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ABSTRACT 

In the Death Valley extended terrane of California, the Black Mountains have long been considered unique because they 
largely lack the miogeoclinal cover rocks characteristic of the surrounding ranges. Fission-track ages presented here are 
combined with published 4°Ar/a9Ar ages and used to construct cooling path envelopes for samples of Precambrian 
crystalline basement and Miocene plutonic rocks collected across the entire range. The cooling history reconstructions are 
used to differentiate between contrasting Miocene unroofing histories proposed for this range. Apatite and zircon 
fission-track ages from the southeastern portion of the range suggest unroofing occurred there at ~ 13-8.5 Ma from 
temperatures well below 300°C. Cooling age data from the central Black Mountains indicate major unroofing at 8.5-6.0 Ma 
from temperatures greater than 300°C. Old cooling ages from directly beneath the highly extended Amargosa chaos rocks 
are consistent with the chaos rocks being part of an allochthonous slice that was tectonically transported from high crustal 
levels onto deeper crustal levels. 

Scenarios for the Miocene unroofing history of this range rely heavily on interpretations of the depth of emplacement of 
Miocene plutons in the core of the range. Thermochronologic and geobarometric data and thermal modeling of intrusion 
cooling suggest emplacement of an 11.6 Ma pluton into the crystalline core at a depth of 10-15 km. Both the cooling-age 
data and considerations of the local geology seem to preclude an unroofing history dominated by erosion of the overlying 
miogeoclinal section. The morphology of the cooling path envelopes constructed here are similar to those constructed for 
detachment fault terranes. The data are most consistent with unroofing involving tectonic denudation (10-15 km) along a 
single, westerly dipping detachment zone. Diachronous rapid cooling from southeast to northwest within the range is 
interpreted as a result of the lower plate undergoing flexural deformation as it pulls out from underneath a relatively rigid, 
scoop-shaped hanging wall block (the 'rolling-hinge' model). Migration of unroofing and tilting within the range mimics the 
overall east to west sequential tilting and unroofing of range blocks in the Death Valley extended terrane. Similar 
thermochronologic evidence for sequential range-scale tilting has been obtained from the Lake Mead extended region, 
suggesting that this style of extension might provide an explanation for strongly extended domains in the Basin and Range 
Province. 

I. Introduction 

Determining the time, amount, and nature of 
unroofing of rocks is fundamental to an under- 
standing of the processes of lithospheric deforma- 
tion. Erosion and tectonic denudation are both 
processes which result in the unroofing of rocks 
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from depth. As these processes ha'0e very differ- 
ent implications for the nature of crustal defor- 
mation, a major challenge lies in determining 
how unroofing is partitioned between them. Dur- 
ing the past decade, the construction of tempera- 
ture-time histories has become an increasingly 
important technique for assessing the nature of 
unroofing. Cooling ages provide one method for 
differentiating between fast, tectonically driven 
unroofing and slower, erosion-dominated unroof- 
ing. By combining 4°mr//39Ar and fission-track age 
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TABLE l 

Mineral closure temperatures used in this study 

Mineral Technique 4° Closure temperature Reference 

Hornblende Ar/39Ar4° 500_+25°C [1] 
Muscovite Ar/39Ar 4° 350+25°C [l] 
Biotite Ar/39Ar 300 _+ 25°C [1] 
Sphene Fission track 285 + 25°C [2] 
Zircon Fission track 205_+ 25°C [3] 
Apatite Fission track 120_+ 25°C [4] 

determinations on a variety of minerals from the 
same area (or hand sample), one can constrain a 
large portion of the cooling history of an area (or 
rock) because of differences in closure tempera- 
tures between mineral systems (Table 1). Rapid 
cooling, as suggested by concordant mineral ages, 
can be a strong indication of tectonic unroofing. 
In contrast, rocks uplifted during erosion- 
dominated unroofing will have relatively slow 
cooling rates so that different minerals from the 
same rock will give discordant ages. 

Relationships in the Death Valley region, Cali- 
fornia, have had a great influence on developing 
ideas on the nature of continental extension. In 
spite of the great amount and variety of research 
in this fascinating region, many interpretations of 
its geologic history conflict. One such controversy 
pertains to the unroofing history of the Black 
Mountains on the east side of Death Valley (Fig. 
1). This mountain range has long been considered 
peculiar because it largely lacks the miogeoclinal 
sedimentary cover rocks characteristic of the sur- 
rounding ranges [5]. Contrasting viewpoints advo- 
cate differing amounts, times and rates of 
Miocene unroofing of this range block associated 
with very different models for the tectonic evolu- 
tion of this region. These models also differ in 
their estimate of the dip of normal faults respon- 
sible for unroofing and in the overall amount of 
extension that has occurred in the Death Valley 
region. In an attempt to address this controversy 
and also to better understand both the timing and 
amount of unroofing of this range block, we have 
used fission track thermochronology to constrain 
the low-temperature history of this range. When 
combined with previously reported 4 ° A r / 3 9 A r  a g e  

determinations, these data provide important 
constraints on the unroofing history of this range 
and on the tectonic history of the Death Valley 
region in general. 

D.K. HOLM AND R.K. DOKKA 

2. Geology of the Black Mountains  

The Black Mountains are a NW-trending range 
centrally located in the Death Valley extensional 
terrane, between the relatively unextended Spring 
Mountains block to the east and the Sierra 
Nevada to the west. In the southeast, Precam- 
brian crystalline basement rocks are noncon- 
formably overlain by Late Precambrian and 
younger strata that dip moderately to steeply to 
the east (Fig. 2). Approximately 15-20 km to the 
northwest, in the middle of the range, these same 
strata are complexly faulted and extended, form- 
ing the Amargosa chaos [6]. Northwest of the 
exposures of the chaos, variably faulted and duc- 
tilely sheared Miocene plutons are intruded into 
amphibolite facies Eocambrian metasedimentary 
rocks and middle Proterozoic crystalline schist 
and gneiss [7,8]. The oldest pluton (the Willow 
Spring Pluton) is a sill-shaped, intermediate to 
mafic composition batholith which has yielded a 
U / P b  zircon age of 11.6 _+ 0.2 Ma [9]. A large 
silicic complex intrusive into the Willow Spring 

I I Quaternary ~ Pre-Ouaternary 

Fig. 1. Index map of the Death Valley region depicting ranges 
and major faults. N F Z =  Northern Death Valley-Furnace 
Creek fault zone; SDF = Southern Death Valley fault; SHF = 

Sheephead fault; GF = Garlock fault. 
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Pluton yielded two 4°Ar/39Ar hornblende ages of 
~8 .7  Ma [10]. On the eastern side of Death 
Valley, the Precambrian rocks are folded into 
NW-plunging antiforms known as the Death Val- 
ley 'turtlebacks'. Whereas the exposure of the 
antiforms was first related to Tertiary extensional 
tectonism [11], the folding of these rocks has 
recently been suggested as being Miocene in age 
or younger [12,13]. 

