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quence of continent-continent collisions
between large plates that are strongly cou-
pled to mantle flow, and may thus provide a
means of linking major tectonic events that
have occurred throughout Earth’s geologic

history.
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Footwall Refrigeration Along a Detachment
Fault: Implications for the Thermal Evolution
of Core Complexes

Jean Morrison* and J. Lawford Anderson

Oxygen isotope compositions of epidote and quartz from chloritic breccias that underlie
the detachment fault in the metamorphic core complex of the Whipple Mountains yielded
quartz-epidote fractionations that range from 4.1 to 6.4 per mil and increase system-
atically toward the fault. These fractionations give mean temperatures that decrease from
~432°C at 50 meters below the fault to ~350°C at 12 meters below the fault. This extreme
thermal gradient of 82°C over 38 meters (2160°C per kilometer) is best explained by
advective heat extraction by means of circulating surface-derived fluids. Models of
lithospheric extension consider only conductive cooling resulting from tectonic denu-
dation and thus require revision to include fluid-induced fault-zone refrigeration.

Metamorphic core complexes of the west-
ern North American cordillera formed dur-
ing pronounced Cenozoic crustal extension
at the lithospheric scale. Core complexes
are characterized by regionally extensive,
low-angle detachment faults that accom-
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modate large, lateral displacements of the
crust (1-3). An accurate and quantitative
understanding of the nature of movement
along detachment faults is essential in de-
veloping realistic models of lithospheric ex-
tension. However, many aspects of detach-
ment fault systems, including the determi-
nation of whether they initiate and slip at
low angles (<<30°), the rates at which they
slip, and the role that fluids play in the
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mechanics of slip, remain controversial (4—
13). Many of the important quantitative
constraints on detachment-related process-
es are based on thermal characteristics of
the footwall. Fission track and *Ar/*°Ar
spectra have been used to determine foot-
wall cooling histories and infer uplift rates
(14-17). In addition, the initial fault dip
can be inferred if the predetachment geo-
thermal gradient can be reliably established
(18). Using laser-based microanalytical
techniques, we have measured 8'%0 values
of spatially related quartz and epidote grains
in chloritic breccias from the Whipple
Mountains to determine temperatures of
detachment fault—related processes (Table
1). The data reveal an extreme negative
thermal gradient within ~50 m of the de-
tachment fault. This gradient has important
implications for understanding the thermal
characteristics of the footwall and thus the
evolution of the core complex.

The Whipple Mountains metamorphic
core complex of southeastern California
contains the structural and petrologic fea-
tures that characterize most cordilleran
complexes and is one of the most well stud-
ied. Brittle deformation and fluid circula-
tion that accompany detachment faulting
have transformed footwall gneisses into
aphanitic cataclasite at the fault surface and
chloritic breccia below; the breccias exhibit

grain size reduction but are not penetra-
tively sheared. Aphanitic and silicified cat-
aclasite microbreccia varying from 2 to 25
cm thick underlies the detachment fault
surface and overlies chloritic breccias that
vary from a few meters up to 300 m thick
(19). In Bowman’s Wash (34°,17'N,
114°,17"W), the detachment fault cuts a
leucocratic biotite tonalite of the lower-
plate Cretaceous Whipple Wash suite. We
collected samples from this altered rock
unit along a single traverse at distances
below the fault of ~50 m (90-WP-14),
40 m (90-WP-13), 25 m (90-WP-12), 12 m
(90-WP-11), and 2 m (90-WP-10) and at
the fault surface (90-WP-9); 90-WP-10 and
-9 are microbreccia samples. As a result of
hydrothermal alteration and brittle defor-
mation, the tonalite contains chlorite, epi-
dote, muscovite (sericite), quartz, plagio-
clase, sphene, calcite, hematite, and some-
times biotite. In these samples, sericitic al-
teration of plagioclase becomes increasingly
fine-grained and more abundant, biotite is
replaced by chlorite, and neoblastic chlorite
and epidote increase in abundance toward
the fault.

We analyzed five discrete quartz-epidote
pairs from each of the four chloritic breccia
samples (20). Two methods were used to
extract mineral pairs. Either adjacent epi-
dote and quartz grains were picked directly

Table 1. Oxygen isotopic compositions of chloritic breccia samples from the Whipple Mountains. The

isotopic ratio is calculated as:

