
ABSTRACT

Lower plate rocks exposed in the Buckskin-
Rawhide metamorphic core complex, west-
central Arizona, underwent a pronounced in-
crease in cooling rate 7–12 m.y. after the onset
of extensional tectonic denudation at ca. 
27 Ma. A detailed 40Ar/ 39Ar study of lower
plate rocks exposed near Planet Peak, in the
southwest part of the core complex, indicates
that the highest-level mylonitic rocks exposed
in the complex cooled below 350 °C prior to 20
± 1 Ma, at an average rate of ≤15 °C/m.y.
Thereafter, the cooling rate of these rocks in-
creased progressively, peaking at 280–
80 °C/m.y. prior to initial exposure of the core
between 15.1 and 13.3 Ma. Published K-Ar,
40Ar/ 39Ar, and fission-track ages for the most
recently unroofed lower plate rocks, exposed
at the northeastern end of the core complex,
are consistent with a similar cooling history, al-
though the abrupt increase in cooling rate oc-
curred as many as 5 m.y. later in this area.

Because the increase in the cooling rate ap-
pears to have occurred progressively later to-
ward the northeast, it is unlikely to reflect
changes in slip rate. It appears to have coin-
cided with cooling below 350–300 °C, and thus
is interpreted to reflect steepening of the de-
tachment system above the brittle-ductile tran-
sition. Thermochronological data from lower
plate rocks in the Planet Peak area, together
with constraints on their initial exposure at the
surface, are consistent with an increase in the
dip of the detachment from ≤5° at midcrustal

depths (where it was represented by a shear
zone) to <24° in the upper crust.

At temperatures below 200–150 °C, lower
plate rocks at both ends of the core complex
probably cooled at rates >130 °C/m.y., which
can not be reconciled with the average dip
(≤25°) and slip rate (6–12 mm/yr) for the de-
tachment fault, given the likely geothermal
gradient (~25 °C/km) during the early stages
of extension. This implies that cooling did not
keep pace with denudation at upper crustal
levels. The very high cooling rates are inter-
preted to have primarily reflected the develop-
ment of a pronounced thermal discontinuity
across the detachment fault (possibly >100 °C),
as hot lower plate rocks were transported to
shallow crustal levels. Rapid cooling of the
lower plate at these levels may have been en-
hanced by interaction with fluids derived from
the upper plate, consistent with models that
link the shallow-level (<2–3 km), moderate-
temperature (<330 °C) hydrothermal mineral-
ization along detachment faults to the rapid
uplift of hot lower plate rocks.

INTRODUCTION

Thermochronological data from lower plate
rocks in metamorphic core complexes commonly
record evidence for very rapid cooling (dT/dt pos-
sibly >100 °C/m.y. [T = temperature,t = time])
during denudation (Davis, 1988; Foster et al.,
1990a, 1993; Baldwin et al., 1993). Abrupt in-
creases in cooling rate during denudation have
been interpreted to reflect periods of more rapid
slip on detachment systems, and thus peaks in the
rate of extension (e.g., Davis, 1988). However, it is
unknown whether cooling of the lower plate keeps
pace with denudation (e.g., House and Hodges,
1994), thus the use of thermochronological data to

infer changes in slip rate or geometry (e.g., Lee,
1995) for detachment systems is questioned. In
some cases, rapid cooling may even be largely in-
dependent of denudation rate, and reflect the decay
of transient thermal anomalies in and around high-
level intrusions emplaced prior to and during ex-
tension (Lister and Baldwin, 1993).

Numerical modeling of the thermal conse-
quences of slip on low-angle normal faults sug-
gests that cooling of the footwall does not keep
pace with uplift with respect to the Earth’s sur-
face, where denudation rates are >0.5–1.0 mm/yr
(Ruppel et al., 1988). Accordingly, a significant
perturbation (increase) of the geothermal gradi-
ent in the upper crust is expected in areas under-
going rapid denudation (e.g., Winslow et al.,
1994). As a result, cooling rates for denuded
rocks should increase as they approach the sur-
face (thermal boundary layer) in response to de-
velopment of a thermal discontinuity between the
upper and lower plates, even if denudation rates
remain relatively constant. For example, Ruppel
et al. (1988, Fig. 11a, p. 955) showed that for an
ambient geothermal gradient of ~10 °C/km,
rocks 5 km below a detachment fault, denuded at
a constant rate of 2.0 mm/yr, should be 80–90 °C
hotter after uplift from 25 to 5 km than rocks de-
nuded from the same depth at a rate of 0.5 mm/yr.
Furthermore, rocks uplifted from 25 to 5 km at
2.0 mm/yr should continue to cool rapidly for
several million years after denudation ceases
(Ruppel et al., 1988, Fig. 11a, p. 955).

Slip rates on detachment systems associated
with core complexes in the southwestern United
States are typically on the order of 6–9 mm/yr
(e.g., Buckskin-Rawhide: 6–9 mm/yr [Spencer
and Reynolds, 1991; Foster et al., 1993; this
study], Whipple: 7–8 mm/yr [Davis, 1988; Foster
et al., 1994]; and Chemehuevi: 7.7 mm/yr [John
and Foster, 1993]). Although field studies suggest

588

Tectonic implications of rapid cooling of lower plate rocks from the 
Buckskin-Rawhide metamorphic core complex, west-central Arizona

Robert J. Scott* Department of Earth Sciences, Monash University, Melbourne, Australia

David A. Foster School of Earth Sciences, La Trobe University, Melbourne, Australia and Department of 
Geology, University of Florida, Gainesville, Florida 32611

Gordon S. Lister Department of Earth Sciences, Monash University, Melbourne, Australia

GSA Bulletin; May 1998; v. 110; no. 5; p. 588–614; 15 figures; 5 tables.

*Present address: Centre for Ore Deposit Re-
search SRC, University of Tasmania, GPO Box
252-79 Hobart, Tasmania, Australia 7001; e-mail:
robert.scott@utas.edu.au

Data Repository item 9820 contains additional material related to this article.



that the detachment faults were active at very low
dips (<25°: John, 1987; Davis and Lister, 1988;
Scott and Lister, 1992; Livaccari et al., 1993;
John and Foster, 1993), these slip rates equate to
denudation rates >2 mm/yr, suggesting that sig-
nificant perturbation of the geothermal gradient
should have occurred.

Despite theoretical predictions about thermal
effects of rapid denudation, few field-based stud-
ies have examined the relation between slip and
cooling rates during core-complex development.

One exception is the study by House and Hodges
(1994), who argued that rapid cooling of the
lower plate of the Bitterroot metamorphic core
complex (Idaho-Montana) largely postdated tec-
tonic unroofing. However, the 40Ar/39Ar data for
K-feldspar, muscovite, and biotite used in this
study only demonstrate that rapid cooling post-
dated mylonitization, not necessarily the contin-
ued denudation of the lower plate at higher
crustal levels (Foster, 1995). Furthermore, it is
difficult to evaluate the significance of changes

in cooling rate at a single location in the lower
plate (see House and Hodges, 1994), as these
could be either temporally or spatially con-
trolled. Temporally controlled changes may re-
flect changes in slip rate on the detachment sys-
tem or cooling following pluton emplacement,
while the spatially controlled changes could re-
flect the thermal structure of the crust, the geom-
etry of the detachment system, or both. Ideally,
thermochronological data from along the length
of a core complex (parallel to the slip direction)
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Figure 1. Simplified map showing the lo-
cation of core complexes, major detachment
faults, and the areal extent of Tertiary my-
lonites within the Colorado River exten-
sional corridor. Regions northeast and
southwest of the corridor underwent minor
extension at upper crustal levels during Ter-
tiary time. Heavy arrows indicate displace-
ment directions on the detachment systems.
The accommodation zone at the northern
end of the extensional corridor marks a
transition from top-to-the-northeast to top-
to-the-southwest displacement on the domi-
nant fault systems at upper crustal levels
(Faulds et al., 1990; Faulds, 1992). From
north to south the core complexes are: S—
Sacramento, C—Chemehuevi, W—Whip-
ple, B-R—Buckskin-Rawhide, Hv—Harcu-
var, and H—Harquahala. Detachment faults
in the Homer (Ho) and Newberry (N) moun-
tains are transitional to smaller displace-
ment normal fault systems at the northern
end of the extensional corridor. Therm-
ochronological data from tilted crustal sec-
tions exposed in the Mohave (M) and north-
ern Plomosa (NP) Mountains indicate that
the geothermal gradient at the southern end
of the corridor could have been as low as
20–25 °C/km during the early stages of ex-
tension (Foster et al., 1994).
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Figure 2. Summary of geochronological data for lower plate rocks from the Buckskin-
Rawhide metamorphic core complex. Sources of data and methods of analysis denoted by su-
perscripts: 1—K-Ar, Shackelford (1980); 2—K-Ar, Spencer et al. (1989a); 3—U-Pb, Bryant
and Wooden (1989); 4—40Ar/ 39Ar, Richard et al. (1990); 5—K-Ar (sample location approxi-
mate); Spencer and Reynolds (1990); 6—Fission track, Bryant et al. (1991); 7—Fission track,
Foster et al. (1993); 8—40Ar/ 39Ar, Scott (1995); 9—Fryxell in Bryant (1995); 10—Wooden in

Bryant (1995); and 11—40Ar/ 39Ar, this study. Circled numbers 1, 2, and 3 denote the locations
used to constrain cooling history of the lower plate (see Fig. 12). The study area (Fig. 4) is at
the southwestern end of the Planet Peak arch (Bryant and Wooden, 1989), the northernmost
of three northeast-trending lower plate ridges. The Bill Williams River separates the Buckskin
(south) and Rawhide (north) Mountains, although the two ranges are geologically continuous.
Map is compiled from Bryant (1995) and Spencer (1989).



are required in order to reliably interpret the
physical significance of variations in cooling
rate at a single location (Foster, 1995).

We have combined a detailed 40Ar/39Ar study
of lower plate rocks at the southwestern end of the
Buckskin-Rawhide metamorphic core complex
with previously published thermochronological
data from elsewhere in the complex in order to ex-
amine the cooling history of the lower plate dur-
ing Miocene denudation. Lower plate rocks at
both ends of the core complex record a similar
greater than 10 fold increase in cooling rate dur-
ing denudation. This is interpreted to reflect both
the ramped geometry of the detachment system
and the thermal structure of the upper crust dur-
ing, and as a result of, extension. The lower plate
appears to have retained much of its heat during
rapid transport to shallow crustal levels, undergo-
ing extremely rapid cooling (dT/dt > 130 °C/m.y.)
within a few kilometers of the surface. Our inter-
pretation supports earlier models that have linked
moderate temperature (i.e.,≤330 °C), but very
shallow level, Fe-Cu mineralization along detach-
ment faults to the rapid denudation of hot lower
plate rocks (e.g., Spencer and Welty, 1986; Roddy
et al., 1988).

Geological Setting of the 
Buckskin-Rawhide Mountains

The Buckskin-Rawhide metamorphic core
complex is the largest of six metamorphic core
complexes exposed in the Colorado River ex-
tensional corridor, a 50–125-km-wide belt that
underwent extreme crustal extension during lat-
est Oligocene and Miocene time (Fig. 1;
Howard and John, 1987). The core complexes
are exposed along the axis of the corridor, south
of lat 35°N, where the greatest extension oc-
curred (locally ≥400%, e.g., Spencer and
Reynolds, 1991). Unroofing of the core com-
plexes was accomplished along originally
northeast-dipping detachment systems, rooted
beneath the western margin of the transition
zone (Howard and John, 1987; Davis and Lister,
1988; Spencer and Reynolds, 1991). Spencer
and Reynolds (1989, 1991) estimated that a to-
tal of 55–75 km top-to-the-northeast displace-
ment occurred on the Buckskin-Rawhide fault
system in early and middle Miocene time.

The lower plate of the Buckskin-Rawhide
metamorphic core complex is exposed in three
northeast-trending ridges, which reflect the 
corrugated form of the now largely eroded 
(but originally overlying) detachment fault sys-
tem (Fig. 2, Shackelford, 1980; Rehrig and
Reynolds, 1980; Spencer and Reynolds, 1989).
The detachment fault and thin remnants of the
upper plate are best preserved in broad shallow
synforms between the lower plate arches, and

along the northeastern and northwestern flanks
of the core complex (Fig. 2). Locally, hy-
drothermal Cu + Fe mineralization (T<330 °C)
occurs along the detachment fault, and within
adjacent rocks in the upper and lower plates
(Spencer and Welty, 1986; Roddy et al., 1988).

The lower plate is dominated by Early Prot-
erozoic to Cretaceous layered migmatitic
gneiss, intruded by a variety of Early Protero-
zoic to Tertiary plutonic rocks (Bryant and
Wooden, 1989; Bryant, 1995; Bryant et al.,
1996). In areas not as strongly affected by sub-
sequent deformation events, particularly the
southern and southwestern parts of the core
complex, Proterozoic rocks locally preserve a
well developed, steeply dipping, northeast-
trending gneissic fabric (Scott, 1995). The fab-
ric is defined by upper amphibolite facies min-
eral assemblages and may have formed during
the 1.7 Ga Ivanpah orogeny (e.g., Bennett and
DePaolo, 1987; Wooden and Miller, 1990).
However, as a similarly oriented, but more
weakly developed “gneissic” fabric overprints a
Mesozoic(?) intrusion near Planet Peak (see
Sample 92C81, Appendix 1), the steeply dip-
ping fabric in the Proterozoic rocks may have a
more complex origin. The gneisses were in-
truded by Early or Middle Proterozoic granite
and granodiorite, Jurassic diorite and gabbro
and Cretaceous granite (Bryant and Wooden,
1989; Bryant, 1995).