The northern and eastern portions of the crys- 
talline complex are overlain by variably faulted 
volcanic strata of post-10 Ma age [14]. The west- 
ern portion of the Black Mountains contains two 
isolated and fault-bounded basin deposits of up- 
permost Miocene to Quaternary age which ap- 
pear to record the last stages of unroofing of the 
crystalline core of the range [8,12,15]. The occur- 
rence of clasts of the Miocene plutonic rocks in 
one of these basins indicates they were exposed 
by ~ 5 Ma [9]. Sedimentary rocks of the Late 
Precambrian/Paleozoic miogeoclinal section, 
which make up the majority of the surrounding 
ranges (the Panamint Range, Funeral Mountains, 
and Resting Springs/Nopah Ranges), are largely 
absent in the Black Mountains. 

3. Proposed unroofing histories 

The relative scarcity of miogeoclinal rocks in 
the Black Mountains (compared to the surround- 
ing ranges) has been explained by two very differ- 
ent models for the unroofing history of the range. 
Erosion and tectonic denudation are end-mem- 
ber processes responsible for unroofing, and it is 
obvious that both of these processes occur simul- 
taneously. While Wright and Troxel [16] and 
Wright et al. [11] clearly showed that tectonic 
denudation played a role in the unroofing of the 
Black Mountains, more recent investigations 
(particularly on Neogene basin deposits sur- 
rounding the Black Mountains) have led them 
and their coworkers to emphasize that erosion, 
perhaps, also played an important role in the 
unroofing history of the Black Mountains [17-19]. 
Wright et al. [20,21] envisage the Black Moun- 
tains as having formed in a pull-apart setting 
where Neogene faulting, volcanism and shallow 
intrusion are controlled by a right-step across two 
major right-lateral strike-slip faults (the Sheep- 

head and Furnace Creek fault zones, Fig. 1). 
Accordingly, the NW-striking strike-slip faults and 
the intervening N- to NE-striking, steep to mod- 
erate normal faults (not shown in Fig. 1) are the 
principal expressions of crustal failure [20,22-24]. 
Where the latter are shallow and closely spaced, 
they form the Amargosa chaos. Wright et al. 
[20,25] attribute limited movement on the Amar- 
gosa fault (and development of the overlying 
chaos) as genetically related to eastward tilting of 
the Resting Spring Range at 10-11 Ma. Whereas 
slices of the Proterozoic-Paleozoic cover rocks 
exist within portions of the chaos, Wright and 
Troxel [26] also mapped areas where these rocks 
are exposed over nearly their full thickness and 
appear depositional on basement. Because clasts 
of Proterozoic-Paleozoic rocks occur in inverted 
succession within Neogene basin deposits sur- 
rounding the Black Mountains, Cemen and 
Wright [19] and Prave and Wright [17,18] argued 
that Neogene denudation of the Black Mountains 
was accomplished at least locally by erosion. 

In contrast to the above scenario, some work- 
ers [5,12] suggest that the sedimentary package 
comprising the Panamint Range (Fig. 1) was orig- 
inally positioned above the Black Mountains. 
Stewart [5] proposed that the Panamint Range 
was tectonically removed from the western part 
of the Black Mountains during Neogene exten- 
sion. Holm and Wernicke [28] hypothesized, on 
the basis of geobarometric, metamorphic and de- 
formational features, that the Black Mountains 
block represents a pre-extensional section of the 
crust unroofed along a major westerly dipping 
detachment zone. This hypothesis is consistent 
with reconstructions of Neogene deformation re- 
quiring large amounts of extension in the south- 
ern Great  Basin [29,30]. According to the detach- 
ment model, the rocks of the Amargosa chaos 
represent a stranded portion of the hanging wall 
block that was translated 15-20 km northwest- 
ward from an initial position in the southeastern- 
most portion of the range. The detachment is 
inferred to have locally cut into crystalline base- 
ment, leaving localized areas where the sedimen- 
tary chaos rocks are nonconformable on slivers of 
detached basement (i.e., the Ashford Canyon re- 
gion, [28]). 

Both scenarios for the Miocene unroofing his- 
tory of this range block rely heavily on interpreta- 
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Fig. 3. Reconstruction of proposed unroofing histories for the 
crystalline rocks of the Black Mountains  core. Denudat ion 
dominated by erosion and accompanied by high-angle normal 
faulting (path A) after Wright  et al. [20]. Denudat ion expected 
for westerly directed detachment  faulting (path B) after Holm 
and Wernicke [28] and Holm et al. [10]. Error bars for path B 
represent  depth estimates for emplacement  of  two plutonic 

complexes after Holm et al. [10]. 

tions of the depth of emplacement of Miocene 
plutons which have intruded the Precambrian 
basement and metasedimentary rocks forming the 
antiforms. Geobarometric results (using the A1- 
in-hornblende calibration of Johnson and Ru- 
therford, [31]) indicate a lower bound on the 
depth estimate for crystallization of the 11.6 Ma 
Willow Spring Pluton at 9.5-12.5 km and a depth 
estimate of 10.0 _+ 1.8 km for the 8.7 Ma Smith 
Mountain Granite Complex [10]. (Greater  depth 
estimates are obtained if the equation of Hollis- 
ter et al. [32] is used.) In contrast, Wright et al. 
[20] prefer a much shallower emplacement depth 
for both of these intrusions (7 + 1 km for the 
Willow Spring Pluton and 6 km for the younger 
granite). Also using the Al-in-hornblende geo- 
barometer,  they reported paleopressures for the 

granite of 1.7 kbar. Their results are difficult to 
evaluate, however, as they did not present the 
data in their report. However, we point out that 
their result is inconsistent with the requirement 
that pressure be above ~ 2  kbar in order to 
reliably apply the barometer,  as the Al content of 
hornblende may become temperature- (as well as 
pressure-) sensitive below 2 kbar [32]. 

The proposed unroofing histories are summa- 
rized in Table 2 and are depicted graphically in 
Fig. 3. They differ significantly in both the amount 
and the rate of unroofing responsible for expo- 
sure of the antiforms and the Miocene plutons 
surrounding them. The pull-apart model (path A 
of Fig. 3) proposes a relatively constant and mod- 
erate unroofing rate from an initial depth no 
greater than 7_+ 1 km. The detachment fault 
model (path B of Fig. 3) proposes an initial slow 
to moderate unroofing rate at midcrustal depths 
prior to ~ 8.5 Ma followed by diachronous rapid 
unroofing from depths of 8-12 km (Table 2). As 
will be discussed below, determination of which, 
or if either, of these two scenarios is consonant 
with the data is important in order to understand 
the kinematics of crustal extension in this region. 