(180/160)sample
18y — — 3
° O"[(‘so/‘eomow 1] X 10
where SMOW is standard mean ocean water.
Quartz Epidote A Tem-
Sample 380 3180 G‘tZ"EFi perature*
(per mil) (per mil) (per mil (°C)
90-WP-14-1} 10.038 5.45 4.58 427
90-WP-14-2% 9.52 4.23 5.29 379
90-WP-14-3% 9.70 5.29 4.41 441
90-WP-14-4 9.20 4.83 4,37 444
90-WP-14-5 8.83 4.76 4.07 470
90-WP-13-1% 9.37
90-WP-13-2% 8.66 3.21 5.45 369
90-WP-13-3% 8.71 2.88 5.83 348
90-WP-13-4 9.07 5.49 3.58 519
90-WP-13-5 9.49 4.70 4.79 412
90-WP-13-6 9.04 4.27 4.77 413
90-WP-12-1 9.39 3.95 5.44 370
90-WP-12-2 9.10 4.30 4.80 411
90-WP-12-3 9.22 4.17 5.05 394
90-WP-12-4 8.93 4.31 4.62 424
90-WP-12-5 9.70 4.39 5.31 377
90-WP-11-1 8.79 2.66 6.13 332
90-WP-11-2 8.29 2.82 5.47 368
90-WP-11-3 8.58 2.21 6.37 321
90-WP-11-4 8.73 2.75 5.98 340
90-WP-11-5 8.37 3.28 5.09 391
90-WP-10 7.90
90-WP-9 8.30%

*Calculated on the basis of the calibration of Matthews (27).
+Whole-rock 880 value.

picked from ~0.5 cm?3 of crushed material.

64

tGrains removed from strips; all other grains were

from strips ~1 mm wide cut from slabs ~0.5
mm thick or grains were picked from ~0.5
cm® crushed volumes. Because fine-scale
textural relations are lost in this latter pro-
cess, two grains of epidote or quartz were
usually extracted. The two 8'80 values
were averaged, and the mean values are
reported in Table 1. Individual epidote
3180 values from ~0.5 cm® crushed vol-
umes differed by an average of 0.47 + 0.21
per mil (n = 12), and quartz 3'%0 values
differed by an average of 0.39 = 0.24 per
mil (n = 4).

Epidote (Ep) and quartz (Qtz) 8'80 val-
ues form a generally linear array with a
steep positive slope (Fig. 1). Temperatures
corresponding to lines of constant Ay, .
(=8180Qtz - BISOEP) were calculated using
the calibration of Matthews (21) for pure
epidote and quartz. Similar trends for coex-
isting feldspar and quartz in granitic rocks are
often interpreted to reflect disequilibrium
caused by partial exchange with a low-8'80
fluid because feldspar exchanges more rapid-
ly with the fluid than does quartz (22). Be-
cause both epidote and quartz were likely
present in the biotite tonalite before breccia-
tion and hydrothermal alteration, it is im-
portant to assess whether the data reflect
disequilibrium processes. Unlike feldspar,
however, epidote is a relatively dense (3.38
to 3.49 g/fcm?) Ca-, Al-, Fe-bearing silicate,
which, by analogy with similar minerals such
as garnet, should exchange more slowly than
quartz. Thus, partial or disequilibrium ex-
change with a low 8'80 fluid would produce
a flat trajectory on Fig. 1 because quartz 8'80
values would be most affected by exchange
with the fluid. The steep slope of the array is,
therefore, inconsistent with disequilibrium
exchange. We interpret observed systematic
variations (Fig. 1) to reflect equilibrium ex-
change with a fluid at variable temperatures.
We interpret the sympathetic variation in

8180, (per mil)

6 8 I 10 12
8180, (per mil)

Fig. 1. Quartz 580 versus epidote §'80 values for
coexisting pairs from chloritic breccia samples.
Temperatures corresponding to lines of constant
A g, Were calculated using Matthews (27). The
data are interpreted to indicate equilibration be-
tween quartz and epidote at temperatures rang-
ing from ~520° down to ~320°C.
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both quartz and epidote 8'80 values (Fig. 1)
as an indication that they equilibrated dur-
ing cataclastic deformation and fluid infiltra-
tion and that equilibration occurred locally
between adjacent grains.

Mean Ag, p, values increased toward
the detachment fault from 4.54 * 0.46 per
mil at 50 m below the fault to 5.81 = 0.52
per mil at 12 m (Fig. 2). The corresponding
mean temperatures decrease from 432° =+
34°C at 50 m below the fault to 350° =+
29°C at 12 m. This decrease in temperature
is consistent with mineralogic variations in-
cluding a decrease in grain size of sericitic
alteration and progressive obliteration of
the original igneous textures.

Temperatures of predetachment faulting
mylonitization were estimated from feldspar
thermometry to be 535° = 44°C in deeper
portions of the lower plate and 458° =
35°C in structurally higher portions such as
Bowman’s Wash (23). The highest oxygen
isotope temperatures in the sample farthest
from the fault (90-WP-14) are equivalent
within uncertainty to ambient predetach-
ment temperatures of ~460°C estimated
from cation thermometry (Fig. 3). Toward
the fault, mean oxygen isotope tempera-
tures decreased 82°C over 38 m, or 2160°C
per kilometer (Fig. 3). At distances of >50
m below the fault the geothermal gradient
likely decreases to nominal values (23).