Numerous slivers of metasedimentary rock
including calc-silicate, marble, quartzite, and
feldspathic schist are intercalated with Protero-
zoic gneisses in the lower plate (Bryant and
Wooden, 1989; Spencer and Reynolds, 1989).
These rocks generally crop out as lenses a few
meters thick with lateral extents of 10s to 100s
of meters. However near Battleship Peak, in the
southernmost part of the Buckskin Mountains,
the metasedimentary sequence is up to 800 m
thick and forms the structurally highest unit in
the lower plate (Fig. 2; Marshak and Vander
Muelen, 1989; Bryant and Wooden, 1989). The
metasedimentary rocks are thought to be slivers
of the Paleozoic-Mesozoic shelf succession, in-
corporated into the basement during deep-
seated thrusting in the late Mesozoic (Bryant
and Wooden, 1989; Spencer and Reynolds,
1989). In much of southern and western Ari-
zona (including the Buckskin-Rawhide Moun-
tains) and southeastern California, the late
Mesozoic compressional deformation was ac-
companied by regional metamorphism grading
to upper amphibolite facies (locally associated
with migmatization) and widespread emplace-
ment of peraluminous and metaluminous intru-
sions (Reynolds et al., 1988; Knapp and 
Heizler, 1990; Foster et al., 1990a; 1992;
Bryant, 1995). Late Cretaceous to early Ter-

tiary K-Ar and 40Ar/39Ar cooling ages for horn-
blende from lower plate gneisses exposed in the
northeast of the Buckskin-Rawhide core com-
plex (Shackelford, 1980; Richard et al., 1990;
Bryant, 1995) indicate that at least the deepest
exposed portions of the lower plate remained
above 500 °C until the early Tertiary. A 52.3 ±
1.4 Ma K-Ar age for a biotite sample from the
lower plate in the Rawhide Mountains (Fig. 2;
Shackelford, 1980) implies rapid cooling to be-
low ~300 °C during the early Tertiary. How-
ever, this cooling age is inconsistent with other
thermochronological data from the core com-
plex and is considered spurious (for further dis-
cussion see Bryant et al., 1991, p. 12,378).

Nearly 30% (>200 km2) of the exposed lower
plate in the Buckskin-Rawhide Mountains con-
sists of metaluminous to weakly peraluminous
mafic to felsic intrusions (Swansea Plutonic
Suite) emplaced immediately prior to or during
the early stages of core complex formation
(Fig. 2; Bryant and Wooden, 1989; Richard
et al., 1990; Bryant et al., 1993; Bryant, 1995).
The suite includes medium to coarse-grained
gabbro, diorite, quartz diorite, granodiorite and
granite (Bryant and Wooden, 1989; Bryant,
1995). U-Pb analyses of zircon splits from
widely separated felsic and mafic members of
the suite both lie on a chord with a lower inter-
cept of 21.7 ± 0.7 Ma (Fig. 2; Bryant, 1995;
Bryant et al., 1996). 40Ar/39Ar plateau ages for
hornblende from three other mafic intrusions in
the suite range from 29.9 to 26.2 Ma, with age
spectra consistent with minimal contamination
with excess argon (Fig. 2; Richard et al., 1990).
A hornblende sample from the Swansea Plu-
tonic Suite in the central Buckskin Mountains
(possibly a wall-rock inclusion, e.g., Bryant,
1995) yielded an anomalously old 40Ar/39Ar to-
tal gas age of 45.7 Ma (Fig. 2; Fryxell in Bryant,
1995). Numerous thin (≤5 m), consistently ori-
ented sheet-like intrusions also occur through-
out the lower plate, particularly in the Planet
Peak (Scott, 1995) and Battleship Peak (Bryant,
1995) areas, at the southwestern end of the core
complex. They are generally very fine grained
and porphyritic, and range from mafic to felsic-
intermediate in composition. The sheet-like in-
trusions cut the Swansea Plutonic Suite north-
west of Planet Peak, indicating they are latest
Oligocene to Miocene in age. Similar intrusions
in the neighboring Whipple Mountains were
dated at 26 ± 5 Ma (U-Pb zircon, Wright et al.,
1986) and 24.1 ± 6.6 Ma (U-Pb zircon, Foster,
unpublished data).

Most lower plate rocks in the Buckskin-
Rawhide Mountains, including the Swansea Plu-
tonic suite and the thin sheet-like intrusions, are at
least weakly overprinted by a moderately to gent-
ly dipping mylonitic fabric formed under biotite-
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grade greenschist facies conditions (Shackelford,
1980; Woodward and Osborne, 1980; Spencer
and Reynolds, 1989) during Oligo-Miocene ex-
tension (Bryant and Wooden, 1989; Richard et al.,
1990). Although the orientation of the mylonitic
fabrics is highly variable, the mylonitic (exten-
sion) lineation consistently trends northeast, sub-
parallel to the displacement direction on the de-
tachment fault (Spencer and Reynolds, 1989;
1991). The mylonites predominantly record top-
to-the-northeast shear, consistent with southwest-
ward displacement of the lower plate from be-
neath the western margin of the Transition Zone
(Fig. 1; Howard and John, 1987; Spencer and
Reynolds, 1991). The mylonitic fabric is more
pervasively developed toward the northeast, con-
sistent with the unroofing of deeper (pre-exten-
sional) structural levels in this direction (Bryant
and Wooden, 1989; Spencer and Reynolds, 1989;
1991). However, there is little variation in the
peak metamorphic grade of the mylonitic fabrics
across the range, implying the shear zone origi-
nally had a gentle dip at midcrustal depths
(Spencer and Reynolds, 1991).

The upper plate is dominated by sedimentary

and volcanic rocks deposited during develop-
ment of the core complex. The oldest synexten-
sional deposits rest unconformably on either
Proterozoic crystalline basement or remnants of
the Mesozoic plus or minus Paleozoic cover se-
quence and consist chiefly of lacustrine sedi-
mentary rocks, minor tuff and evaporites and
sparse coarse clastic deposits (Spencer and
Reynolds, 1989; Spencer et al., 1989b; Yarnold,
1994). These deposits record minor differential
tilt (~5°) during deposition, reflecting the initial
subsidence associated with down-warping
(Lucchitta and Suneson, 1993; 1996) or move-
ment on basin-bounding normal faults (Spencer
et al., 1989b; Yarnold, 1994). There are few reli-
able constraints on the age of the oldest synex-
tensional deposits. Generally, 23–24 Ma has
been favored for the onset of extensional
deformation in the southern and central parts of
the CRec (e.g., Foster et al., 1993; Spencer and
Reynolds, 1994; Nielson and Beratan, 1995).
However, nearly concordant 40Ar/39Ar ages for
biotite (26.57 ± 0.15 Ma) and K-feldspar (26.28
± 0.01 Ma) from a tuff near the base of the
synextensional sequence just north of the

Rawhide Mountains (G. H. Curtis in Lucchitta
and Suneson, 1994) appear to provide the most
reliable constraint on the maximum age of the
succession and indicate extension was under
way by ~27 Ma. Detachment faulting at the
northeastern end of the Buckskin-Rawhide
Mountains continued until at least 9.6 ± 0.3 Ma
(K-Ar whole-rock, Shackelford, 1980), based
on the age of a locally faulted but gently dipping
basalt flow overlying, or intercalated with, the
uppermost part of the synextensional succession
in the Artillery Mountains (Fig. 3).

At a relatively late stage during extension,
clasts of mylonite and chloritic breccia were in-
corporated into synextensional deposits at the
northeastern flank of the core complex, record-
ing initial subareal exposure of the lower plate
(Spencer and Reynolds, 1989; Yarnold, 1994).
Typically, 20%–40% of clasts in the Sandtrap
Conglomerate (the youngest synextensional
unit) were derived from the lower plate. The un-
derlying Chapin Wash Formation contains <5%
lower plate detritus (Spencer and Reynolds,
1989; Spencer et al., 1989b). Consistent north-
east-directed paleocurrents from the Sandtrap
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Figure 4. Geological map of the Planet Peak area showing the locations of the
40Ar/ 39Ar samples discussed in the text and the position of cross section A–A′ (Fig. 5).
Strongly mylonitized intrusions of the Swansea Plutonic Suite locally underlie the de-

tachment fault, or inferred position of the detachment fault, along both flanks of the
Planet Peak arch, and represent the structurally highest unit in the lower plate in this
area. Map is compiled from Scott (1995), Spencer et al. (1989c), and Bryant (1995).



Conglomerate (Yarnold, 1994) indicate the
Buckskin-Rawhide metamorphic core complex,
and not neighboring complexes in the Harcuvar
and Whipple mountains, was the source of the
lower plate detritus (see Fig. 1 for relative posi-
tions of the core complexes). The origin of the
lower plate detritus in the Chapin Wash Forma-
tion is less certain, although as this material is
largely restricted to exposures adjacent to the
exposed core of the complex (Spencer and
Reynolds, 1989; Yarnold, 1994), local deriva-
tion is again considered most likely. However,
predominantly southward-directed paleocur-
rents for the Chapin Wash Formation indicate
the lower plate of the Buckskin-Rawhide core
complex did not form a prominent topographic
feature until just prior to the deposition of the
Sandtrap Conglomerate (Yarnold, 1994).

Widespread exposure of the lower plate by

13.3 ± 2.1 Ma is indicated by a K-Ar whole-rock
age (Eberly and Stanley, 1978, recalculated by
Reynolds et al., 1986) for the Cobwebb Basalt,
which locally underlies the Sandtrap Conglom-
erate. However, absolute constraints on initial
exposure of the lower plate are poor. Whole-rock
K-Ar ages for the stratigraphically highest vol-
canic unit(s?) underlying the Chapin Wash
Formation vary by ~5 m.y. (21 ± 3.6 Ma: Eberly
and Stanley, 1978; 16.2 ± 0.4 Ma: Shackelford,
1980; 19.2 ± 0.7 Ma: Otton, 1982; 20.2 ± 0.9 Ma
and 15.8 ± 0.5 Ma: Spencer et al., 1989a). In the
area north of the Buckskin-Rawhide Mountains
an arkosic sequence correlative with the Chapin
Wash Formation contains felsic tuff and rhyolite
as old as 15.1 ± 0.1 Ma (K-Ar sanidine, Suneson
and Lucchitta, 1979). Existing thermochrono-
logical data for lower plate rocks at the south-
western end of the core complex indicate the

shallowest level mylonitic rocks were not ex-
posed until after 17 Ma (e.g., Richard et al.,
1990). Assuming mylonitic clasts within the
Chapin Wash Formation were locally derived,
16.2 Ma appears to be the only feasible maxi-
mum age limit for surface exposure of the my-
lonitic core. Accordingly, initial exposure of the
lower plate in the Buckskin-Rawhide Mountains
probably occurred between 16.2 and 15.1 Ma,
but definitely by 13.3 Ma (Fig. 3).

Previous Thermochronological Studies

Previous thermochronological studies in the
Buckskin-Rawhide Mountains were primarily
concerned with constraining the age of exten-
sional deformation, rather than the cooling his-
tory of the lower plate. However the existing data
reveal a consistent 1–2 m.y. difference between
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Figure 6. (a) and (b) Photomicrographs of sample 92G84a in plane- and cross-polarized light, respectively. The pre-Tertiary gneissic foli-
ation dips from upper left to lower right. Large K-feldspar porphyroblasts (Kfs) have well-developed tartan twinning characteristic of 
microcline, and range from strain free to slightly kinked or fractured. Biotite (Bt) is strain free or slightly kinked and has smooth to ragged
and/or irregular grain boundaries. Field of view is 3.3 × 5 mm. (c) Hand specimen of sample 92G84e showing the well-developed mylonitic
fabric. (d) Photomicrograph of sample 92G84e in cross-polarized light. Quartz aggregates are extensively recrystallized and display a pro-
nounced fabric asymmetry indicating top-to-northeast (i.e., left of photograph) shear. Original K-feldspar (Kfs) porphyroblasts are frac-
tured and disaggregated. Field of view is 3.3 × 5 mm. (e) Well-developed gneissic layering in quartz-feldspar gneiss at the sample site for
92N48. Lens cap for scale. (f) Partially mylonitized quartz-feldspar gneiss adjacent to sample site for 92N49a. Well-developed fabric asym-
metry indicates top-to-the-northeast (i.e., right of photograph) shear.



cooling ages for biotite (40Ar/39Ar and K-Ar) and
apatite (fission track) along the length of the core
complex (Figs. 2 and 3), implying extremely
rapid cooling during denudation of the lower
plate. Closure temperatures for biotite are prob-
ably in the range 300–360 °C (for cooling rates
5–150 °C/m.y.; Harrison et al., 1985), whereas
apatite fission track ages from the Buckskin-
Rawhide Mountains record cooling below ~110
°C (Foster et al., 1993). These data suggest the
average cooling rate at temperatures below 
300 °C exceeded 100 °C/m.y. The fission track
length distributions for the apatite samples also
suggest cooling rates of 100–200 °C/m.y. (cf.
Foster et al., 1993).

Apparent ages for biotite and apatite sam-
ples from the lower plate in the Buckskin-
Rawhide Mountains both decrease toward the

northeast, consistent with progressive unroof-
ing of the lower plate in this direction (Fig. 2;
Foster et al., 1993). Provided both the rate of
denudation and the geothermal gradient were
relatively constant during closure, the cooling
ages should reflect passage through a fixed
point in space (namely the closure temperature
isotherm, e.g., Ketcham, 1996). Thus for each
mineral, a plot of apparent age versus sample
separation (measured parallel to the slip direc-
tion) yields an estimate of the slip rate on the
detachment (Fig. 3; Foster et al., 1993). Due to
the low uranium content and fission track den-
sity of apatite samples from the Buckskin-
Rawhide Mountains, uncertainties in apparent
age (s = 15%–25%) and detachment slip rate
(6.6 ± 5.9 mm/yr) are correspondingly large
(Fig. 3). Nonetheless, the average slip rate is

similar to that inferred from the decrease in bi-
otite age along the length of the core complex
(8.7 mm/yr) and constraints on exposure of the
lower plate at both ends of the complex
(6.4–10.6 mm/yr, Fig. 3).