4. Sampling and analytical methods 

A total of eighteen fission-track age determi- 
nations were obtained from eleven samples col- 
lected across the length of the mountain range 
(Fig. 2). Wherever possible, fission-track mineral 
separates (apatite, zircon and sphene) were ob- 
tained from samples already dated by the 4°Ar/ 
39Ar method in order to reconstruct the most 

TABLE 2 

Summary of proposed unroofing histories 

A. Pull-apart model (after [20]; depicted as path A in Fig. 3) 
(1) 11.6 Ma Willow Spring Pluton emplaced at no greater  than 7+_ 1 km. 
(2) Erosional and tectonic denudat ion (by high-angle normal  faulting) begins soon after emplacement.  
(3) ~ 9 Ma silicic plutons intrude the Willow Spring Pluton at < 5 km. 
(4) Erosional and tectonic denudat ion continues such that by 7 Ma the upper  part of the Willow Spring Pluton 

has been exposed at the earth 's  surface. 

B. Detachment model (after [28] and [10]; depicted as path B in Fig. 3) 
(1) 11.6 Ma Willow Spring Pluton emplaced at a depth of 10-15 kin. 
(2) ~ 9 Ma silicic plutons intrude the Willow Spring Pluton at ~ 8-12  km. 
(3) Tectonic denudat ion by westerly directed de tachment  faulting results in progressive rapid unroofing 

between ~ 8.5 and 6.0 Ma. 
(4) Willow Spring Pluton exposed by 5.0 Ma. 
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TABLE 3 

Fission track data from the Black Mountains, Death Valley, California 

D.K. H O L M  A N D  R.K.  D O K K A  

Field name Mineral Spontaneous Track Induced Track Standard Track Grains Chi Squared Correlation Age + l c  
(Lab #) Dated Density, tracks/cm 2 Density, tracks/cm 2 Density, tracks/cm 2 Counted Probability$ Coefficient* (Ma) # (Ma) 

(tracks counted) (tracks counted) (tracks counted) 
988-25 sphene 8.27E+04 3.27E+05 1.90E +05 8 0.748 0.968 8.0 1.2 

(900004) (62) (245) (2026) 

DKH-FS sphene 6.80E+06 2.87E+05 1.89E+05 8 0.452 0.700 7.5 1.2 
(900007) (51) (215) (2026) 

DKH-SMG zircon 5.53E+05 1.99E+05 1.89E+05 7 0.468 0.970 8.8 1.0 
(900002) (109) (392) (2026) 

988-25 zircon 2.44E+05 1.02E+06 1.88E+05 8 1.993 0.831 7.5 1.1 
(900003) (62) (260) (2026) 

TQM-GW-B zircon 4.95E+05 2.03E+06 1.84E+05 8 0.555 0.992 7.5 0.8 
(900029) (103) (423) (2026) 

DKH-FS zircon 5.66E+05 2.81E+06 1.88E+05 8 0.510 0.980 6.3 0.6 
(900006) (128) (636) (2026) 

AM2a-M zircon 1.56E+05 2.58E+06 1.84E+05 11 4.916 0.983 18.7 1.6 
(900028) (222) (366) (2026) 

DKH-JP zircon 5.70E+05 1.57E+06 1.87E+05 6 0.588 0.837 11.4 1.8 
(900010) (57) (157) (2026) 

89-MP zircon 1.07E+06 4.21E+06 1.87E+05 8 1.437 0.994 7.9 0.7 
(900011) (155) (611) (2026) 
BWT-B zircon 1.96E+06 6.96E+06 1.86E+05 7 0.441 0.989 8.7 0.9 
(900012) (131) (466) (2026) 

DKH-IH2 zircon 9.60E+05 1.98E+06 1.86E+05 8 1.438 0.939 15.0 1.7 
(900014) (120) (248) (2026) 

IH1-BIO zircon 9.33E+06 3.20E+06 1.85E+05 2 0.173 89.9 15.2 
(900021) (140) (48) (2026) 

89-CC zircon 3.96E+05 1.57E+06 1.85E+05 8 0.664 0.977 7.8 1.0 
(900023) (84) (332) (2026) 

DKH-JP apatite 9.43E+04 2.43E+06 4.03E+04 7 0.292 0.994 8.4 1.1 
(900013) (66) (1698) (2014) 

988-25 apatite 1.99E+04 6.18E+05 4.02E+04 15 1.783 0.597 6.9 1.3 
(900017) (29) (899) (2014) 

IH1-BIO apatite 2.59E+04 5.42E+05 3.99E+04 20 2.400 0.885 10.2 1.5 
(900019) (51) (1067) (2014) 

89-MP apatite 4.83E+04 1.35E+06 3.97E+04 12 1.822 0.851 7.6 1.0 
(900020) (58) (1625) (2014) 

DKH-IH2 apatite 3.00E+04 6.39E+05 3.96E+04 16 3.560 0.700 9.9 1.5 
(900022) (48) (1023) (2014) 

$ Probability of obtaining g 2 value [28] for n degrees of freedom (n is number of grains minus 1). 
* Comparison between individual crystal track counts. 
~' Calculated following to [65] using zeta values of 335 and 10,626 for zircon-sphene and apatite, respectively. 
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c o m p l e t e  c o o l i n g  h i s t o r y  p o s s i b l e  fo r  i n d i v i d u a l  

s a m p l e s .  T h i s  w a s  d o n e  to  a v o i d  t h e  u n d e s i r a b l e  

s i t u a t i o n  o f  h a v i n g  t h e  h i g h e r  t e m p e r a t u r e  h i s t o r y  

( ~ 3 0 0 ° - 5 0 0 ° C )  c o n s t r a i n e d  f o r  s o m e  s a m p l e s  a n d  

t h e  l o w e r  t e m p e r a t u r e  h i s t o r y  ( ~  285 ° .  < IO0°C) 

c o n s t r a i n e d  fo r  o t h e r s ,  t h u s  m a k i n g  i n t e r p r e t a -  

t i o n  o f  t h e  c o o l i n g  h i s t o r y  f o r  t h e  r a n g e  b l o c k  

m o r e  d i f f icu l t .  M i n e r a l  s e p a r a t e s ,  in  t h e  s ize  r a n g e  

6 2 - 2 5 0  /xm, w e r e  o b t a i n e d  u s i n g  a c o n c e n t r a t i n g  

t a b l e ,  h e a v y  l i qu id s  a n d  a m a g n e t i c  s e p a r a t o r  a t  

t h e  L o u i s i a n a  S t a t e  U n i v e r s i t y  f i s s i o n - t r a c k  l a b o -  

r a t o ry .  