Conductive cooling alone cannot ac-
count for this gradient, which is one to two
orders of magnitude greater than gradients
typically produced by conductive cooling.
Shear-induced mechanical juxtaposition of
rocks from different thermal regimes is also
not a likely cause of the gradient, because
the footwall tonalite exhibits grain size re-
duction but not penetrative shearing and it
is a continuous and coherent unit. The
overlap in temperatures that adjacent sam-

I Mean Aqgp.gp= 1
12f b
i 5.81 5.04 4.88 4.54 1
_10r 1
gt i
g 8 ]
3. r <
o 6f ]
< L i
=}
4 L —— N—— ]
2 N i
[ - .
0 L L 1 1 " I 1 1 1 PR
0 20 40 60

Distance below fault (m)

Fig. 2. Coexisting quartz (circles) and epidote
(squares) 8'80 values plotted versus distance below
the detachment fault. The five quartz-epidote pairs
from each sample represent discrete subvolumes of
the sample. For each sample, values are arbitrarily
arranged in order of increasing quartz §'0. The
mean Aq,, g, Value decreases toward the fault from
4,54 + 0.46 per mil to 5.81 = 0.52 per mil.
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ples show (Fig. 3) suggests that the timing
and duration of fluid-rock interaction was
broadly synchronous in all samples. We in-
terpret the range of temperatures docu-
mented in each sample to reflect equilibra-
tion in discrete subvolumes of each sample
as ambient temperatures decreased over a
finite period of time. Thus, at any given
depth lower temperatures are younger than
higher temperatures. Because the lowest
(youngest) temperature recorded in the
sample farthest from the fault (~380°C) is
essentially equivalent to the highest (old-
est) temperature in the sample closest to
the fault (~390°C), the range of tempera-
tures in all samples was likely established
during the same finite period of time. We
thus interpret the gradient to document
cooling of the footwall from ambient pre-
detachment temperatures by means of ad-
vective removal of heat by fluids.

Thermal models indicate that for advec-
tive heat flow to occur high fluid fluxes and
high permeabilities are necessary (24, 25),
and both are characteristic of detachment
faults. The cataclastic deformation associat-
ed with faulting (12, 19) would have signif-
icantly increased permeability below the
fault surface. High fluid fluxes are indicated
by the regional development of chloritic and
silicified breccias and economically signifi-
cant iron sulfide, cupric sulfide, and gold
deposits.

For heat extraction to occur, the fluids
must have been at low temperature relative
to footwall rocks. Calculated 8'0 values of
water in equilibrium with quartz range from
2.4 per mil just below the fault to 6.5 per
mil at 50 m below the fault. As magmatic
fluid should have §'80 values of ~6 to 10
per mil, the fluids are unlikely to be igneous
in origin. Instead, the range of fluid §'80O
values are more readily explained as surface-
derived basin brines (26) or evolved mete-
oric waters. Thus, surface-derived fluids
that are cold relative to footwall rocks are
consistent with calculated fluid 8'%0 val-
ues. The involvement of surface-derived
fluids in detachment fault—related processes
has been documented in a number of core
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complexes (27-33).

Geochronologic and field studies indi-
cate rapid upward transport of lower plate
mylonites from below the brittle-ductile
transition to near surface levels in <2 mil-
lion years (12, 14, 34). Hornblende and
muscovite ©°Ar/>?Ar ages from lower plate
mylonites of 19.2 = 0.2 and 18.0 * 0.1
million years ago (Ma), respectively, indi-
cate rapid cooling in the Whipple Moun-
tains between ~19 and 18 Ma (14, 35).
Cooling rates of >50° to 100°C per million
years between ~19 and ~15 Ma from other
cordilleran core complexes have been cited
as evidence for rapid upward transport of
the lower plate (15, 17).

Our data suggest instead that rapid cool-
ing of lower plate rocks involved the influx
of cold, surface-derived fluids that migrated
down through the upper plate along high-
angle normal faults. Thus, as lower plate
rocks passed upward beneath these high-
angle faults, they were infiltrated by cold,
surface-derived fluids that effectively refrig-
erated the fault zone. Advective removal of
heat from the footwall by fluids is also
consistent with the absence of thermal
metamorphic effects in upper plate rocks
adjacent to the fault. Although uplift clear-
ly remains an important element in the
evolution of the core complex as mid-crust-
al rocks are exposed at the surface (34), our
data indicate that rapid cooling in rocks
affected by detachment fault-related pro-
cesses reflects fluid infiltration.