Although lower plate rocks in the Buckskin-
Rawhide Mountains appear to have cooled ex-
tremely rapidly during the final stages of de-
nudation, existing thermochronological data are
not sufficient to constrain cooling rates to better
than ±50 °C/m.y. The time or temperature range
over which rapid cooling occurred is also poorly
constrained. Although 40Ar/39Ar data for K-
feldspar has potential to constrain the thermal
history over the temperature range 350–150 °C
(e.g., Lovera et al., 1989, 1991), the existing
data from the Buckskin-Rawhide Mountains
(Fig. 2; Richard et al., 1990; Fryxell,in Bryant,
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Figure 7. Apparent age spectra for K-feldspar samples from the Planet Peak area. (A) 92G84a-K: microcline from unmylonitized migmatitic
gneiss. (B) 92G84e-K: microcline from strongly mylonitized migmatitic gneiss. (C) 92G98-K: microcline from unmylonitized quartz-feldspar
gneiss. (D) 92N48-K: microcline from unmylonitized quartz-feldspar gneiss.



1995) were not obtained in a way that is
amenable to eliciting detailed thermal histories.

40Ar/ 39Ar SAMPLES

40Ar/39Ar analyses of K-feldspar, biotite, and
hornblende were used to assess the cooling his-
tory of lower plate rocks at the southwestern end
of the core complex (Figs. 2 and 4). The locations
and apparent ages of all samples are summarized
in Table 1 and detailed sample descriptions are
given in Appendix 1. Four K-feldspar and three
biotite separates were obtained from five samples
of variably mylonitized Proterozoic gneisses on
the northwestern flank of the Planet Peak arch
(∼ 3 km northwest of Planet Peak, Fig. 4). The
sample sites were 150–250 m below the detach-
ment fault (e.g., Fig. 5), in areas where the rocks
were not appreciably affected by either the cata-
clastic deformation or propylitic (chlorite + epi-

dote + carbonate) alteration that generally over-
prints lower plate rocks as much as several hun-
dred meters below a detachment fault (e.g.,
Wilkins and Heidrick, 1982; Spencer and
Reynolds, 1989). Samples from adjacent my-
lonitic and nonmylonitic rocks (Figs. 5 and 6)
were chosen in order to determine whether dif-
ferences in mylonitic fabric development were
reflected by differences in the apparent thermal
history (e.g., DeWitt et al., 1990; Lister and 
Baldwin, 1993). All of the samples were at least
several tens of meters from the nearest of the thin
(<1–5 m thick) synextensional intrusions, and
>100 m below the 20–50-m-thick Swansea Plu-
tonic Suite, which locally underlies the detach-
ment fault on the northwestern flank of the Planet
Peak arch. Accordingly, the 40Ar/39Ar data, par-
ticularly those from nonmylonitic rocks, are con-
sidered the most likely to reflect ambient temper-
atures during denudation of the lower plate.

Biotite and hornblende separates were ob-
tained from a variably mylonitized quartz diorite
intrusion 1 km southeast of Planet Peak (Figs. 2
and 4). Hornblende was analyzed in order to help
constrain the age of the intrusion (previously in-
terpreted to be Oligocene-Miocene: Bryant,
1995) and/or the maximum ambient temperature
of lower plate rocks at the southwestern end of
the core complex prior to extension. The apparent
age of biotite from the quartz diorite helps con-
strain the lower temperature cooling history on
the southeastern flank of the Planet Peak arch.

RESULTS

K-Feldspar

Age spectra for all but one K-feldspar sam-
ple are similar and record rapid cooling during
Miocene denudation (Fig. 7). Samples 92G84a-
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Figure 8. Apparent age spectra for hornblende and biotite
from quartz-diorite sample 92C81.

TABLE 1. 40AR/39AR SAMPLE LOCATIONS AND SUMMARY OF RESULTS

Sample Rock type Latitude Longitude Elevation Mineral Method Age
(°N) (°W) (m) (Ma)

92C81-H Quartz diorite 34° 09.44′ 113° 58.05′ 597 Hornblende Step heating 41.85–73.52*
92C81-B Quartz diorite 34° 09.44′ 113° 58.05′ 597 Biotite 6W Ar ion laser 16.87–17.63

(17.36 ± 0.36)†

92G84a-B Quartz-feldspar gneiss 34° 11.07′ 114° 00.23′ 476 Biotite 6W Ar ion laser 16.4 ± 0.5§

23.7 ± 0.2§,#

92G84a-K Quartz-feldspar gneiss 34° 11.07′ 114° 00.23′ 476 K-feldspar Step heating 15.39–20.95*
92G84e-K Mylonitic quartz-feldspar gneiss 34° 11.06′ 114° 00.23′ 486 K-feldspar Step heating 16.08–21.1*
92G98-K Quartz-feldspar gneiss 34° 11.11′ 114° 00.19′ 427 K-feldspar Step heating 15.98–22.45*
92N48-B Quartz-feldspar gneiss 34° 11.39′ 114° 00.14′ 437 Biotite 6W Ar ion laser 17.8 ± 0.2§

92N48-K Quartz-feldspar gneiss 34° 11.39′ 114° 00.14′ 437 K-feldspar Step heating 16.58–20.07*
92N49a-B Mylonitic quartz-feldspar gneiss 34° 11.38′ 114° 00.13′ 439 Biotite 6W Ar ion laser 17.6 ± 0.2§

Note: Samples are stored in the Department of Earth Sciences collection, Monash University, Victoria, Australia. Errors in all ages
quoted at ±1σ.

*Range in apparent age excluding steps with anomolous ages reflecting excess argon.
†Range in apparent age for 3 heating steps on single sample, total fusion age in brackets.
§Total fusion age.
#Apparent ages for two splits from the same sample.
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K, 92G84e-K, and 92G98-K all yielded rela-
tively flat age spectra that increase from
15.5–16.5 Ma for the first 1%–15% 39ArK re-
leased to about 22 Ma over the final 25%–40%
39ArK (Fig. 7, A–C)1. Apparent ages older than
15.5 Ma and older than 22–23 Ma for the initial
and final heating steps, respectively, are inter-
preted to reflect the presence of small amounts
of excess argon (e.g., McDougall and Harrison,
1988). In samples 92G84a-K, 92G84e-K, and
92G98-K, heating steps that yielded anom-
alously old apparent ages accounted for <8% of
the total 39ArK released. Sample 92N48-K
yielded a more highly disturbed age spectrum
due to the release of excess argon from the
larger diffusion domains over the majority of
heating steps (Fig. 7D; e.g., Foster et al.,
1990b). As is commonly observed for K-
feldspars exhibiting excess argon in large diffu-
sion domains (Foster et al., 1990b), apparent
ages for the first 8% and last 20% of the 39ArK
released from sample 92N48-K are similar to
those obtained for the other K-feldspar sam-
ples. This suggests that all lower plate rocks in
this area were at temperatures above the upper
limit for argon retention in K-feldspar during

the early stages of extension and subsequently
cooled through closure at about the same time.

Biotite

Apparent ages for biotite from the Planet
Peak area are slightly more variable than those
of the K-feldspar samples (Tables 1 and DR6;
see footnote 1). In particular, biotite splits from
sample 92G84a-B yielded discordant bulk-fu-
sion ages of 16.4 ± 0.5 and 23.7 ± 0.2 Ma. How-
ever, biotite from adjacent mylonitized
(92N49a-B) and unmylonitized (92N48-B)
Proterozoic gneisses yielded concordant bulk-
fusion ages of 17.6 ± 0.2 Ma and 17.8 ±
0.2 Ma, respectively. Biotite from the quartz
diorite southeast of Planet Peak (degassed in
three steps) showed an increase in apparent age
from 16.9 ± 0.5 Ma for the first 22% 39Ar re-
leased to 17.6 ± 0.1 Ma over the last 57.6% 39Ar
released (Fig. 8, and Table DR6 [see footnote
1]). The equivalent total-fusion age for this sam-
ple was 17.4 ± 0.4 Ma, similar to the apparent
ages for biotite samples 92N48 and 92N49a,
suggesting that the exposed lower plate rocks on
both flanks of the Planet Peak arch cooled
through biotite closure at about the same time.
Given the similarity of most biotite 40Ar/39Ar
apparent ages in the Planet Peak area (including
the 17.0 Ma Richard et al. [1990] sample,
Fig. 2), it is likely that the 23.7 Ma total-fusion
age for one split from 92G84a-B reflected the

presence of excess argon, incorporated during
lower greenschist facies chloritization or subse-
quent propylitic alteration.

Hornblende

Sample 92C81-H yielded a regularly shaped
age spectrum that is relatively flat over the last
75% 39Ar released. The apparent age increases
from 41.9 ± 2.3 Ma (2.6%–5.7% 39ArK released;
Table DR1 [see footnote 1] and Fig. 8) to a max-
imum of 72.9 ± 4.1 Ma (total fusion age for last
24% 39ArK released). This indicates that the
quartz diorite is at least Late Cretaceous in age,
and not part of the Swansea Plutonic Suite, as
previously thought (cf. Bryant, 1995; Scott,
1995). The 66.7 Ma total fusion age for sample
92C81-H (excluding step 1) is >90% of the max-
imum age, suggesting that <10% of the 40Ar* ac-
cumulated since Late Cretaceous time was lost
prior to final closure in Oligocene time.

The maximum apparent age for sample
92C81-H is concordant with a 73 ± 3 Ma U-Pb
age for zircon (Wright et al., 1986) from the
compositionally similar Axtel quartz diorite, ex-
posed in the neighboring Whipple Mountains
(Anderson and Rowley, 1981; Anderson and
Cullers, 1990). This suggests that the intrusion
may be Cretaceous in age. Although lower plate
rocks exposed near Planet Peak may not have
been as strongly affected by Cretaceous meta-
morphism as those to the northeast (where
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Figure 9. MacArgon modeling of 40Ar/ 39Ar data for sample 92G84e-K. (A) Comparison of real and model age spectra for sample 92G84e-K.
The model age spectrum is based on the four-domain model and pressure-temperature (P-T) history specified to the right of the figure (t is time).
(B) Comparison of real and model Arrhenius data for 92G84e-K. The y-axis gives a measure of the relative diffusivity, i.e.,Ln(D/r2), of the sam-
ple based on the fraction of 39Ar K released during each heating step (see McDougall and Harrison, 1988, for details). The activation energy of the
diffusion domains in the model is determined from the slope of the straight line through the four lowest-temperature steps, i.e., two steps at both
1000/T = 1.383 and 1.215. If the sample consisted of a single set of domains of size r0, the y-intercept (i.e., 1000/T = 0) of the regression line defines
the apparent resistivity of the sample at infinite temperature. Even though r0 has no physical significance, it is useful for quantifying variations in
the apparent retentivity of the sample during the remaining heating steps (shown graphically in C). (C) Comparison of real and model log(r/r0)
plots for sample 92G84e-K. This plot reflects the variation in retentivity of the sample with respect to the proportion of 39Ar K released, and gives
the clearest indication of how closely the four-domain diffusion model matches the observed 39Ar K release. Log(r/r0) is half the difference between
the apparent retentivity at each heating step, i.e., log(D/r2), and the equivalent value of log(D/r0

2) at the same temperature (see Lovera et al. [1991]
for details). Constraints on sample diffusivity as a function of temperature were only obtained for heating steps prior to incongruent melting at
1150 °C, which is reflected by the abrupt decrease in log(r/r0) at 87.8% 39Ar K released. (D) P-T-t paths consistent with the age spectrum and four-
domain diffusion model for sample 92G84e-K. The shaded area represents the range of probable thermal histories consistent with cooling below
450 °C by 30 Ma and the assumption of no reheating during the initial stages of extension. With no constraint on the maximum temperature prior
to 22 Ma, the range of viable thermal histories includes the hachured area. The limits of the shaded and hachured regions represent the extremes
defined by a range of trial thermal histories consistent with the age spectrum and diffusion model for sample 92G84e-K. This does not mean that
any T-t path within these regions is necessarily consistent with the age spectra. A pressure correction was included in the thermal models by as-
suming that there was a constant geothermal gradient of 25 °C/km and that cooling kept pace with denudation. However, for the range in pres-
sure (0–4 kbar) and cooling rates prior to 16 Ma (<150 °C/m.y.), removing the pressure correction decreases the calculated temperatures by no
more than 15 °C, and substantially alters the form of the predicted thermal history.

1GSA Data Repository item 9820, Tables
DR1–DR6, containing additional 40Ar/39Ar data in-
cluding heating schedules for K-feldspar and horn-
blende samples, is available on request from Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder,
Colorado 80301. E-mail: editing@geosociety.org.
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40Ar/39Ar ages for hornblende in Proterozoic
rocks were all reset; Fig. 2), the maximum ap-
parent age for 92C81-H could also reflect post-
metamorphic cooling. The presence of a weakly
developed, steeply dipping gneissic fabric within
the quartz diorite (see Appendix 1) is consistent
with amphibolite facies metamorphism follow-
ing emplacement of the intrusion. Accordingly,
the quartz diorite near Planet Peak may be Cre-
taceous, Jurassic, or even Proterozoic in age.