Z i r c o n s  a n d  s p h e n e s  w e r e  e m b e d d e d  in 

t r a n s l u c e n t  F E P  T e f l o n  T M  o n  a h o t  p l a t e  a t  

350°C,  g r o u n d  w i t h  600 g r a d e  s i l i con  c a r b i d e  

p a p e r  in  w a t e r  a n d  p o l i s h e d  w i t h  d i a m o n d  p o w -  

TABLE 4 

Summary of Black Mountains cooling-age data 

Sample Rock type Locality Mineral Elevation Age +2~ 
(Mi~) 

Southeastern Black Mountains 
1H1-BIO pc  basement 116°25.6 ' W, 35052.5 ' N biotite 1,119 234.3 + 2.5* 

zircon >89.9 + 30.4 
a.patite 10.2 ± 3.0 

DKH-IH2 pC basement 116°26.3 ' W, 35053.7 ' N ztrcon 985 15.0 + 3.4 
apatite 9.9 + 3.0 

RH-BIO pC basement 116030.0 ' W, 35055.0 ' N biotite 671 232.3 + 5.9* 
DKH-JP pC basement 116034.4 ' W, 35054.5 ' N zircon 366 11.4 + 3.6 

apatite 8.4 ± 2.2 

AM-UNC-M pC basement 
AM2a-M pC basement 

AshfordCanyon 
116°39.6'W, 35°56.4'N muscovite 195 1411.6 ± 10.7" 
116°40.2'W, 35°57.5'N musco~te 317 283.2 ± 4.1" 

zimon 18.7 ± 3.2 

DKH-FS 

DKH-SMG 
89~2C 

988-25 

Central Black Mountains Core 
gabbro-diorite 116°40.0 ' W, 36°10.2'N s phene 

granite 116039.0 ' W, 35058.3 ' N 
pc  basement 116°44.1' W, 36006.6 ' N 

gabbro-diorite 116040.4 ' W, 36°03.1' N 

89-MP p c  basement 116°45.1' W, 36002.0 ' N 

DH-3780 gabbro-diorite 116040.4 ' W, 36008.0 ' N 
DH-2650 gabbro-diorite 116041.9 ' W, 36007.5 ' N 

1,686 7.5 + 2.4 
zarcon 6.3 + 1.2 
zircon 610 8.8 + 2.0 
hornblende ~50 >14.3 + 0.8* 
biotite 6.6 + 0.1" 
zircon 7.8 + 2.0 
hornblende 975 10.2 + 0.2* 
biotite 8.4 + 0.1" 
s.phene 8.0 + 2.4 
zarcon 7.5 + 2.2 
apatite 6.9 + 2.6 
hornblende 61 9.9 + 0.4* 
biotite 8.0 + 0.14" 
zircon 7.9 _+ 1.4 
apatite 7.6 + 2.0 
biotite 1,152 7.0 + 0.1" 
biotite 808 6.7 + 0.1 * 

Northern Black Mountains 
BWT-B pCbasement 116°45.6 ' W, 36°17.1 ' N biotite 265 13.2 + 0.2* 

zircon 8.7 _+ 1.8 
DH-BWT-2 pC basement 116045.0 ' W, 36o16.3 ' N muscovite 732 24.0 + 0.4* 

biotite 12.7 + 0.2* 

TQM-GW-B granite 
Greenwater Range 

116021.8 ' W, 35o59.9 ' N biotite 902 9.8 + 0.3* 
zircon 7.5 - 1.6 

* Data obtained by t h e  4°mr/39Al-  metho~l and discussed in [10]. Elevations in meters; pC = Precambrian. 
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der. They were then etched in molten K O H -  
N a O H  eutectic at ~ 220°C for times varying be- 
tween 13 and 70 h. Apati te grains were mounted 
in epoxy on microscope slides, ground using 400 
and 600 grade silicon carbide paper  and polished 
with 6 Izm and 1 txm diamond compound. The 
apatites were then etched in 5M H N O  3 for 20-30 
s at room temperature.  After etching all mounts 
were cleaned in detergent,  alcohol and distilled 
water. 

All samples were dated utilizing the external 
detector method [33], using analytical methods 
described in Dokka et al. [4]. Mounts were placed 
in intimate contact with low-U muscovite external 
detectors. Each batch of mounts for irradiation 
was stacked vertically between two pieces of ura- 
nium dosimeter glass which had been prepared in 
similar fashion. National Bureau of Standards 
dosimeter glasses 962 and 963a coupled with 
muscovite detectors were used with (i) zircons 
and sphene and (ii) apatite samples, respectively. 
These dosimeters were calibrated against the Fish 
Canyon zircon and apatite using an age of 27.88 
Ma. Samples were irradiated at the U.S. Geologi- 
cal Survey Triga Reactor  in Denver,  Colorado. 

After  irradiation, the muscovite external de- 
tectors were detached and etched in 48% HF for 
20 rain at room temperature.  Counting of tracks 
was greatly facilitated by the use of a microcom- 
puter-controlled automatic stage. Fission-track 
ages were determined using the zeta calibration 
technique, which eliminates the need for absolute 
thermal neutron dosimetry and selection of a 
value for the spontaneous fission decay constant 
of 238U. Analytical data and results are given in 
Table 3. Statistical uncertainty for all age deter- 
minations is expressed as two standard deviations 
and was calculated following Galbraith [34]. So 
little is known about the annealing characteristics 
of sphene and zircon that track-length measure- 
ments are not done on them. In this study, be- 
cause of the extremely low spontaneous track 
density in apatite grains, confined track-length 
measurements  were not possible. 

5. Results of fission-track dating 

The results of this study are discussed with 
respect to individual mineral types (sphene, zir- 
con and apatite). Specific localities, elevations, 

ages, etc. from this study and from a prior 4°Ar/ 
39Ar study are summarized in Table 4. Table 1 
shows the closure temperatures  assumed for this 
study in order to interpret the data. Closure 
temperature  is cooling-rate dependent  [35], with 
higher closure temperatures  associated with rapid 
cooling. Many of the fission-track cooling ages 
presented here for individual samples are concor- 
dant (within 20- error) and some are even concor- 
dant with higher temperature  4°Ar/39Ar cooling 
ages, suggesting rapid cooling. Therefore,  we have 
chosen published fission-track closure tempera-  
ture values obtained from other studies in rapidly 
cooling regions. 