Models assessing thermal aspects of crust-
al extension have generally considered only
conductive cooling (15, 36). A recent study
has suggested that the final stages of cooling
in the Bucksin-Rawhide core complex may
have been enhanced by fluid interaction
(17). Our data, however, indicate that most
of the cooling subsequent to mylonitization
is the result of advective heat extraction by
surface-derived fluids. Thermochronologic
data, which provide the primary quantitative
constraints on cooling and uplift rates asso-
ciated with extension, document rapid Mio-
cene cooling in many core complexes (12,
15, 17). If footwall refrigeration is a wide-

Fig. 3. Plot of temperatures esti- £ o

matgd from' oxygen isotopg com- = Footwall thermal
positions (circles) versus distance 3 10 gradient
below the fault. Mylonitization or ‘g 20 82°C per 38 m
ambient predetachment faulting @ 5, at 18-20 Ma
temperatures of ~458° = 35°C -g :

(square) for these structural levels 2 40 M E -

were estimated from two-feldspar g 50

thermom'etry (23). T?e mean ther— =} Mylonitization
mal gradient of ~82°C per 38 mis ———— at 26 Ma
interpreted to result from infiltration 300 260 500 500

of cold, surface-derived fluids into
the upper portions of the lower

Temperature ("C)

plate during detachment faulting. The thermal gradient is thought to decrease to nominal values at

depths >50 m below the fault.
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spread phenomenon, these studies may have
overestimated the role of tectonic denuda-
tion as a cause of cooling. If rapid cooling
reflects the infiltration of cold, surface-de-
rived fluids, then cooling rates cannot be
used to constrain uplift rates. Rather, the
timing of rapid cooling reflects the transport
of lower plate rocks into the zone of fluid
infiltration. Thus, quantitative constraints
on uplift rates associated with extensional
detachment faults should be determined
with the use of well-constrained field rela-
tions and pressure-temperature-time data
based on thermobarometry and radiogenic
age determinations.
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Suppression of Volcanism During Rapid
Extension in the Basin and Range Province,
United States

P. B. Gans* and W. A. Bohrson

Continental extension and volcanism are generally thought to be complementary. Strati-
graphic and structural data from some highly extended parts of the Basin and Range
province reveal instead that rapid extension appears to have suppressed volcanism. This
relation may reflect enhanced crystallization of midcrustal magmas during extension
resulting from exsolution of magmatic volatiles, increased interaction of magmas with
meteoric water, and dispersal of magma into smaller bodies. Some rift environments may
thus be characterized by voluminous synextensional plutonism with little or no con-

comitant volcanism.

The Basin and Range province of western
North America (Fig. 1) has been extended
by 50 to 100% (200 to 300 km) and was the
locus of voluminous mafic to silicic volca-
nism throughout the mid- to late Cenozoic
(1). The relation between extension and
volcanism in the province, however, is con-
troversial (2, 3). In more highly extended
domains, volcanism often preceded short-
lived episodes of large-magnitude extension
(3). Such a progression supports an active
rifting model, wherein ascent of mantle-
derived magmas triggers extensional col-
lapse of the lithosphere (3). In a passive
rifting model, stretching and thinning of
lithosphere cause decompression melting in
the asthenosphere, such that volcanism fol-
lows the onset of extension (4). Implicitly,
the generation, ascent, and eruption of
magma ought to be enhanced once exten-
sion is under way in both models. Here, we
document the relation between extension
rates and eruption rates in the northern
Colorado  River extensional corridor
(CREC) in the Basin and Range province
and show that rapid extension suppressed
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rather than enhanced volcanic activity.

The CREC (5) is a 50- to 100-km-wide
region of highly extended upper crust (Fig.
1), characterized by pervasive normal fault-
ing and steep tilting of upper crustal sections.
Both volcanism and rapid extension migrat-
ed northward from near the Whipple Moun-
tains at 22 to 17 million years ago (Ma) to
near Las Vegas, Nevada, at 14 to 12 Ma (6,
7), but the inception and peak of volcanism
typically predate the peak of extension (3).
This relation is best documented in the El-
dorado Mountains (8) (Figs. 2 and 3). Vol-
canic rocks here include the following: 18.5-
to 15.1-Ma trachyandesite to dacite lavas
and breccias, a 15.1-Ma dacite ignimbrite,
15.1- to 14.1-Ma basalt and trachydacite
flows intercalated with coarse clastic debris,
and 14.1- to 13.0-Ma capping basalts and
trachyandesites that unconformably overlie
the older rocks (Fig. 2). The Eldorado
Mountains represent a major eruptive center
(8), and the entire 4-km-thick volcanic sec-
tion is locally derived. Average volcanic ac-
cumulation rates increased from less than 1
mmy/year at 17 Ma to a peak of 3 mm/year
between 15.8 and 15.0 Ma, and then abrupt-
ly dropped at 15.0 Ma (Fig. 3A). Volcanic
activity resumed after 14.2 Ma, but average
accumulation rates were slower by an order
of magnitude (~0.3 mm/year).
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