THERMAL MODELING OF 
40Ar/ 39Ar DATA

K-Feldspar

An apparent increase in the retentivity of sam-
ples 92G84e-K and 92G98-K with cumulative
fraction 39Ar released (indicated by the increase
in log [r/r0] in Figs. 9C and 10C) is an intrinsic
property of K-feldspar during in vacuo step heat-
ing (Lovera et al., 1989, 1991; Foster et al.,
1990b; Harrison et al., 1991, 1992). This is inter-
preted to indicate that K-feldspars contain multi-
ple diffusion domains that have different closure
temperatures. Typically, variations in argon re-
tentivity during step heating of single samples
suggest that closure temperatures for the diffu-
sion domains in K-feldspar range from ~170 to
>350 °C (for dT/dt = 5–50 °C/m.y., pressure (P)
< 4 kbar; e.g., Lovera et al., 1989; Dunlap et al.,
1995). Provided argon diffusion during step-heat-
ing occurs by the same mechanism as in nature,
as it appears (Lovera et al., 1991, 1993), the vari-
ation in diffusivity as a function of temperature
can be combined with the age spectra to yield
possible thermal histories for the sample over the
temperature range represented by closure inter-
vals for the individual diffusion domains.

For the purposes of modeling argon diffusion
in K-feldspar, it is assumed that all diffusion do-
mains in a given sample have the same activation
energy (E) and frequency factor (D0) (e.g.,
Lovera et al., 1991). Diffusivity of the sample as
a function of temperature thus depends only on
the number (n), size (r), and volume fraction (f)
of the various domains. An empirical model for
diffusivity of a given sample is found by deter-
mining values of the parameters n, r, and f for

which the model (subjected to the same heating
schedule) yields the same 39Ar release pattern as
the sample (Lovera et al., 1989, 1991). However,
because the domain size can not be determined
directly, the grouped parameter D0/r

2 is used for
the calculations. In practice, a range of domain
distributions may account for the observed 39Ar
release. However, provided the limits of argon re-
tentivity for the sample are reasonably well con-
strained by the step-heating experiment, all mul-
tidomain models that account for the 39Ar release
during step-heating yield essentially similar ther-
mal histories (Lovera et al., 1991).

Tightly constraining the limits of argon reten-
tivity of a sample is critically dependent on the
heating schedule used to degas it. If the initial
heating steps are too long or at too high a temper-
ature, the smallest (least retentive) domains may
be degassed in too few steps to adequately char-
acterize their diffusivity. Alternately, if the sam-
ple melts prior to extraction of >90%–95% of the
39Ar, the diffusivity of the largest domains may
not be well constrained. Because the retentivity
of the largest (most retentive) domains constrains
the minimum temperature during initial closure
of the sample, and retentivity of the smallest do-
mains constrains the maximum temperature dur-
ing final closure, uncertainty in the diffusivity of
these domains means that the choice of domain
distribution can affect the range of thermal histo-
ries calculated for the sample. In other words, do-
main distributions that produce equally good fits
to the 39Ar release (prior to melting) can imply
very different thermal histories during both initial
closure of the largest domains and final closure of
the smallest domains in the sample.

Samples 92G84e-K, 92G98-K, and 92N48
were all degassed using heating schedules de-
signed to enable characterization of the diffusiv-
ity of the samples as a function of temperature,
while liberating sufficient argon in each step to
facilitate accurate determination of the apparent
age. Owing to the irregular form of the age spec-
tra for sample 92N48-K (reflecting the presence
of excess argon) it is of little use in assessing the
thermal history. Thus only 40Ar/39Ar data for
samples 92G84e-K and 92G98-K were analyzed
in detail.

The correspondence between the predicted

(model) and experimental 39Ar release is gener-
ally improved by increasing the number of dif-
fusion domains in the model (typically as many
as eight are used). However, unless the addition
of further domains expands the limits of appar-
ent sample retentivity, increasing the number of
domains from the minimum necessary to repli-
cate the 39Ar release to better than 90%–95%
accuracy does not appreciably alter the calcu-
lated range of thermal histories for the sample
(O. M. Lovera, 1996, personal commun.). For
simplicity, we used the minimum number of do-
mains required to obtain a good fit to the 39Ar
release for our samples.

Activation energies for the diffusion domains
(assumed constant for each sample; e.g., Lovera
et al., 1991, 1993; Harrison et al., 1992) were de-
termined from the slope of the straight line
through the first four (lowest temperature) points
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Figure 10. MacArgon modeling of 40Ar/ 39Ar data for 92G98-K. (A) Comparison of the real and
model age spectra for sample 92G98-K. The model age spectrum is based on the four-domain model
and pressure-temperature (P-T) history specified to the right of the figure. (B) Comparison of real
and model Arrhenius data for 92G98-K. See caption to Fig. 9B for further explanation. (C) Com-
parison of real and model log(r/r0) plots for 92G98-K. The abrupt decrease in log(r/r0) at 83.4% 39Ar K
released reflects initial incongruent melting of the sample. See caption to Fig. 9C for further expla-
nation. (D) PossibleP-T-t (t = time) paths consistent with the age spectrum and four-domain diffusion
model for 92G84e-K. See caption to Fig. 9D for further explanation.
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on the Arrhenius plots, i.e., plots of apparent dif-
fusivity against reciprocal temperature. Only
these steps were used because the Arrhenius
plots depart from linearity after the fifth step
(Figs. 9B and 10B), reflecting complete de-
gassing of the smallest domains. The activation
energies determined for samples 92G84e and
92G98, 47.4 ± 0.5 and 45.6 ± 0.7 kcal/mol, re-
spectively, are within the typical 42–48 kcal/mol
range for K-feldspar (e.g., Harrison et al., 1991;
T. M. Harrison, 1996, personal commun. to
D. A. Foster). Almost identical activation ener-
gies were obtained using the average values de-
termined from heating steps 1 to 3, 1 to 4, and 1
to 5. The dispersion in the individual estimates
of activation energy suggests an uncertainty of
±1 kcal/mol, which is unlikely to affect the cal-
culated thermal histories by more than ~10 °C.

We determined n,D0/r2, and f iteratively, using
the program MacArgon 5.09 (Lister and Baldwin,
1996) to predict the percentage of 39ArK released
for trial domain distributions subjected to the
same heating schedules as the samples. Apparent
age spectra for both 92G84e and 92G98 consist of
three plateau-like segments, consistent with rapid
closure of three distinct domain sizes; there is a
relatively small overlap between the closure inter-
vals of successive domains. However, for both
samples, a minimum of four domains was needed
to obtain a reasonably good fit to the observed
39ArK release (Figs. 9 and 10).

Because neither sample 92G84e-K nor 92G98-
K was completely degassed prior to melting (ini-
tial melting occurred at ~88% and ~83% of the
39Ar released for 92G84e and 92G98, respec-
tively), the retentivities of the largest domains are
not well constrained. However, because the mini-
mum temperature is the only useful constraint that
can ever be placed on the thermal history during
the initial (i.e., highest temperature) accumulation
of 40Ar*, we determined a model domain distri-
bution that had the least retentive large domains
(maximum possible D0/r

2) consistent with the
39Ar release prior to melting. Although models
that account for the gas release using more reten-
tive domains are equally valid, these yield higher
minimum estimates for the temperature during
the initial closure, and thus limit the range of pos-
sible thermal histories, potentially excluding the
correct one.

An initial (minimum) estimate for the reten-
tivity of the largest domains was based on the
maximum apparent retentivity, i.e., maximum
log(r/r0), of the sample prior to melting. For K-
feldspar sample 92G98-K, the maximum value
of log(r/r0) was 1.67 (Fig. 10C), indicating
D0/r 2 < 121 for the largest domains. However,
for 92G84e the maximum value of log(r/r0) was
1.80 (Fig. 9C), indicating D0/r 2 < 293 for the
largest domains. Model domain distributions

were determined by progressively decreasing
D0 /r 2 for the largest domains (thereby increas-
ing apparent retentivity), while adjusting their
volume fraction and D0/r2 and f for the three
smaller domains, until a satisfactory fit to the
39ArK release was obtained. A trial domain dis-
tribution was considered acceptable if, for each
heating step below 1150 °C, the absolute dis-
crepancy between the predicted (model) and ob-
served 39ArK release was <0.5% and the relative
error was <10%. In our four-domain models, this
requirement was satisfied by heating steps repre-
senting >85% and >90% of the 39ArK released
below 1150 °C. The generally close match be-
tween Arrhenius and log(r/r0) plots for the mul-
tidomain models and those based on experimen-
tal data (Figs. 9, B and C; 10, B and C) indicates
that the final four domain models satisfactorily
account for the 39ArK release from the samples,
at least over the temperature range of the step-
heating experiments.

The final model parameters (i.e.,n, D0/r2, and
f) and range of thermal histories consistent with
apparent age spectra for samples 92G84e-K and
92G98-K are given in Figures 9 and 10, respec-
tively. In both samples, the closure temperatures
of the smallest and largest domains differed by at
least 150–165 °C (e.g.,TcI = 180–190 °C and
TcIV = 330–340 °C, at P = 2 kbar, and dT/dt = 
10 °C/m.y.). Thermal histories for both samples,
based on the model domain distributions, are
only well constrained between 21 and 16 Ma, but
both record a significant increase in cooling rate
over this period. Although from a structurally
deeper site in the lower plate, sample 92G98-K
suggests that temperatures were consistently 
~10 °C lower during denudation than those indi-
cated by sample 92G84e-K. However when the
±1 kcal/mol uncertainty in activation energy is
considered (equating to ±10 °C in the thermal
history), the cooling histories recorded by these
samples are indistinguishable.

Biotite

As biotite dehydrates during heating in
vacuo, closure temperatures can not be directly
determined from step-heating experiments
(Harrison et al., 1985). However, as apparent
ages for all but one of the biotite samples from
the Planet Peak area are within the closure in-
terval of the K-feldspar samples, the closure
temperatures for biotite can be estimated from
the calculated thermal histories for the 
K-feldspars. Although this does not provide ad-
ditional constraints on the cooling history in the
Planet Peak area, it can potentially improve
thermochronological constraints elsewhere in
the Buckskin-Rawhide Mountains. The biotite
samples from Planet Peak area represent a vari-

ety of rock types, and most yielded apparent
ages within a relatively narrow range (i.e., 17.0
and 17.8 Ma). This suggests that the closure
temperature inferred for biotite in the Planet
Peak area can be used to interpret K-Ar and
40Ar/39Ar ages for biotite elsewhere in the core
complex, provided that cooling rates during bi-
otite closure were fairly similar.

The average apparent age for biotite in the
Planet Peak area, based on samples 92C81,
92N48, and 92N49a, is 17.6 ± 0.5 Ma, and 17.3 ±
0.7 Ma if the younger split from sample 92G84a is
included. These equate to bulk closure tempera-
tures of 302+38

–32
°C (dT/dt = 20–40 °C/m.y., P =

2.5–3.5 kbar and 295+45
–58 °C (dT/dt = 20–80

°C/m.y., P = 2.5–3.5 kbar), respectively, on the ba-
sis of the range in thermal history inferred from the
K-feldspar data (Fig. 11). Closure temperatures
calculated using published Arrhenius parameters
for igneous biotite (composition An56, Harrison 
et al., 1985) are >330 °C at the same cooling rates
and pressures (Fig. 11). The low closure tempera-
tures inferred for biotite samples from the Planet
Peak area are unlikely to reflect additional argon
loss due to deformation plus or minus recrystal-
lization below 330 °C (cf. Goodwin and Renne,
1991). Apparent ages for biotite from adjacent my-
lonitized and nonmylonitized rocks are identical
within error, suggesting that either grain-scale de-
formation did not affect argon retention in biotite,
or only occurred at temperatures above the closure
temperature. The lower than normal closure tem-
peratures of the Planet Peak biotite samples may
be due to as yet poorly constrained compositional
effects (e.g., Grove and Harrison, 1993) or the
presence of minor chlorite intergrowths reducing
the effective domain size.

Hornblende

Argon loss from hornblende during in vacuo
step heating is primarily a result of sample degra-
dation rather than volume diffusion, and as a re-
sult the interpretations of apparent age spectra are
controversial (J. K. W. Lee et al., 1991, 1993;
Wortho, 1994). Nonetheless, hornblende apparent
age spectra commonly have forms consistent with
single-site volume diffusion and yield geologi-
cally reasonable age gradients or plateau ages
(e.g., Harrison and McDougall, 1980; McDougall
and Harrison, 1988), suggesting that argon loss
during heating does broadly reflect the original
distribution of 40Ar*.

The simple form of the age spectrum for
hornblende sample 92C81 and the geologically
reasonable maximum age suggest the spectrum
may reflect the distribution of 40Ar* prior to
step heating, and thus provide some insight into
the thermal history of the sample. The rela-
tively flat age gradient over the last 75% 39ArK
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released suggests that the hornblende was
largely closed to argon loss in Late Cretaceous
time. Final closure, represented by the mini-
mum ages, did not occur until after 40 Ma, and
possibly not until after ca. 30 Ma, although the
true minimum age of the sample is obscured by
excess argon in the first heating step (Table
DR1 [see footnote 1] and Fig. 8). MacArgon
modeling using the Arrhenius parameters for
igneous hornblende (Harrison, 1981), suggests
that final closure of sample 92C81-H reflects
cooling below 370–410 °C (at cooling rates of
5–100 °C/m.y.). If the minimum age of sample
92C81-H is younger than 30 Ma, and thus sim-
ilar to the oldest intrusions of the Swansea Plu-
tonic Suite (e.g., Richard et al., 1990), it is pos-
sible that hornblende had closed prior to 30 Ma,
but was partially degassed during the initial
stages of the Oligocene–Miocene extension.