Sphene: The mineral sphene is abundant in the 
Willow Spring Pluton [9]. Two sphene separates 
were obtained from samples of the batholith in 
the central portion of the Black Mountains crys- 
talline terrane (Fig. 2). A sphene fission-track age 
of 8.0 _+ 2.4 Ma from sample 988-25 near Willow 
Spring is concordant with a biotite 4°Ar/39Ar age 
of 8.4_+ 0.1 Ma obtained on the same sample 
(Table 4). Sphene from sample D K H - F S  located 

13 km north of Willow Spring yielded an age of 
7.5 _+ 2.4 Ma. These sphene ages are identical 
within error of one another  and suggest that the 
crystalline core of the range cooled through 
~ 285°C prior to ~ 5.5 Ma. 

Zircon: Ten zircon separates were obtained 
from Miocene intrusions and Precambrian base- 
ment  throughout the Black Mountains. Zircon 
fission-track ages decrease towards the north- 
west, with the exception of sample A M 2 a - M  at 
Ashford Canyon, which yielded an age of 18.7 + 
3.2 Ma. The oldest zircon age was obtained from 
I H 1 - B I O  in the southeastern Black Mountains, a 
sample located ~ 3.5 km structurally beneath the 
Precambrian nonconformity (Upper  Precambrian 
Pahrump Group strata depositional on 1.7 Ga 
basement).  Zircon grains from this sample often 
contained spontaneous tracks with such a high 
density that they could not be distinguished from 
one another for counting purposes. Two grains 
with a relatively low density of tracks were 
counted in an effort to establish a likely minimum 
age (considering the probability of missing tracks 
in counting). These gave grain ages of 95 and 82 
Ma, giving a pool age of 89.9 +_ 30.4 Ma. Whereas 
this age lacks statistical confidence and precision, 
we consider it likely to be a minimum age for this 
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sample. This same sample yielded a biotite 4°At/ 
39Ar total gas age of 234.3 _+ 2.5 Ma (Table 3). 

Zircon fission-track ages decrease to the 
northwest of sample IH1-BIO.  Three kilometers 
north of sample IH1-BIO,  zircons in Precam- 
brian basement yielded a fission-track age of 15.0 
_+ 3.4 Ma (sample DKH-IH2) .  A zircon fission- 
track age of 11.4 +_ 3.6 Ma (sample D K H - J P )  was 
obtained from Precambrian basement gneiss near 
Jubilee Pass northwest of sample DKH-IH2 .  
North of Ashford Canyon, mean zircon fission- 
track ages in the central Black Mountains core 
from both Miocene intrusions and Precambrian 
basement range from 8.7 to 6.3 Ma (Table 4). All 
of the ages from the crystalline core are identical 
(within error) to one another, with overlap at 
7.0-7.5 Ma. The zircon ages are also within error 
of the sphene ages discussed above, suggesting 
that the crystalline core of the Black Mountains 
cooled rapidly. 

Apatite: Apatite ages from the Black Moun- 
tains were difficult to obtain due to the presence 
of numerous inclusions in the majority of apatite 
grains. Although ten of the eleven samples con- 
tained enough apatite to yield a mineral separate 
for dating, only five separates had grains that 
were suitable for dating. Three apatite ages were 
obtained from Precambrian basement in the 
southern Black Mountains (samples IH1-BIO,  
D K H - I H 2  and D K H - J P )  and two from the cen- 
tral crystalline core of the range (samples 988-25 
and 89-MP). Due to the low precision in age 
determinations for extremely young samples us- 
ing this technique, all of the apatite ages from the 
Black Mountains are concordant (within 2o- er- 
ror), with overlap in the time span 7.5-9.7 Ma 
(Table 3). The lower age limits from apatite sepa- 
rates in the core of the range indicate that this 
portion of the range cooled through ~ 100°C by 
at least 5.5-4.5 Ma. This is consistent with sedi- 
mentologic evidence that indicates exposure of 
rocks making up the turtleback surfaces by ~ 5 
Ma [3,4,7]. 

6. Interpretation of cooling histories 

A frequently utilized approach for reconstruct- 
ing the cooling history of a rock is to use the age 
and closure temperature (and their accompanying 
uncertainties) of several different mineral ther- 

mochronometers,  each one constraining a differ- 
ent portion of the cooling path. Our cooling 
history reconstruction of individual samples 
throughout the Black Mountains is depicted in 
Fig. 4 and is based on fission track ages, 4°mr//39Ar 
ages [10], and time of first appearance of clasts in 
hanging wall sedimentary basins. We treat the 
cooling paths as fields of t ime- tempera ture  space 
rather than as lines because it is important to 
account for the uncertainty of the age determina- 
tions and closure temperatures. This t ime-tem- 
perature space is referred to as the cooling path 
enuelope [4,36]. In constructing an envelope, we 
assume monotonically decreasing temperatures 
between cooling ages. The envelope contains all 
possible cooling histories that the particular sam- 
ple could have experienced during unroofing. 
There is no a priori reason to assume that rocks 
cool linearly between regions constrained by the 
age data. After quantitatively reconstructing the 
cooling envelopes, we then qualitatively assess 
the most likely cooling path experienced by each 
rock using knowledge of the regional and local 
geology, distribution of ages across the range, etc. 
We have depicted this 'preferred '  path as a 
dashed line within each cooling path envelope 
(Fig. 4). 

Southeastern Black Mountains: Figures 4a and 
b are cooling path envelopes constructed from 
samples in the southeastern portion of the Black 
Mountains. The tempera ture-age  data for Fig. 4a 
(Ibex Hills) are from a single sample ( IH1-BIO)  
whereas Fig. 4b (Jubilee Pass) combines zircon 
and apatite fission-track ages from sample D K H -  
JP with the biotite 4°Ar/39Ar age from sample 
RH -BIO .  Biotites from this region yield total gas 
4°Ar/39Ar ages of ~ 230-235 Ma [9]. One inter- 
pretation of these data is that the ages represent 
simple slow cooling through ~ 300°C associated 
with slow unroofing at 230-235 Ma. However, 
considering their proximity to unmetamorphosed 
Precambrian strata, it seems likely that these 
rocks have not been buried to great depths since 
deposition of the overlying Upper  Precambrian 
strata. We propose an alternative explanation, 
therefore: that these biotite ages might record an 
Early Triassic thermal resetting event. 

