997
Wyld, S., 1994a, Granites and core complexes of the Great  Raines, G. L., Lisle, R. E., Schafer, R. W., and Wilkinson,Reviseb MANUSCRIPTRECEIVED JUNE 23, 1998
Basin, Field trip guidebook, trip #10: Eighth International W. H., eds., Geology and ore deposits of the Great BasilMANUSCRIPTACCEPTEDAUGUST 25, 1998

Printed in U.S.A.

Geological Society of America Bulletin, June 1999 905