THERMAL HISTORY OF LOWER PLATE
ROCKS IN THE PLANET PEAK AREA

Both the range in elevation of the Planet Peak
sample sites (60 m, Table 1) and their maximum
separation perpendicular to the mylonitic folia-
tion (~100 m) are too small to be reflected by dis-
cernible differences in apparent thermal history,
unless the local geothermal gradient exceeded
100 °C/km during mineral closure. However, the
maximum vertical separation (and temperature
difference) of the samples prior to the cessation
of mylonitization is unknown. If initial closure of
the K-feldspar samples occurred during myloni-
tization, then greater spread in the maximum
ages, reflecting differences in thermal history
above 300–350 °C, might be expected. Although
not conclusive, the similar maximum apparent
ages all of the K-feldspar samples suggests that
mylonitization in the Planet Peak area may have
largely ceased by 20–21 Ma.

Overall 40Ar/39Ar data for K-feldspar and bi-
otite from the Planet Peak area provide no evi-
dence for significant thermal heterogeneity in
this part of the lower plate, at least after ca. 22
Ma. Biotite closure ages, probably reflecting
cooling below ~300 °C, are the same (within er-
ror) on both flanks of the Planet Peak arch and
for adjacent mylonitic and nonmylonitic rocks.
40Ar/39Ar data for K-feldspar samples 92G84e-
K and 92G98-K suggest that the lower plate was
at temperatures above 350–360 °C until after 
21 Ma. Because the K-feldspar sample sites are
located at significant but variable distances from
the Swansea Plutonic Suite, these temperatures
are interpreted to reflect ambient conditions
rather than local thermal perturbations related to
the synextensional intrusions.

Apparent ages for biotite and K-feldspar only
record cooling during denudation; therefore, it is

not clear whether the lower plate rocks exposed at
Planet Peak remained above 360 °C until early
Miocene time, or were reheated during the early
stages of extension. Only the hornblende sample
92C81, which was essentially closed to argon loss
prior to, or during, the early stages of extension,
provides a significant constraint on the earlier ther-
mal history. Final closure of 92C81-H, recording
cooling below 370–410 °C, probably occurred af-
ter 30 Ma, suggesting that lower plate rocks in the
Planet Peak area were hotter at the onset of exten-
sion than at 22 Ma. However, final closure of
92C81-H may have followed minor outgassing
during emplacement of the older intrusions within
the Swansea Plutonic Suite. Had lower plate rocks
exposed at Planet Peak cooled below 300 °C by 
30 Ma, a thermal pulse large enough to completely
degas the biotite and K-feldspar samples (e.g., >2
m.y at T > 360–370 °C) would not necessarily re-
sult in appreciable argon loss from hornblende. It
is clear that constraints on the thermal history of
the lower plate prior to 22 Ma are poor, but al-
though reheating during the early stages of exten-
sion is possible, it is not required to explain any of
the 40Ar/39Ar data from Planet Peak.

The 40Ar/39Ar thermochronological data for the
K-feldspar samples record a significant increase in
cooling rate between 21 and 16 Ma. Prior to 
21 Ma, infinitely fast cooling rates or rates as low
as 1–2 °C/m.y. are allowed by the four domain
models for samples 92G98-K and 92G84e-K. Al-
though the true minimum age of 92C81-H is un-
known with certainty, this sample provides a broad
constraint for the maximum cooling rate prior to
21 Ma (assuming no reheating). The relatively mi-
nor 40Ar* loss from 92C81-H during early and
middle Tertiary time indicates that the ambient
temperature of lower plate rocks in the Planet Peak
area was almost certainly <450 °C by 30 Ma. Thus
the average cooling rate during the initial stages of
extension was probably <15 °C/m.y.; not appre-
ciably greater than the cooling rate during early to
middle Tertiary erosional denudation in the region
(e.g., Foster et al., 1990a, 1992; Knapp and 
Heizler, 1990).

The fastest cooling rate directly constrained 
by 40Ar/39Ar data for the Planet Peak K-
feldspar samples is ~80 °C/m.y. at 16 Ma, but the
cooling rate in this area almost certainly in-
creased thereafter. An apatite fission-track sam-
ple from the lower plate 3.5 km northeast of
Planet Peak yielded an age of 16 ± 4 Ma (Fig. 2,
Foster et al., 1993), consistent with continued
very rapid cooling to below 110 °C. However, be-
cause of the large uncertainty in the closure age
of this sample, cooling rates could have been as
low as 25 °C/m.y. after 16 Ma. Nonetheless, as
Planet Peak is situated at the southwestern end of
the core complex, lower plate rocks in this area
were probably the first to be unroofed during top-

to-the-northeast displacement on the detachment
system. Age constraints for upper plate units con-
taining lower plate detritus suggest that the lower
plate first breached the surface between 13.3 and
16.2 Ma and probably before 15.1 Ma (Fig. 3).
Thus, after 16 Ma the average cooling rate for
lower plate rocks in the Planet Peak area was at
least >80 °C/m.y. and probably >280 °C/m.y.
(Figs. 9D and 10D).

COOLING-RATES ELSEWHERE IN THE
BUCKSKIN-RAWHIDE MOUNTAINS

Previously published thermochronological
data, although scant, provide broad constraints on
the cooling history of lower plate rocks elsewhere
in the core complex. In particular, when combined
with estimates of closure temperature, apparent
ages for muscovite, biotite (40Ar/39Ar and K/Ar),
and zircon (fission track) samples from Lincoln
Ranch and the northeastern Buckskin Mountains
(localities 2 and 3, respectively, Fig. 2) provide
semiquantitative constraints on cooling rates dur-
ing the final stages of denudation in these areas.
Closure temperatures for muscovite were deter-
mined using the Arrhenius parameters given in
Lister and Baldwin (1996), and those for biotite
were estimated using published Arrhenius param-
eters (Harrison et al., 1985) and the ther-
mochronological data from Planet Peak. Esti-
mates of zircon closure temperature were based
on data given in Foster et al. (1996) and Brandon
et al. (in press). Details of cooling rate calcula-
tions are given in Appendix 3 and the results sum-
marized in Figure 12.

Significant uncertainties in closure temperature
and apparent age for most thermochronological
samples from the northeastern end of the core
complex mean that cooling rates are not as tightly
constrained as at Planet Peak. However, for lower
plate rocks in both areas, biotite closure occurred
only 3–5 m.y. before exposure at the surface, indi-
cating rapid cooling at temperatures below
350–300 °C. Lower plate rocks in the northeast-
ernmost Buckskin Mountains (locality 3, Fig. 2)
were either at, or very close to, the surface (i.e.,
T = 10 ± 10 °C) at 9.6 ± 0.3 Ma, following zircon
closure (Tc = 258–273 °C) at 11.6 ± 0.5 Ma; this
implies a cooling rate of 127+100

–42
°C/m.y. (i.e., >85

°C/m.y.) during the final stages of denudation
(Fig. 12,Appendix 3). The average cooling rate of
lower plate rocks in this area, following biotite
closure at 12.7 ± 0.3 Ma (Tc = 377–280 °C), was
at least 70 °C/m.y., i.e., 280 °C at 13.0 Ma and 
20 °C at 9.3 Ma.

At both Lincoln Ranch and at the northeastern
end of the core complex, the onset of moderate to
rapid cooling could not have preceded biotite clo-
sure by more than 2–3 m.y. Sustained cooling
rates >70 °C/m.y. prior to biotite closure would

BUCKSKIN-RAWHIDE COMPLEX, ARIZONA

Geological Society of America Bulletin, May 1998 603



604 Geological Society of America Bulletin, May 1998

25      °C/m.y.

80      °C/m.y.

286       °C/m.y.

1

mylonites first  exposed

+
–206

+26
–15

+11
–9

2

75        °C/m.y.
+255
–56

127         °C/m.y.
+100
–42

3
89        °C/m.y.

+241
–68

faulting
ceased

16       °C/m.y.
+44
–16

100

200

300

400

500

600

0

T
em

pe
ra

tu
re

 (
°C

)

Age (Ma)

Probable maximum temperature of exposed lower plate rocks immediately before extension (i.e. t<30 Ma)

20 18 16 14 12 1022

2
75        °C/m.y.

+255
–56

T
em

p 
(°

C
)

200

300

400

16 15 14 13

Inset

Age (Ma)

Biotite (Harrison et al., 1985)

Muscovite

Zircon

Apatite

(  )

3

2 Lincoln Ranch

Planet Peak1

NE Buckskin Mtns.

Figure 12. Miocene cooling histories for lower plate rocks at three locations along the length of the Buckskin-Rawhide Mountains (see 
Fig. 2 for location). At both ends of the core complex, lower-plate rocks appear to have undergone a significant increase in cooling rate below
350–300 °C. Muscovite closure temperature is estimated using Arrhenius parameters in Lister and Baldwin (1996). Biotite closure tempera-
tures are based on both 40Ar/ 39Ar data from the Planet Peak area (white triangles) and Arrhenius data of Harrison et al. (1985) (black trian-
gles). Closure-temperature estimates for zircon were determined using data in Foster et al. (1996) and Brandon et al. (in press). Boxes and er-
ror bars around mineral symbols denote uncertainty in apparent age and closure temperature. Shaded and hachured areas delineate the
possible range in cooling history consistent with thermochronological data and constraints on surface exposure of the lower plate at each of
the three areas. Generally lower temperatures (hachured areas) during the initial part of the recorded cooling history at localities 2 and 3 are
implied by the use of the biotite closure-temperature estimate based on the thermochronological data from Planet Peak. Full details of cool-
ing rate calculations are given in Appendix 3.

Figure 13. Hypothetical cooling histories for lower plate rocks in the Buckskin-Rawhide Mountains illustrating the effects of changes in slip
rate, detachment geometry, and the development of a thermal discontinuity across the detachment. Thermochronological constraints on cooling
history at (1) Planet Peak, (2) Lincoln Ranch, and (3) the northeastern Buckskin Mountains are indicated by the vertical hachures, diagonal
hachures, and shading, respectively. (A) If cooling of the lower plate kept pace with denudation and the detachment was planar, the increase in
cooling rate at Planet Peak could be explained by a 20-fold increase in slip rate (from 0.5 to 10 mm/yr) after 17.5 Ma. However, in order to account
for the unroofing age of lower plate rocks in the northeast of the complex, a decrease in slip rate at some stage after ca. 14 Ma is required. This is
in conflict with the very rapid cooling in the northeast of the complex during the final stages of denudation (note misfit between thermochrono-
logical constraints for the northeastern Buckskin Mountains and cooling curve 3). The planar detachment also requires lower plate rocks in the
northeast of the complex to have been at very high temperatures (>450 °C) until a late stage during extension; this is inconsistent with the maxi-
mum metamorphic grade of the mylonites and the early Tertiary 40Ar/ 39Ar plateau ages for hornblende from this area. (B) The increase in the av-
erage cooling rate of lower plate rocks at temperatures below 350 °C is broadly consistent with steepening of the detachment from <5° at mid-
crustal levels to 24° in the upper crust, and a constant rate of horizontal extension of 6.4 mm/yr. (C) Changes in cooling rate along the length of
the Buckskin-Rawhide metamorphic core complex are most consistent with both steepening of the detachment fault above the brittle-ductile tran-
sition and the development of a thermal discontinuity across the detachment fault. For a constant rate of horizontal extension of 6.4 mm/yr (equat-
ing to a slip rate of 7 mm/yr on the detachment fault), the implied time lag in the thermal response of the lower plate to denudation at Planet Peak
accounts equally well for thermochronological data from the northeastern end of the core complex. Although the cooling age for zircon at Lincoln
Ranch is significantly older than predicted in the model cooling history, four other zircon samples from structurally similar positions in the lower
plate (see Fig. 2) yielded younger cooling ages more compatible with the model.
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have required the rocks to have been at tempera-
tures well in excess of 400 °C during the later
stages of extension. In areas away from the
synextensional intrusions, minerals defining the
Tertiary mylonitic fabric are biotite-grade green-
schist facies or below, suggesting that deforma-
tion occurred at ambient temperatures below
<450 °C (Fig. 12; e.g., Spear, 1993). Higher tem-
perature thermochronological data from the
northeastern end of the core complex (horn-
blende, orthoclase, and muscovite) are also con-
sistent with slow cooling at temperatures above

350 °C, suggesting that at both ends of the core
complex, the lower plate underwent a marked in-
crease in cooling rate at about 300–350 °C.

Early Tertiary K-Ar and 40Ar/39Ar plateau ages
for hornblende from mylonitized Proterozoic
gneisses in both the Rawhide and northeastern
Buckskin Mountains (Fig. 2; Shackelford, 1980;
Richard et al., 1990; Fryxell,in Bryant, 1995) in-
dicate that the deepest exposed lower plate rocks
had generally cooled below 500 °C well before the
start of extension at ca. 27 Ma. Hornblende from a
Proterozoic gneiss in the western Rawhide Moun-

tains (Richard et al., 1990, Fig. 8a) yielded an age
spectrum similar in shape to that of sample
92C81-H, consistent with rapid closure in early
Tertiary time and <10%–15% 40Ar* loss there-
after. Final closure of the hornblende sample from
the western Rawhide Mountains did not occur un-
til after 30 Ma; however, even if it had remained
open to argon loss until after 20 Ma (i.e., at T >
370–410 °C), the average cooling rate for lower
plate rocks in the northeast of the complex would
have been <<30 °C/m.y. prior to 15 Ma. Apparent
ages younger than 50 Ma for two other hornblende
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>280 °C/m.y. would have been possible only if slip rates exceeded 20 mm/yr or the geothermal gradient approached 100 °C/km.



samples from the Rawhide Mountains (Fig. 2) al-
most certainly reflect variable degrees of out-
gassing during emplacement of the immediately
adjacent Swansea Plutonic Suite (Scott, 1995).