Permian to Triassic plutonism has long been 
recognized in the northern and southern parts of 
the Cordilleran orogen. Southeast of the Black 
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Mountains, plutonism of apparently Late Triassic 
age is indicated from K-Ar hornblende ages in 
the Clark Mountains [37,38]. To the northwest, 
age determinations in the Cottonwood Mountains 
of northern Death Valley [39] indicate post- 
thrusting intrusions of Permo-Triassic age which 
give mid-Late Triassic muscovite and biotite cool- 
ing ages similar to the ages obtained in the south- 
ern Black Mountains. Whereas these three areas 
are currently over 210 km apart, reconstructions 
of Tertiary extension restore them into a narrow 

northerly trending transect (Fig. 5, [29,40,41]). 
The apparent proximity of Permian-Triassic in- 
trusions to the southern Black Mountains prior to 
Tertiary extension suggests that the 230-235 Ma 
4°Al'/39AT ages might represent thermal resetting 
due to intrusion. 

The minimum 90 Ma zircon age and the mid- 
dle Miocene apatite age for sample IH1-BIO 
indicates that this sample was between ~ 200°C 
and 100°C before the onset of regional Tertiary 
extension and cooled through 100°C during un- 
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roofing. This contrasts with samples D K H - I H 2  
and D K H - J P  which experienced middle Miocene 
cooling from above 200°C to below 100°C (Table 
4 and Fig. 4b). 

Central Black Mountains Core: Figures 4c -e  
depict cooling path envelopes constructed for 
samples from the crystalline core of the Black 
Mountains. Figure 4c represents tempera ture-age  
data obtained from the Willow Spring Pluton 
collected at Gold Valley (sample 988-25) and 
Figs. 4d and e represent data from Precambrian 
basement sampled from the Copper Canyon 
turtleback (sample 89-CC) and the Mormon Point 
turtleback (sample 89-MP). T h e  4°Ar/39Ar horn- 
blende age for sample 89-CC shows a diffusion- 
loss gradient with a low-temperature age mini- 
mum of 11.8 Ma and a high-temperature maxi- 
mum of 14.5 Ma. This spectrum has been inter- 
preted to represent partial resetting by the 11.6 
Ma Willow Spring Pluton whereas the 10 Ma 
plateau hornblende age from sample 89-MP was 
interpreted as a completely reset age [10]. 

It is important to note that the width of the 
cooling path envelope created by the relatively 
low precision of the fission-track ages is greatly 
reduced for some of the samples when inter- 
preted together with the 4°Ar/39Ar ages. This is a 
consequence of the fact that the cooling path 
envelope cannot have a negative slope (i.e., any 
particular cooling path cannot progress to older 
ages with time). This is best exemplified by Fig. 
4d. Although the zircon fission-track age is 8.0 _+ 
1.9 Ma, the 6.7 _+ 0.1 Ma biotite age provides a 
realistic upper age limit of 6.8 Ma. Therefore,  
this sample is constrained to have cooled from 
above ~ 300°C to below ~ 200°C between 6.8 
and 6.1 Ma, indicating a rapid cooling rate of 
> 150°C/Ma. 

Northern Black Mountains: Figure 4f depicts 
the cooling history of rocks making up the Bad- 
water turtleback. The 24 Ma muscovite and ~ 13 
Ma biotite 4°Ar/39Ar ages suggest that these rocks 
cooled slowly (<  5°C/Ma)  prior to the onset of 
intrusion and unroofing of the range block begin- 
ning at 11-12 Ma. The zircon fission-track age 
implies an increase in the rate of cooling after 13 
Ma (from < 5°C/Ma to 15-50°C/Ma).  Fine- 
grained dioritic dikes intruded the Badwater 
turtleback at 6.3 Ma [10], concurrent with brittle 
faulting [42]. 

Greenwater Range: A Tertiary granite exposed 
in the southern Greenwater range (Fig. 2) yielded 
a 9.8 _+ 0.1 Ma 4°Ar/39Ar biotite plateau age and 
a 7.7 _+ 1.7 Ma zircon fission-track age. This gran- 
ite has been interpreted by Holm et al. [10] as a 
shallow-level granite intruded at ~ 10 Ma. It is 
unconformably overlain by 8.5-7.5 Ma volcanic 
rocks [20], suggesting that it was unroofed shortly 
after intrusion. 

Ashford Canyon: The oldest cooling ages in 
the Black Mountains have been obtained from 
Precambrian basement samples collected from 
the vicinity of Ashford canyon beneath the depo- 
sitional contact with Upper Precambrian strata 
(Fig. 2, [26]). A muscovite 4°Ar/39Ar age of ~ 1.4 
Ga was obtained from micaschist (sample A M -  
U N C-M)  directly beneath the nonconformity 
south of Ashford Canyon (Table 4). A sample of 
Precambrian basement from north of the canyon 
(AM2a-M) yielded a 4°Ar/39Ar total gas age of 
283 _+ 4 Ma and a zircon fission-track age of 
18.9 _+ 3.2 Ma. 
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7. Discussion 

7.1 Timing of unroofing 

Discordant mica 4°Ar/39Ar ages from Precam- 
brian basement rocks of the Badwater turtleback 
suggest little unroofing prior to the onset of in- 
trusion [10]. Relative tectonic quiescence prior to 
the onset of major extension has been suggested 
for this region based on the sedimentologic record 
northeast of the Badwater turtleback [43]. Ap- 
atite and zircon ages from the southeastern Black 
Mountains and the Greenwater Range suggest 
that major unroofing and tilting occurred here at 
~ 13-8.5 Ma. We interpret the 15.2 Ma zircon 
age of sample D K H - I H 2  as a mixed age due to 
its being in the zone of partial annealing for 
zircon prior to unroofing. (Note its proximity to 
sample D K H - I H 1 ,  which was located above the 
zone of partial annealing for zircon prior to 
Miocene unroofing.) 

Cooling ages from the central Black Moun- 
tains are younger than those obtained from the 
southeastern Black Mountains, suggesting that 
unroofing occurred later there. For example, zir- 
con fission-track ages of ~ 6-9  Ma occur north 
of the Amargosa chaos, whereas zircon ages to 
the south range from ~ 11 to > 90 Ma. In addi- 
tion, minerals with higher closure temperatures 
yielded late Miocene ages concordant with ages 
obtained from minerals with lower closure tem- 
peratures. The young biotite 4°Ar/39Ar ages from 
both the Willow Spring Pluton and subjacent 

basement rocks in this area indicate rapid cooling 
from above 300°C. These data suggest that rocks 
from the central Black Mountains cooled both 
later (at ~8 .5 -6 .0  Ma vs. ~ 13-9.0 Ma) and 
from higher temperatures than did rocks from 
the southeastern Black Mountains. 

Apatite fission-track ages from the crystalline 
core of the range suggest that rapid unroofing 
brought these rocks to within a few kilometers of 
the earth's surface and that there has been little 
cooling and associated unroofing of the Death 
Valley antiforms since about 6-5 Ma. Although 
the Black Mountains escarpment has continued 
to be active, it is likely that no more than 3-4  km 
of unroofing, and probably less than this, oc- 
curred over the past 5 m.y. or so. 

7.2 Depth of unroofing 

Holm et al. [10] proposed that the Willow 
Spring Pluton intruded into country rock with 
temperatures above 300°C. As the central Death 
Valley region was relatively amagmatic for 10 
m.y. prior to intrusion, it seems probable that the 
geotherm was neither greatly disturbed nor inor- 
dinantly high when the pluton intruded. Fitzger- 
ald et al. [44] reported old pre-extensional apatite 
cooling ages at a structural depth of 4.5 km 
beneath the Tertiary unconformity in the Gold 
Butte block of southeastern Nevada. This sug- 
gests that the average upper crustal geothermal 
gradient at this latitude in Miocene time was 
probably between 20 and 25°C/km and probably 
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Fig. 6. Results of one-dimensional thermal modeling of intrusion cooling. Each graph plots depth of intrusion base vs. the time 
after crystallization at which the base of a sill-shaped pluton will cool through 300°C. The vertical line at 4.7 Ma represents the time 
after crystallization at which the base of the Willow Spring Pluton cooled through 300°C. (A) Results of modeling assuming an 
average geothermal gradient of 25°C/km prior to intrusion and pluton thicknesses of 1 and 2 kin. (B) Results of thermal modeling 

assuming a 2 km thick pluton and variable geothermal gradients of 20, 25 and 30°C/kin prior to intrusion. See appendix. 
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no greater than 30°C/km. This is consistent with 
a relatively normal pre-extensional geotherm 
throughout much of the Basin and Range 
Province [45], and with a rising average geother- 
mal gradient associated with extension since 
Miocene time and reaching about 30°C/km at 
present [46]. Considering an upper bound for the 
average geothermal gradient of 30°C/km prior to 
intrusion of the Willow Spring Pluton gives a 
minimum depth of emplacement of 10 km. This 
minimum is consistent with two independent re- 
sults from the Al-in-hornblende geobarometer 
that suggest a minimum intrusion depth of 9-12 
km [28,47]. 

The cooling history of the Willow Spring Plu- 
ton can also serve as an independent measure of 
the depth of intrusion. Time-governing equations 
for thermal decay of a pluton [48] indicate that its 
temperature will rapidly approach the tempera- 
ture of the country rock in the first 1-2 m.y. after 
crystallization. Figure 6 shows the results of one- 
dimensional modeling for thermal decay of a 
sill-like intrusion (see appendix). The graphs show 
the time after crystallization at which the base of 
the intrusion would cool through 300°C for vari- 
able depths. In our modeling we have assumed a 
standard thermal diffusivity of 10 -6 m2/s, a crys- 
tallization temperature of 900°C + 100°C, and 
geothermal gradients between 20 and 30°C/km. 
While there is always some degree of uncertainty 
in the estimation of these parameters, we con- 
sider the limits chosen to be within two standard 
deviations of the actual values. The results are 
relatively insensitive to crystallization tempera- 
ture (e.g., choosing an initial temperature of 
1000°C typically changes the depth estimate by 
less than 0.15 km). The pluton is exposed over a 
vertical relief above its base of about 1 km. We 
consider this a likely intrusion thickness but we 
allow for twice that thickness in our thermal 
modeling. Biotite 4°Ar/39Ar cooling ages at and 
near the base of the intrusion indicate the pluton 
cooled through 300°C about 4.7 Ma after crystal- 
lization [10]. If we consider the biotite ages to 
represent cooling simply due to loss of intrusion 
heat, the results from thermal modeling (Fig. 6a 
and b) show that the base of the pluton would 
have intruded at a likely depth of 11.1 _+ 2.5 km 
(using an approximation for the standard devia- 
tion; Bevington [49], eq. 4-9). This estimate would 

represent a minimum depth as the modeling as- 
sumes the base of the pluton remained stationary 
throughout its cooling. Unroofing during that time 
would cause cooling to be accelerated and thus 
require greater depths for emplacement. 

7.3 Tectonic implications 

A fundamental consequence of normal fault- 
ing is that deeper  (warmer) crustal levels are 
brought nearer to the surface and juxtaposed 
with shallower (colder) crustal levels. Following 
the second law of thermodynamics, foot wall rocks 
rapidly cool toward equilibration with the hang- 
ing wall. Also, as unroofing rates for tectonic 
denudation are generally rapid, rocks unroofed 
by normal faulting will normally cool more quickly 
than rocks unroofed by erosion-dominated pro- 
cesses [50,51]. 

The actual cooling histories reconstructed here 
compare well with the generalized cooling history 
expected for westerly directed tectonic denuda- 
tion. The cooling path envelopes show slow cool- 
ing at relatively high temperatures followed by 
rapid cooling which we associate with tectonic 
denudation (Fig. 4). The cooling histories suggest 
a migration of rapid cooling across the range 
block during the time span ~ 12-6 Ma. The 
diachroneity and rapid rate of cooling, as well as 
cooling from progressively warmer temperatures 
toward the northwest, all seem to suggest that 
unroofing occurred by tectonic denudation rather 
than by erosion-dominated processes. The mor- 
phology of the cooling path envelopes con- 
structed here is similar to those constructed for 
other detachment fault terranes. We conclude 
that cooling of rocks in the Black Mountains 
probably reflects large-scale tectonic denudation 
similar to that observed for other metamorphic 
core complexes [4,36,52-57]. 

Analysis of the age and correlation of Miocene 
volcanic rocks in this region also argues against 
an erosion-dominated process. Volcanic strata of 
ca. 11 Ma and younger on the eastern portion of 
the Panamint Range (Fig. 7) have been corre- 
lated with volcanic rocks on the southeastern 
portion of the Black Mountains [26,58]. This sug- 
gests either that (1) the area between (currently 
occupied by the crystalline rocks of the Black 
Mountains) was a site of basin development and 
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Fig. 7. Generalized stratigraphic columns showing correlated 
units in the eastern Panamint Range and the Black Moun- 
tains. Ages (K-At) are from Wright and Troxel [26] and 
Hildreth [unpublished]. Trf = rhyolite flow; Tad = basaltic an- 
desite; Trt = rhyolite tuff; Trh = lithic ash-flow tuff (Rhodes 
tuff in Black Mountains); Cn = Nopah Formation; Qb = basalt 
of Cinder Cone Hill; Tsh = Shoshone volcanics; Ts = 
Sheephead andesite; Tp = pre-Rhodes volcanic units; p C - C  
= unmetamorphosed Late Precambrian-Cambrian strata; pC 
= Precambrian basement_+ metamorphosed Late Proterozoic 

cover. 

tent with the notion that these rocks are part of 
an allochthonous slice [6]. Holm and Wernicke 
[28] interpreted these rocks (and the overlying 
strata which constitute the Amargosa chaos) to 
have been translated 15-20 km northwestward 
away from their initial position in the southeast- 
ern Black Mountains. According to their inter- 
pretation, these rocks would represent a stranded 
portion of the hanging wall left behind as a highly 
distended and fault-bounded rock mass. This in- 
terpretation implies that the oldest cooling ages 
should be obtained from the Ashford Canyon 
area and that cooling ages would decrease to- 
wards the northwest away from the Precambrian 
nonconformity (Fig. 8). 