The 40Ar/39Ar age spectrum for an orthoclase
sample from locality 3 also suggests that lower
plate rocks at the northeastern end of the core
complex must have cooled slowly prior to biotite
closure. The apparent age increases from a mini-
mum of younger than 11.8 Ma to a maximum of
22.7 Ma (plateau for last 40% 39Ar released,
Richard et al., 1990, Fig. 8b), similar to the maxi-
mum age of our microcline samples from the
Planet Peak area. Although orthoclase is normally
more retentive than microcline, and it is impossi-
ble to quantify the thermal history of the ortho-
clase sample without information constraining its
diffusivity as a function of temperature, the simi-
larity of maximum apparent ages for K-feldspar at
both ends of the core complex suggests that there
may not have been a large difference in the tem-
perature of the entire exposed portion of the lower
plate at 22 Ma (possibly <100 °C).

Perhaps the best constraint on cooling rates
prior to biotite closure at the northeastern end of
the core complex is provided by a muscovite
sample from a site 5 km northwest of locality 3
(Fig. 2). Although the samples are from similar
structural positions, the 15.2 ± 0.3 Ma 40Ar/39Ar
plateau age for the muscovite (Fryxell,in Bryant,
1995) is 2.5 m.y. older than the apparent age for
biotite from locality 3. Provided that both cooling
ages reflect ambient temperatures in the lower
plate, the average cooling rate prior to biotite clo-
sure may have been as low as 12–21 °C/m.y. (or
0–60 °C/m.y. if the lower closure estimate for bi-
otite, based on Planet Peak thermochronological
data, is used; see Appendix 3). Collectively the
thermochronological data suggest that lower
plate rocks at the northeastern end of the core
complex had a cooling history very similar to that
of the rocks exposed near Planet Peak, although
the onset of rapid cooling occurred ~5 m.y. later
in the northeast (Fig. 12).

DISCUSSION AND CONCLUSIONS

Controls on the Cooling Rate of 
Lower Plate Rocks

Although our detailed thermochronological
data come from a small area at the southwestern
end of the core complex, the nature of these data,
coupled with the recognition of apparently simi-
lar trends in the cooling history of lower plate
rocks at the northeastern end the complex, allows
us to assess the main controls on the cooling rate
during denudation. Factors most likely to have
influenced cooling rate are: (1) the rate of de-
nudation, (2) localized thermal perturbations as-

sociated with synextensional intrusions, and (3)
variations in geothermal gradient due to either re-
gional heating event(s) or the rapid denudation of
hot midcrustal rocks.

Our analysis is in part limited by the difficulty
in directly relating the cooling and denudation
histories of the lower plate. This requires detailed
knowledge of the geothermal gradient, slip rate,
and detachment geometry throughout the devel-
opment of the core complex. Although these fac-
tors are incompletely known, the slip rate (Fig. 3)
and orientation of the detachment fault (Scott and
Lister, 1992) are relatively well constrained after
16 Ma, when the most rapid cooling occurred. In
addition, thermochronological data from two ar-
eas adjacent to the Buckskin-Rawhide Moun-
tains (discussed below) broadly constrain the re-
gional geothermal gradient during the early
stages of extension.

The large volume of synextensional plutonic
rocks emplaced in the midcrust prior to 20 Ma
(Bryant, 1995) and the intermittent volcanism
that continued until late Miocene time (Suneson
and Lucchitta, 1983) both suggest that significant
(local to regional) perturbations of the geother-
mal gradient may have accompanied extension in
the Buckskin-Rawhide Mountains (e.g., Richard
et al., 1990; Knapp and Heizler, 1990). Indeed,
clear evidence for localized reheating during ex-
tension is apparent in the heterogeneity of
40Ar/39Ar apparent ages for hornblende from
lower plate rocks at the northeastern end of the
core complex (Fig. 2). In general, hornblende
from pre-Tertiary rocks records only modest ar-
gon loss (<10%–15%) following closure in Late
Cretaceous or early Tertiary time, suggesting that
temperatures remained well below 450 °C
throughout middle and late Tertiary time. How-
ever, samples from the immediate footwall of the
Swansea Plutonic Suite, at the northeastern end
of the core complex, yielded hornblende
40Ar/39Ar bulk-fusion ages in the range
49.2–31.7 Ma (Fig. 2; Scott, 1995). The youngest
hornblende ages are similar to the ages of the old-
est dated intrusions in the Swansea Plutonic Suite
(e.g., Richard et al., 1990), suggesting that within
the immediate thermal aureoles of the larger
synextensional intrusions, even the most retentive
K-bearing minerals were partially or completely
outgassed during the early stages of extension.

In contrast, thermochronological data from
Planet Peak provide no evidence for significant
thermal heterogeneity at the southwestern end
of the core complex, at least after ca. 21 Ma. 
K-feldspar samples from sites 100 and 200 m
below the lower contact of the Swansea Plu-
tonic Suite yielded indistinguishable cooling
histories for the period 21–16 Ma. Similarly, in
the Planet Peak area,40Ar/39Ar cooling ages
for biotite from both flanks of the lower plate

arch are the same within error. This suggests
that either the thermal effects of the intrusions
had largely dissipated by this time, or were too
weak to have significantly affected argon accu-
mulation in K-feldspar in rocks more than 
100 m from the intrusion.

In addition, there are no detectable differences
in the recorded cooling histories of lower plate
rocks from Planet Peak that relate to the intensity
of mylonitic fabric development. MacArgon
modeling of thermochronological data for the
Planet Peak K-feldspar samples suggests that
even the shallowest-level lower plate rocks ex-
posed in the core complex were at “ambient”
temperatures >350 °C, sufficient for ductile de-
formation in quartz-rich rocks, until after 20 ± 1
Ma. This is consistent with the observation that,
within core complexes along the Colorado River
extensional corridor, mylonites are far more
widespread than intrusions of the same age
(Davis et al., 1982; Spencer and Reynolds, 1991).

Volumetrically, magmatic activity in the
Buckskin-Rawhide Mountains peaked prior to
20 Ma, during emplacement of the Swansea
Plutonic Suite. An associated regional heating
event was probably also at a maximum by or
shortly after 20 Ma, and could therefore account
for the high, apparently ambient, temperatures
recorded immediately prior to the onset of rapid
cooling at Planet Peak. However, if cooling in
this area was primarily (or even strongly) influ-
enced by the decay of such a thermal anomaly,
cooling rates should have decreased with time.
Even though such a thermal history was possi-
ble prior to ca. 20 Ma, it is clearly not the case
thereafter, when lower plate rocks underwent a
more than 10-fold increase in cooling rate with
time (Figs. 9 and 10). Similarly, the average
cooling rate for lower plate rocks in the north-
east of the complex appears to have increased
with time during extension, the most rapid cool-
ing occurring during the 1–2 m.y. interval prior
to exposure.

If the increase in cooling rate recorded by lower
plate rocks was not related to either the emplace-
ment of synextensional intrusions or a regional
heating event, it must have reflected a progressive
increase in the denudation rate or perturbation of
the geothermal gradient due to extension. In-
creased denudation rates could result from either
an increase in the rate of extension or steepening
of the detachment system in the upper crust,
whereas significant perturbation of the geother-
mal gradient would have occurred if cooling did
not keep pace with denudation. The resultant de-
velopment of a thermal discontinuity between the
upper and lower plates would have led to a pro-
gressive increase in cooling rate, even if the de-
tachment was planar and the slip rate constant.

On the basis of observations at Planet Peak
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alone, it would be difficult to determine the ori-
gins of the increase in the cooling rate. However,
available thermochronological data for lower
plate rocks at the northeastern end of the complex
are consistent with a broadly similar cooling his-
tory, relatively slow cooling at temperatures above
~350 °C, and moderate to very rapid cooling be-
low. The onset of the abrupt increase in cooling
rate appears to have occurred progressively later
toward the northeast (Fig. 12), and thus can not be
related to changes in slip rate alone. Changes in
cooling rate related to slip rate should occur at the
same time along the length of the core complex
(e.g., Fig. 13A). Therefore, the abrupt increase in
cooling rate recorded by lower plate rocks at
Planet Peak, and inferred for lower plate rocks at
the northeastern end of the core complex, must
primarily reflect either the geometry of the de-
tachment system or a systematic perturbation of
the geothermal gradient as a result of extension.

Detachment Geometry

At either a constant rate of horizontal exten-
sion, or displacement on the detachment system,
the denudation rate for the lower plate simply de-
pends on the dip of the detachment. At least in the
Planet Peak area, the increase in the cooling rate
of the lower plate clearly commenced at temper-
atures corresponding to the brittle-ductile transi-
tion, and thus may have primarily reflected steep-
ening of the detachment system in the upper crust
(Fig. 13B). The slow cooling rate at temperatures
above 350 °C (i.e., 1–15 °C/m.y., Figs. 9 and 10)
suggests that cooling may have kept pace with
denudation along the midcrustal portion (shear
zone) of the detachment system. Other factors
that may have influenced the cooling rate at this
time, such as erosional denudation of the entire
region, or a nonequilibrium geothermal gradient
(related to heating during the early stages of ex-
tension), are unlikely to have been significant at
20–22 Ma and would decrease the estimated rate
of tectonic denudation (and thus the inferred dip
of the shear zone). Available thermochronologi-
cal data suggest that any significant thermal per-
turbation during the initial stages of extension
had probably dissipated by 22 Ma, and because
the lower plate was drawn out from beneath an
areally extensive network of internally drained
basins (Lucchitta and Suneson, 1993), erosion is
unlikely to have contributed significantly to over-
all denudation rates during extension.

If cooling of the lower plate kept pace with de-
nudation along the midcrustal portion of the de-
tachment, the geothermal gradient at this depth in
the crust should have also remained largely un-
changed. Accordingly, average cooling rates above
and below 350 °C can be used to estimate the dip
of the detachment in the upper and middle crust,

respectively. Given that lower plate rocks exposed
at Planet Peak cooled below 350 °C by 20 ± 1 Ma
and were probably exposed at the surface by 
15.1 Ma, and definitely by 13.3 Ma (Fig. 3), the
average dip of the detachment fault in the upper
crust was probably between 45° and 7° (Fig. 14A).
This estimate is valid for geothermal gradients in
the range 20–50 °C/km and for slip rates of 5–12
mm/yr. For the preferred slip rate of ~7 mm/yr (at
least after 16 Ma) and a geothermal gradient of 
25 °C/km (see following), the average dip of the
detachment fault in the upper crust was ~24°
(Figs. 13B and 14A). This is similar to estimates
based on structural relations in the upper plate
(e.g., Scott and Lister, 1992) and similar to the dips
constrained for the upper crustal parts of detach-
ments elsewhere in the Colorado River extensional
corridor (e.g., Davis and Lister, 1988; John and
Foster, 1993).

Estimating the dip of the midcrustal portion
of the detachment system is more problematic,
because at this depth strain was distributed
across a shear zone as wide as 3 km (e.g.,
Davis, 1988), and the slip rate is not con-
strained prior to 16 Ma. Our samples were not
from the base of the shear zone (e.g., Fig. 5), so
their cooling histories do not necessarily reflect
denudation of the lower plate as a whole; e.g.,
samples from the middle of a broadly symmet-
ric shear zone should have thermal histories
that reflect half the relative displacement of the
hanging wall and footwall blocks. Nonetheless,
K-feldspar samples 92G84e and 92G98 yielded
identical cooling histories despite being col-
lected from sites 100 m apart (measured per-
pendicular to the mylonitic foliation). This does
not necessarily indicate that mylonitization in
this area had ceased by ca. 22 Ma (i.e., during
initial closure of the K-feldspars), but is
consistent with relative displacement between
the upper and lower plates being largely ac-
commodated across a movement zone situated
above the sample sites. If this was the case, the
cooling rate of 1–15 °C/m.y. prior to ca. 20 Ma
suggests that the midcrustal portion of the de-
tachment system dipped at <1–9° for slip rates
>5 mm/yr and geothermal gradients >20 °C/km
(Fig. 14A). A gentle dip for the shear zone im-
mediately below the brittle-ductile transition is
consistent with thermochronological data from
the northeastern end of the complex, which
suggests that there may not have been a large
difference in the ambient temperature of all
currently exposed lower plate rocks during the
early stages of extension (i.e., prior to ca. 22
Ma). However, in light of the above discussion,
the dip estimate based on thermochronological
data from Planet Peak should probably be re-
garded as a minimum for the detachment sys-
tem below the brittle-ductile transition. Clayton

and Okaya (1991), for example, interpreted
seismic reflection data for the northeastern
margin of the core complex to indicate that the
detachment fault dips at 28° to a depth of 18
km, where it soles into a more gently dipping
midcrustal reflective zone.

Did Cooling Keep Pace with Denudation?

In order to test whether cooling of the lower
plate kept pace with denudation, and thus accu-
rately reflects the slip rate and geometry of the
detachment system (e.g., J. Lee, 1995), it is in-
structive to compare the maximum cooling rate
of lower plate rocks with expected rates given
reasonable estimates of geothermal gradient, slip
rate, and dip for the detachment system. If cool-
ing kept pace with denudation, the cooling rate is
simply the product of the denudation rate and the
geothermal gradient:

Cooling-rate, (1)

where dT/dz is the geothermal gradient,u is the
slip rate, and θ is the dip of the detachment. Pre-
vious estimates for the geothermal gradient in the
Basin and Range Province during Tertiary time
typically range between 30 and 50 °C/km (e.g.,
John and Foster, 1993, p. 1105). However, more
recent thermochronological data from the north-
ern Plomosa Mountains (30 km southwest of
Planet Peak, Foster and Spencer, 1992) and the
Mohave Mountains (~50 km northwest of Planet
Peak) suggest that the geothermal gradient in
west-central Arizona could have been as low as
20–25 °C/km during the early stages of exten-
sion, i.e., 22–24 Ma (Foster et al., 1994).

Thermochronological data from the Buckskin-
Rawhide Mountains, coupled with constraints on
surface exposure of the lower plate, suggest that
maximum cooling rates exceeded 80 °C/m.y.,
and probably 130 °C/m.y. during the final stages
of denudation at both ends of the core complex
(Fig. 12). If cooling of the lower plate kept pace
with denudation, and the ~25 °C/km regional 
geothermal gradient was maintained after 16 Ma,
a cooling rate of only ~75 °C/m.y. is consistent
with the probable slip rate (~7 mm/yr, Fig. 3) and
dip (<25°, Scott and Lister, 1992; Scott, 1995) of
the detachment fault at that time. Although there
is significant uncertainty in the detachment slip
rate at any stage during extension, sustained slip
rates faster than 10 mm/yr are needed to explain
cooling rates >130 °C/m.y., unless the detach-
ment dipped at >30° or the geothermal gradient
exceeded 35 °C/km (Fig. 14B).

Given the demonstrably low dip of the detach-
ment fault during the latter stages of extension
(Scott and Lister, 1992; Scott, 1995), the maxi-
mum cooling rate for lower plate rocks near Planet
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Peak (i.e., >286 °C/m.y., assuming these rocks had
breached the surface by 15.1 Ma, Fig. 12) is too
high for the average slip rate on the detachment
fault unless the geothermal gradient exceeded 
100 °C/km (Fig. 14B). It is also significant that in
the eastern Buckskin Mountains cooling rates
>130 °C/m.y. occurred after 12 Ma, during the
waning stages of detachment faulting, when slip
rates may well have begun to decline. Thus we
conclude that cooling of the lower plate could not
have kept pace with denudation, at least in the up-
per crust above the brittle-ductile transition (i.e.,
T< 300–350 °C; Fig. 13C).

If significant perturbation of the geothermal
gradient occurs at denudation rates >1 mm/yr
(e.g., Ruppel et al., 1988; Stüwe et al., 1994),
the maximum steady-state cooling rate for
lower plate rocks in the Buckskin-Rawhide
Mountains may have been as low as 25 °C/m.y.
(assuming a geothermal gradient of 25 °C/km).
This is approximately one-third the cooling rate
required for the lower plate to have remained in
thermal equilibrium with the upper plate during
denudation (assuming that lower plate rocks at
Planet Peak were in thermal equilibrium with
their surroundings when they cooled below 
350 °C at ca. 20 Ma, and were exposed at the
surface by 15.1 Ma; Fig. 13B). If it is assumed
that the slip rate was relatively constant over the
interval 20–15 Ma, comparison between an
ideal linear cooling history and the observed
cooling history for lower plate rocks at Planet
Peak suggests that the thermal discontinuity
across the detachment fault may have exceeded
130 °C at depths of 2–6 km depth (Fig. 13C).

Ketcham (1996) used a two-dimensional fi-
nite-element model to predict the thermal histo-
ries of denuded lower plate rocks in metamorphic
core complexes. The detachment geometry, slip
rates, and initial geothermal gradient used in the
numerical models were similar to our estimates
of these parameters for the Buckskin-Rawhide
metamorphic core complex (e.g., Fig. 13C).
Ketcham’s modeling suggests a maximum tem-
perature discontinuity across the detachment
fault in the upper crust that is somewhat less than
half that we have proposed, on the basis of 
thermochronological data from Planet Peak.
Nonetheless, both the overall form of theoretical
cooling curves and temporal variations in cooling
rate along the length of the core complex
(Ketcham, 1996, Fig. 4) are remarkably similar
to those observed or inferred for the lower plate
in the Buckskin-Rawhide Mountains.

On the basis of a study of detachment-related
Cu-Fe mineralization in west-central Arizona,
Spencer and Welty (1986) also concluded that the
lower plate must have retained much of its heat
during transport to very shallow levels in the crust.
Trapping temperatures for fluid inclusions indi-

cate that the mineralizing fluids were typically be-
tween 150 and 330 °C (e.g., Spencer and Welty,
1986; Roddy et al., 1988). However, much of the
mineralization is hosted by synextensional depos-
its that were never buried more than 1–3 km. The
low geothermal gradients parallel to the detach-
ment faults (e.g., Ruppel et al., 1988) argue
against large-scale transport of deeply sourced hot
fluids along the detachment fault (Spencer and
Welty, 1986). Furthermore, both the mineralizing
fluids and the metals appear to have been largely
derived from the upper plate (Roddy et al., 1988).
Since detachment-related Cu-Fe deposits are rela-
tively widespread in west-central Arizona, but do
not appear to be either spatially or temporally re-
lated to igneous intrusions, Spencer and Welty
(1986) suggested that rapid uplift of hot lower
plate rocks was responsible for generating the
anomalously high temperatures of the mineraliz-
ing fluids at such shallow levels in the crust. It is
possible, therefore, that rapid cooling of the lower
plate was aided by interaction with fluids derived
from upper plate reservoirs.

Can Rapid Cooling Postdate Denudation?

K-feldspar samples 92G84e and 92G98 record
synchronous cooling below the lower tempera-
ture limit for ductile deformation in quartz-rich
rocks. As previously noted, this does not neces-
sarily imply that mylonitization in this area had
ceased by 22–21 Ma; the vertical separation of
the sampled rocks may never have been large
enough to be reflected by detectable differences
in thermal history. Nonetheless, our analysis of
thermochronological data from Planet Peak sug-
gests that biotite closure probably occurred at a
depth of 6–9 km (Tc ≈ 300 °C), and final closure
of K-feldspar (Tc ≈ 200 °C) may have occurred at
as little as 2 km depth (Fig. 13C). It is clear that
in both cases final closure postdated mylonitiza-
tion at midcrustal depths.

Somewhat similar results were obtained for
lower plate rocks from the Bitterroot metamor-
phic core complex in Idaho and Montana,
where apparent ages for muscovite, biotite, and
K-feldspar record rapid cooling 3–8 m.y. after
the cessation of amphibolite facies mylonitiza-
tion (House and Hodges, 1994). It was not
clear, however, whether rapid cooling in the
Bitterroot complex postdated denudation of the
lower plate (exclusively correlated with my-
lonitization, House and Hodges, 1994) or oc-
curred during subsequent brittle extensional
faulting, i.e., continued tectonic denudation at
higher crustal levels (Foster, 1995).

Our interpretation of thermochronological
data from the Buckskin-Rawhide Mountains sug-
gests that cooling of the lower plate did not keep
pace with denudation, and that the onset of rapid

cooling occurred relatively late in the denudation
history of a particular area. However, rapid cool-
ing clearly took place during ongoing extensional
deformation. Although thermochronological data
from individual core complexes should be as-
sessed on merit, we note that the low dips gener-
ally inferred for the midcrustal portions of de-
tachment systems (Rehrig and Reynolds, 1980;
Davis and Lister, 1988; Wernicke and Axen,
1988; J. Lee, 1995) argue against the develop-
ment of a significant temperature discontinuity
between the upper and lower plates at the depths
of mylonitization. Accordingly, we believe that
rapid cooling of lower plate rocks in the Bitter-
root core complex, as in the Buckskin-Rawhide
Mountains, could have only occurred during con-
tinued denudation at higher crustal levels (see
also Foster, 1995).
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us to improve the manuscript.

APPENDIX 1. SAMPLE DESCRIPTIONS

Sample 92G84a: K-Feldspar and Biotite

Location: 34°11.07′N, 114°00.23′W. Biotite and
K-feldspar mineral separates were obtained from
sample 92G84a. The sample was from a >20-m-thick
lens of migmatitic gneiss on the northwestern flank of
the Planet Peak arch (see Fig. 4). In this area numer-
ous similar lenses of weakly to strongly folded gneiss
are cut by mylonitic shear zones and thin synexten-
sional intrusions (see Fig. 5). Sample 92G84a pre-
serves the steeply dipping Proterozoic gneissic fabric
and was only very weakly overprinted by the Tertiary
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mylonitic fabric. The site is ~150 m below the detach-
ment fault, several tens of meters from the nearest ex-
posed synextensional intrusion and 100 m below the
lower contact of the thick Tertiary intrusive suite that
forms the structurally highest unit in the lower plate in
this area (Figs. 4 and 5).

The gneissic fabric in 92G84a is defined by aggre-
gates of aligned biotite and lesser muscovite as much
as 3 mm wide, separated by 3–6mm-wide domains of
K-feldspar, quartz, and minor plagioclase (see Fig. 6, a
and b). Epidote, magnetite, apatite, and sphene are ac-
cessory minerals. Chlorite plus or minus epidote are
minor retrograde phases. The quartz in 92G84a is vari-
ably recrystallized; relict grains as much as 1.75 mm in
diameter. Recrystallized quartz grains are generally
equant to elongate; grain sizes are 0.15–0.05 mm. A
weak (incipient) mylonitic fabric is apparent in some
quartz-rich domains.

The biotite laths are as long as 2 mm and typically
have ragged grain boundaries, where fine-grained
greenish biotite is intergrown with magnetite, quartz,
muscovite, and chlorite (see Fig. 6a). The larger grains
are unaltered, have strong red-brown to pale brown
pleochroism, and range from strain free to slightly
kinked. Smaller biotite grains generally have a faint
green tinge, suggesting either partial replacement by
chlorite or substitution of Mg and Si for Ti, Al, and Fe
(e.g., Davis et al., 1980). The biotite contains minor
(2%–5%) inclusions of magnetite(?), zircon, quartz,
and apatite.

The K-feldspar in 92G84a is as much as 5 mm in di-
ameter, and exhibits well-developed tartan-twinning
characteristic of microcline (see Fig. 6b). Grains range
from strain free to slightly fractured or kinked (Fig. 6b).
Deformation of the feldspars is restricted to discrete
kink bands, 0.05–0.025 mm thick, and minor recrystal-
lization along grain margins. Most K-feldspar grains
contain ~1% inclusions of very fine grained mica,

<2.5–7.5 mm in diameter, as well as larger inclusions of
plagioclase, biotite, and quartz.

Sample 92G84e: K-Feldspar

Location: 34°11.06′N, 114°00.23′W. A K-feldspar
separate was obtained from sample 92G84e, a myloni-
tized quartz-feldspar gneiss, located ~10 m structurally
above 92G84a (see Figs. 4, 5, and 6c). The gneissic do-
main (represented by sample 92G84a) and mylonitic do-
main (represented by 92G84e) are separated by a 1-m-
wide late-stage mylonitic shear zone that cuts obliquely
across the earlier fabrics (see Fig. 5, inset). Both genera-
tions of mylonitic fabric record top-to-the-northeast
shear and are interpreted to have formed during late
Oligocene or early Miocene extensional deformation.
The mineralogy of 92G84e is similar to 92G84a, al-
though chlorite and epidote are slightly more abundant in
the former. Garnet and allanite are additional accessory
phases in 92G84e.

Sample 92G84e exhibits considerable grain size re-
duction of both quartz and mica compared to sample
92G84a. Quartz grains are typically <0.1 mm (see
Fig. 6d), similar to the recrystallized grains in
92G84a. Biotite is too fine grained and intergrown
with retrograde phases to be separated for analysis. 
K-feldspars in 92G84e are more highly fractured than
in the gneissic protolith (cf. Fig. 6, b and d).

Sample 92G98: K-Feldspar

Location: 34°11.11′N, 114°00.19′W. A K-feldspar
separate was obtained from 92G98, a sample of mod-
erately to weakly foliated granitic gneiss. The sample
site is located 200–250 m below the detachment fault,
~100 m structurally below 92G84, and 10–20 m from
the nearest synextensional intrusion or domain of Ter-

tiary mylonitic fabric development (see Figs. 4 and 5).
Sample 92G98 consists of K-feldspar, quartz, sericit-
ized plagioclase, epidote/allanite, biotite (largely re-
placed by chlorite and magnetite), and minor mus-
covite. Mafic minerals compose <10% of the rock.
K-feldspar grains as large as 1.75 mm in diameter
commonly have very fine grained recrystallized mar-
gins 25 mm thick. Fractures and deformation bands,
0.125 mm thick, containing fine-grained recrystal-
lized material are common in the larger feldspar
grains. Plagioclase is extensively replaced by fine-
grained sericite. K-feldspar contains a small propor-
tion of very fine grained inclusions of mica, but is not
appreciably retrogressed.

Sample 92N48: K-Feldspar and Biotite

Location: 34°11.39′N, 114°00.14′W. K-feldspar and
biotite separates were obtained from sample 92N48, a
quartz-feldspar gneiss intermediate between 92G84a
and 92G98 in composition and appearance (see Fig. 6e).
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Figure A1. Calculation of cooling rates using apparent age data for biotite (40Ar/ 39Ar) and zircon (fission track). Closure-temperature (Tc)
curves for biotite (0 and 3.5 kbar) are based on Arrhenius parameters determined by Harrison et al. (1985). The Tc curve for zircon is based on
equation A4 and analytically determined closure temperatures given in Table A1. For both minerals the uncertainty in Tc at a given cooling rate
is much smaller than the possible variation in Tc over a range of cooling rates. Cooling-rates consistent with apparent ages for biotite and zircon
are determined by satisfying equation A4. The example shown is the average cooling rate during biotite and zircon closure in the northeastern
Buckskin Mountains.

TABLE A1. ZIRCON CLOSURE 
TEMPERATURES

Cooling rate Closure temperature
(°C/m.y.) (°C)

Brandon et al. (in press)
1 215
10 230
50 250
100 260

Foster et al. (1996)
1 210
5 220 ± 10
15 235 ± 10
50 250 ± 10



Sample 92N48 contains K-feldspar and quartz and mi-
nor biotite, plagioclase, and muscovite. Magnetite, ap-
atite, allanite (epidote), and chlorite are accessory min-
erals. The sample site is located 150 m below the base of
the layered Tertiary intrusive suite and ~200 m below the
detachment fault (Fig. 4). Incipient recrystallization of
quartz aggregates, apparent in thin section, is the only
evidence for a mylonitic overprint of the steeply dipping
gneissic fabric.