The monotonically decreasing cooling ages 
from mineral thermochronometers across the 
central core of the range block suggest that un- 
roofing occurred along a single major gently dip- 
ping detachment zone [10]. Unroofing by a com- 
bination of erosion and high-angle normal fault- 
ing throughout the range [23] seems difficult to 
reconcile with this pattern of cooling. Rather, the 
entire range block represents a relatively intact 

areally extensive volcanic accumulation or (2) the 
volcanic rocks in the Panamint Range were tec- 
tonically transported away from their initial posi- 
tion east of the Black Mountains. Both of these 
possibilities preclude late Miocene (12-6 Ma) 
unroofing by erosion of the miogeoclinal section. 
It seems reasonable to conclude that volcanic 
accumulation occurred simultaneously with de- 
tachment faulting and associated tectonic unroof- 
ing of the Black Mountains and that the volcanic 
rocks are detached strata brought to rest on the 
crystalline complex during tectonic denudation. 

Figure 8 is a summary plot of mean cooling-age 
data (micas, sphene, zircon and apatite) from the 
Black Mountains projected onto a NW-oriented 
section beginning below the Precambrian non- 
conformity in the southeastern portion of the 
range and extending to the northern end of the 
Copper Canyon turtleback (line A - A '  of Fig. 2). 
Excluding the data obtained from just beneath 
the Amargosa chaos rocks, mineral ages decrease 
towards the northwest with increasing distance 
away from the nonconformity. The old cooling 
ages from the Ashford Canyon region are consis- 
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Fig. 8. Mean cooling-age data of the Black Mountains pro- 
jected onto a NW-trending cross section (A-A '  of Fig. 2). See 

text for discussion. 
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NW-deepening section of the pre-extensional 
crust unroofed during Neogene extension. Mica 
ages from the Badwater turtleback (Table 4) indi- 
cate that these rocks were at a shallower depth 
prior to extension than rocks making up the two 
southern turtlebacks. Holm et al. [10] interpreted 
these rocks as either having been displaced to- 
wards the northwest, perhaps along a mid-crustal 
splay of the detachment zone in similar fashion to 
the rocks of the Amargosa chaos, or as occurring 
along a NW-trending ramp of the detachment. 

7.4 Mechanical model of extension 

The reconstruction of cooling histories sug- 
gests that cooling occurred rapidly in specific 
regions and that it migrated towards the north- 
west. We interpret this pattern of cooling as a 
result of the lower plate undergoing major flexu- 
ral deformation as it pulls out from underneath a 
relatively rigid, scoop-shaped hanging wall block. 
This model for extensional deformation (the 'roll- 
ing hinge' model) has been proposed previously 
for this region and elsewhere [59-62]. However, 
to our knowledge, this is the first study which 
documents a pattern of foot wall cooling and 
unroofing within a single range block which ap- 
pears to support this model. 

This migration of unroofing and tilting within 
the range mimics the overall east to west sequen- 
tial tilting of range blocks at this latitude [29,63]. 
The timing constraints presented here support a 
model of sequential detachment of range-scale 
blocks away from the trailing edge of a westward 
migrating crustal block [59,62]. Similar ther- 
mochronologic evidence for sequential range- 
scale tilting has been obtained from the Lake 
Mead extended region [44], suggesting that this 
style of extension might provide an explanation 
for strongly extended domains in the Basin and 
Range in general. 

The results of this study suggest that the deep- 
est portions of foot wall rocks were tectonically 
unroofed from temperatures in the 300-400°C 
range at depths of 10-15 kin. Recent ther- 
mochronologic studies of exposed foot wall rocks 
both north (Funeral Mountains) and south 
(Mojave Extensional Belt) of the Black Moun- 
tains have yielded similar results with rapid un- 
roofing of rocks from temperatures between 300- 
350°C [36,64]. The now moderately to steeply 

tilted stratified rocks at upper crustal levels, and 
steep faul t -bed angles, suggest that the detach- 
ment faults in these areas initially dipped more 
steeply through the upper crust [60,65-67]. How- 
ever, the great distances of exposed foot wall 
relative to the amount of unroofing suggested by 
the moderate, pre-extensional temperatures of 
the deepest portions seem to require more gentle 
dips of the detachment in the middle crust. The 
300-350°C temperatures associated with the 
lower dips generally correspond to the onset of 
crystal-plastic deformation mechanisms in quart- 
zose rocks. It thus seems likely that, at least in 
this region, the flattening of crustal scale listric 
detachment faults corresponds to a rheological 
transition from cataclastic to crystal-plastic de- 
formation mechanisms as hypothesized by a num- 
ber of earlier workers [68-70]. 
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Appendix 

T h e  t i m e - g o v e r n i n g  e q u a t i o n  for  t h e r m a l  d e c a y  o f  the  base  

o f  a sill t h r o u g h  a spec i f i ed  t e m p e r a t u r e  is g iven by: 

Ts = [Tb+(x+a)G] 2 [erf[(2a)/(2~f~t)]] +(x + o)G 

w h e r e  T s = spec i f i ed  t e m p e r a t u r e ,  T b = c rys ta l l i za t ion  t e m p e r -  

D, km 

x = in t rus ion  _ 
c e n t e r  

T, °C 

~gradien G = average geothermal t, °C/kin 

) 1 2a' km'~Tb = 

\( : oooc 
9 0 0 ° C  
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ature at the pluton base, x = depth of the center of the sill, 
a =  sill half-thickness, a is the thermal diffusivity, G = 
geothermal gradient and t = time after crystallization (mod- 
ified [48]). We specify T s = 300°C and consider a = 10 -6 m2/s. 
Solving for x + a gives: 

x + a= 3 0 0 - - ( T b / 2 ) { e r f [ ( a ) / ( 5 ~ f f ) ] } /  

G { 1 / 2 [ e r f [ ( a ) / ( 5 v ~ ) ] ]  + 1} 

We consider T b = 900+ 100°C. For the Willow Spring Pluton 
in the Black Mountains, t =4.7 Ma, a =  0.5-1.0 km and 
G = 20-30°C/km. 
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