Most of the larger biotite grains (~2.5 mm) in
92N48 are subhedral to anhedral, and either unde-
formed or slightly kinked. Some have ragged edges
and are typically intergrown with muscovite, chlorite,
epidote, magnetite and quartz. The biotite is generally
unaltered and strongly pleochroic (dark brown to red-
dish brown), although some grains have a slight green
tinge. K-feldspar grains (microcline) in 92N48 are as
much as 2.5 mm in diameter, and are slightly altered,
and contain minor kink bands.

Sample 92N49a: Biotite

Location: 34°11.38′N, 114°00.13′W. A biotite sepa-
rate was obtained from sample 92N49a, a mylonitized
quartz-feldspar gneiss located 10–15 m southeast of
sample 92N48. The intensity of the mylonitic overprint
increases just to the east of 92N48 (e.g., see Fig. 6f),
and is moderately well developed in 92N49a. The
strong crystallographic preferred orientation and fabric
asymmetry indicate that the mylonitic foliation was
formed as a result of top-to-the-northeast shear. Except
for the greater abundance of large (< 2 mm) grains of
muscovite, the mineralogy of 92N49a is very similar to
92N48. Biotite in 92N49a is largely replaced by chlor-
ite, although the larger (~1.5 mm) less-altered grains
were separated for analysis.

Sample 92C81: Hornblende and Biotite

Location: 34°09.44′N, 113°58.05′W. Hornblende
and biotite separates were obtained from 92C81, a sam-
ple from a medium-grained quartz diorite centered 
~1.5 km southeast of Planet Peak (see Fig. 4). The
quartz diorite forms a grossly sheet-like intrusion that
has a maximum thickness of at least 350 m. The inten-
sity of the mylonitic overprint is highly variable, but the
mylonitic fabric (parallel to the upper contact) is very
well developed near the top of the intrusion. A cryptic
steeply northeast-dipping foliation is locally preserved
in the middle to lower parts of the intrusion (including
the sample site) where the mylonitic fabric is not well
developed. The steeply dipping foliation is approxi-
mately parallel to, but more weakly developed than the
gneissic fabric in the adjacent wall rocks.

Sample 92C81 contains plagioclase (An30–33), horn-
blende, biotite, quartz, and epidote, and accessory
sphene, apatite, zircon, and allanite. Retrograde epidote
is abundant, and retrograde chlorite and tremolite
and/or actinolite are sparse. Quartz aggregates show ex-
tensive subgrain development and undulose extinction.
However, some plagioclase phenocrysts preserve orig-
inal igneous textures such as delicate oscillatory zon-
ing. Dark olive-green to blue-green hornblende is pres-
ent as isolated phenocrysts or small clusters of ragged
anhedral grains as much as 4 mm in length. It is com-
monly intergrown with (and possibly overgrown by)
subhedral to euhedral biotite as much as 3 mm in
length. Some hornblende contains primary rounded in-
clusions of plagioclase and quartz (to 0.5 mm in diam-
eter) as well as small irregular epidote overgrowths.
Hornblende forms between 20% and 30% of the sam-
ple, but is generally less abundant elsewhere in the in-
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TABLE A2. ESTIMATED COOLING RATES: EASTERN 
BUCKSKIN MOUNTAINS

Cooling rate Biotite Biotite Tc* Zircon Zircon Tc
† Cooling

apparent age (°C) apparent age (°C) rate
(Ma) (Ma) (°C/m.y.)

Lincoln Ranch area: biotite (15.1 ± 0.2 Ma) and zircon (13.8 ± 0.8 Ma) 
1. Maximum 14.9 377 14.6 278 330
2. Average 15.1 354 13.8 257 75
3. Minimum 15.3 345 13.0 248 42
4. Maximum 14.9 342 14.6 273 231§

5. Average 15.1 302 13.8 248 41
6. Minimum 15.3 280 13.0 237 19
Northeastern Buckskin Mountains-I: biotite (12.7 ± 0.3 Ma) 
and zircon (11.6 ± 0.5 Ma)
1. Maximum 12.4 377 12.1 278 331
2. Average 12.7 356 11.6 259 89
3. Minimum 13.0 348 11.1 251 51
4. Maximum 12.4 342 12.1 272 225§

5. Average 12.7 302 11.6 250 47
6. Minimum 13.0 280 11.1 239 21

Note: Apparent ages from Spencer et al. (1989a) and Bryant et al. (1991), see
Figure 2 for locations.

*Estimates of closure temperature (Tc): 1–3 after Harrison et al. (1985); 4–6
based on thermochronological data from Planet Peak.

†Closure temperature estimates based on equation A3 (see also Fig. A1).
§Invalid, estimate of biotite closure temperature only applies for cooling rates

20–80 °C/m.y.

TABLE A3. ESTIMATED COOLING RATES:
NORTHEASTERN BUCKSKIN MOUNTAINS – II

Cooling rate Musc. apparent Musc. Tc* Biotite Biotite Tc
† Cooling rate

age (°C) apparent age (°C) (°C/m.y.)
(Ma) (Ma)

1. Maximum 14.9 374 13.0 335 21
2. Average 15.2 369 12.7 330 16
3. Minimum 15.5 365 12.4 325 12
4. Maximum 14.9 395 13.0 280 60
5. Average 15.2 382 12.7 302 32
6. Minimum 15.5 342 12.4 342 0

Note: Estimated cooling rates based on 40Ar/39Ar apparent ages for muscovite (15.2
± 0.3 Ma, Fryxell, in Bryant, 1995) and biotite (12.7 ± 0.3 Ma, Bryant et al., 1991) from 
the northeastern end of the core complex.

*Closure temperature (Tc) estimates based on Arrhenius data given in Lister and 
Baldwin (1996).

†Estimates of closure temperature: 1–3 after Harrison et al. (1985); 4–6 based on 
thermochronological data from Planet Peak.

TABLE A4. ESTIMATED COOLING RATES: NORTHEASTERN 
BUCKSKIN MOUNTAINS – III

Cooling rate Zircon Zircon Tc* Surface Surface T Cooling rate
apparent age (°C) exposure (°C) (°C/m.y.)

(Ma) (Ma)
1. Maximum 11.1 273 9.9 0 227
2. Average 11.6 264 9.6 10 127
3. Minimum 12.1 258 9.3 20 85

Note: Estimated cooling-rates based on the apparent age of zircon (11.6 ±
0.5 Ma, fission track, Bryant et al., 1991) in the northeast of the core complex
and surface exposure (T = 10 ± 10 °C) prior to the cessation of detachment
faulting at 9.6 ± 0.3 Ma (Shackelford, 1980).

*Closure temperature estimates based on equation A3 (see also Fig. A1).



trusion. Biotite is well preserved and has strong dark
brown to pale yellowish-brown pleochroism. Some
grains are partially replaced or overgrown by chlorite
and epidote.

APPENDIX 2. SAMPLE PREPARATION AND
ANALYTICAL TECHNIQUES

Standard crushing, magnetic, and heavy liquid tech-
niques were used to obtain mineral separates. Care was
taken to concentrate the purest grains, and this was con-
firmed by microscopic examination of grain mounts pre-
pared from sample splits. Separates weighing 5–10 mg
were wrapped in Al foil, numbered, and placed into 
1-mm-thick quartz tubes for irradiation. The sample
tubes were sealed at atmospheric pressure. The sample
tubes were placed inside a Cd-shielded Al canister and ir-
radiated in two batches at the Soreq Nuclear Research
Center Israel Research Reactor No. 1 (IRR-1; Heimann
et al., 1992). The ratio of thermal/fast at the IRR-1 Reac-
tor is less than 0.02 (Heimann et al., 1992).

Biotite separates from the granite gneisses were irra-
diated for 42 hr at 5 MW in the D-17 position of the 
IRR-1 reactor. The K-feldspar samples and the horn-
blende and biotite samples from the quartz diorite were
irradiated for 49 hr in the D-17 position of the reactor. All
samples were irradiated along with a biotite 
standard of known age (GA1550, 97.9 ± 0.9 Ma,
McDougall and Roksandic, 1974). Correction factors for
the production of Ar isotopes from interfering neutron-
induced reactions on K and Ca were obtained by moni-
toring the production of these isotopes using pure K2SO4
and CaF2 salts, included in the irradiation packages.

The isotopic measurements were performed at 
LaTrobe University using the Victorian Institute of Earth
and Planetary Sciences automated VG 3600 mass spec-
trometer fitted to a stainless steel extraction line. Biotite
samples (92G84a, 92N48, 92N49a, and 92C81) were
fused in one to three heating steps using a 6W Ar ion
laser. Step-heating experiments on the K-feldspar
(92G84a + e, 92G98, and 92N48) and hornblende
(92C81) samples were conducted using a Modification
Ltd. double-vacuum resistance heated furnace. Follow-
ing heating, gas liberated from the samples was ex-
panded into the extraction line for cleaning (12 min)
prior to analysis. The reactive gases were removed using
a 10 L/s SAES Zr-Ti getter.

The mass discrimination and sensitivity of the mass
spectrometer were determined using the measured
40Ar/39Ar ratio for aliquots of air. The system blank was
periodically measured and returned 40Ar/39Ar atmo-
spheric values. The sensitivity of the mass spectrome-
ter is 1 × 10–3 A/torr at a 200 mA trap current. Peak
heights were measured using a Daly multiplier. Isotopic
ratios were determined by linearly extrapolating peak
heights from six mass scans per each isotope, back to
the time of gas introduction. Data reduction was per-
formed using the program KArDate 1.9 written by
Trevorrow (ANUTECH, Australian National Univer-
sity). Decay constants and isotopic abundances used in
KArDate 1.9 are those of Steiger and Jäger (1977).

The temperature of the sample crucible in the furnace
was monitored using a W-Re thermocouple in contact
with the outer surface of the crucible. Samples were
heated in a tantalum crucible without a liner inserted to
ensure uniform and accurate temperature control. Be-
tween heating steps the temperature of the furnace was
held constant at 250 °C. During heating steps the fur-
nace temperature was set to increase from 250 °C to the
required temperature at predetermined ramp rates aimed
at minimizing both overshot and heating time. The pre-
cision and accuracy of the temperature measurements
were ±1–2 °C and ±5 °C, respectively. For heating

schedules for the hornblende and K-feldspar samples,
see footnote 1.

APPENDIX 3. CALCULATION OF COOLING
RATES FROM MUSCOVITE, BIOTITE, AND
ZIRCON COOLING AGES

Cooling rates for lower plate rocks exposed at the
northeastern end of the core complex were estimated
using previously published cooling ages for mus-
covite, biotite (K-Ar and 40Ar/39Ar), and zircon (fis-
sion track) as well as constraints on the initial sur-
face exposure of the lower plate in this area.
Determination of cooling rates requires knowledge
of the variation in closure temperature, as a function
of cooling rate, for each of these minerals. Mus-
covite closure temperatures were determined using
Arrhenius parameters given in Lister and Baldwin
(1996). Biotite closure temperatures were estimated
using both published Arrhenius parameters 
(Harrison et al., 1985) and an estimate based on ther-
mochronological data from Planet Peak. The latter is
probably only valid for cooling rates in the range
20–80 °C/m.y.

Published estimates of zircon closure temperature at
cooling rates of 1–100 °C/m.y. (Table A1; Foster et al.,
1996; Brandon et al., in press) provide the basis for de-
riving an empirical relation between closure tempera-
ture and cooling rate. For fissiontrack dating, the rela-
tion between closure temperature and cooling rate is
approximated by

(A1)

where Tc is the closure temperature, E50 is the activa-
tion energy for 50% track annealing, R is the gas con-
stant, dT/dt is the cooling rate, and B is a constant
(Dodson, 1979). Rearranging equation A1 yields

(A2)

Substituting any two closure temperature–cooling rate
pairs from Table A1 into equation A2 yields two simul-
taneous equations that can be solved for the unknown
constants E50/R and ln(R/BE50). On the basis of the
data for cooling rates ≥5 °C/m.y. in Table A1, average
values for E50/R and ln(R/BE50) are 1.88e + 4 (±6.4%)
and 27.4 (±9.4%), respectively. The data for a cooling
rate of 1 °C/m.y. were not used because at cooling rates
<<5 °C/m.y., small uncertainties in cooling rate (±1
°C/m.y.) correspond to significant uncertainties (at least
several degrees Celsius) in closure temperature. Substi-
tuting the average values for E50/R and ln(R/BE50) into
equation A2, yields:

(A3)

which can be solved for the closure temperature of
zircon at a given cooling rate (shown graphically in
Fig. A1). Equation A3 yields closure temperatures
within 1 °C of the analytically determined values at
the same cooling rate (Fig. A1).

Given these constraints on closure temperature,
cooling rates were determined iteratively, using

(A4)

where (TcI)a and (TcII )a are closure temperatures for
two different minerals at the same cooling rate,α, and
dt is the difference in apparent age of the minerals. Trial
values of TcI and TcII are substituted into Equation A4 to
obtain an initial estimate of the cooling rate. TcI and TcII
are determined at the new cooling rate and substituted
back into Equation A4, yielding an improved estimate
of the cooling rate. Iteration is continued until the dif-
ference in closure temperature at a particular cooling
rate, divided by the difference in apparent age of the
minerals, yields the same cooling rate (Fig. A1).

Estimates of the cooling rate for the lower plate in the
eastern Buckskin Mountains are given in Tables A2,A3,
and A4. Because a constant cooling rate during closure
of successive mineral pairs is assumed, there are dis-
crepancies in the closure-temperature estimates for bi-
otite and zircon, depending on whether they are paired
with a lower or higher temperature constraint (e.g., cf.
estimates of biotite closure temperature in Tables A2
and A3). The cooling rates shown in Figure 12 are based
on the full range of closure temperature estimates.
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