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mid- to late Miocene basaltic lava flows and volcaniclastic rocks;
flat-lying to gently dipping (post-detachment faulting)

u late Oligocene to mid-Miocene synextensional sedimentary
and volcanic rocks

W late Oligocene to mid-Miocene mylonitic fabric in the lower plate of
A metamorphic core complexes

\:I mid-Tertiary granitoids (mostly early Miocene Swansea Plutonic Suite)

I:I Paleozoic (meta)sedimentary rocks and/or Mesozoic
(meta)sedimentary and volcanic rocks

Cl Proterozoic and/or Mesozoic crystalline rocks (gneisses and granitoids)

FAULT EXPLANATION
i detachment fault (Miocene)
fault (mostly Neogene)

———— thrust fault (Mesozoic)

Modified after Spencer and
Reynolds (1989)

*Proximal to the Whipple and Rawhide-Buckskin core complexes

*Unroofed by the same or related low-angle normal fault system

Figure courtesy J. Singleton
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'.'f:'::;_‘.i: Tertiary volcanic and sedimentary rocks

».%5| Mesozoic volcanic and sedimentary rock

Mesozoic — Precambrian crystalline rocks

Paleozoic sedimentary rock

| Precambrian crystalline rocks

Tertiary (?) mylonite

Low-angle normal fault, dotted where
concealed (boxes on upper plate)

High-angle normal fault, dotted where
concealed

Thrust or reverse fault, dotted where-
where concealed (teeth on upper plate)

Sample location

Geologic
overview

Footwall

*Precambrian gneiss and
Cretaceous granite
*Gently dipping foliation
(variable)

*NE lineation

*Top-NE sense of shear

Hanging wall
*Basement and Tertiary

volcanic and sedimentary

rocks
*Dip 40-60°SW

Rawhide/Bullard fault
*Dips 10-20° NE

*Top-NE slip

*Prominent corrugations




Previous work

ca. 24 Ma: initiation of detachment fault movement

Low relief of core complex footwall.
All cooling related to detachment fault
movement, with no erosional contribution.

4+

ca. 24 -15 Ma: fault slip occurs at ~2.6 km/m.y.

Flexure of footwall in response to rapid fault slip
Results in reversal of stream flow direction, with sediments

derived from both the footwall and from hanging-wall khppcr\
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ca. 15-14 Ma: fault slip at ~30 km/m.y.

Relationship between higher elevation footwall
and postdetachment volcanics precludes widespread
erosion as mechanism for final stages of footwall exhumation. —____
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Postextension

From Carter et al. (2004)

Start of extension

¢27 Ma based on sedimentary
deposits in the Buckskin HW (Curtis,
1994)

eca. 24 Ma based on FT and (U-Th)/
He thermochronology (Foster et al.,
1993; Carter et al., 2004)

End of slip
*(U-Th)/He ages as young as 14 Ma

(Carter et al., 2004)
*Gently dipping basalt flows are ca.
10-9 Ma (Shackelford, 1980)

Slip magnitude and rate
*50-60 km of slip (Reynolds and

Spencer, 1985)

oSlip rates of 3-7 mm/yr (FT-dating;
Foster et al., 1993)

eIncrease to 30 mm/yr at ca. 15 Ma?
(U-Th/He dating; Carter et al., 2004)

*Models assume a low-angle fault
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Bullard
fault
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| Tertiary volcanic and sedimentary rocks

22| Mesozoic volcanic and sedimentary rock

Mesozoic - Precambrian crystalline rocks

| Paleozoic sedimentary rock

| Precambrian crystalline rocks

Tertiary (?) mylonite

BB Low-angle normal fault, dotted where
concealed (boxes on upper plate)

High-angle normal fault, dotted where
concealed

Thrust or reverse fault, dotted where-
where concealed (teeth on upper plate)

Sample location

Ar/Ar
thermochronologic
transect

Goals

*Inception and duration of
extension

*Fault slip rate

*Degree of footwall tilting and
initial detachment fault dip
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Granite Mts. Harcuvar Peak  Cunningham Pass T~ Bullard detachment

Smith Peak
HAR-24 b’(AR-Zé \ ~ / fault

Elevation (m)

1
30
Distance (km)

Slow cooling pre-20 Ma

N

4OAr/3’9Ar muscovite

\ “Oar/*Ar biotite
modeled thermal history
Rapid (560-75°C/m.y) based on K-spar data

inferred thermal history,

cooling post-20 Ma ~ 7= queried where uncertai
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Granite Mts.

HAR-24

Harcuvar Peak  Cunningham Pass

AR-26

30

Smith Peak ~

Bullard detachment
fault
=~ \/

Distance (km)

(x1 sigma shown w/o error in J)

Bio =31.3+£ 0.1 Ma

TFA=21.14 +0.05 Ma
WMPA=20.49 + 0.05 Ma

| |
0.5 0.6 0.7
Cumulative ¥Ar

Har -26
Central footwall

Younger biotite age

Kspar age
spectrum is flatter
(rapid cooling) at

ca. 18 Ma
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Har-16 ksp (x1 sigma shown w/o error in J)

Flat Kspar spectrum

15-18 Ma
TFA=19.79 + 0.03 Ma

WMPA= 18.84 +£ 0.03 Ma

Bio=16.8+0.1Ma ~
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Har -16
NE-central
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Granite Mts. Harcuvar Peak  Cunningham Pass T~

Simith Peak ™= Bullard detachment
HAR-24 i b*AR-ZG =~
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‘Apparent Age (Ma)

Elevation (m)

Thermochronology summary
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Consistently younger ages towards the northeastern (deepest) footwall

Significant footwall age gradient

K-spar age spectra get younger and flatter towards the northeast




Ar/Ar derived footwall thermal history and
comparison to prior thermochronology

Based on mica and MDD thermal modeling of K-feldspar data

NE footwall Southwestern footwall SW footwall

dee shallow
(deep) ( ) *(U-Th)/He age too
old (20 Ma) relative
to MDD K-spar

E/ H thermal model
- K

He age for [ & Har-24 KEY NE footwall
| restof 4OAr/3°Ar muscovite
footwall

40,32+ biotite *He ages generally

-Th/He age for _ match well
/ SW footwall —_ modeled thermal history

based on K-spar data ,
(Carter et al., 2004) ,_inferred thermal history, ‘He ages don’t show
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Implications of footwall thermal history:
Timing of slip

*Rapid cooling at ca.

20-19 Ma marks the
inception of rapid slip

Rapid coolin
2%_14 Ma ° *No evidence for 27

Ma event as
I suggested by
” hanging wall

|
T Har-26 _ H, H sediments in the
o - -7 Rawhide HW
| /
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Har-24 KEY
“OAr/2°Ar muscovite *Either not a
l B 4/ Ar biotite significant event,
modeled thermal history On|y occurred in the
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1IO 2l0 310 : 5IO 6I0
Time (Ma) *Extension continued
until at least 14 Ma




Fault slip estimates

A\ Biotite age
B Min.K-spar age

Biotite
Pre-extension
Exhumation rate = <1 mm/yr

20 30 40 50 60
Distance in slip direction (km)




Fault slip estimates

A Biotite age
B Min.K-spar age

Biotite
Pre-extension
Exhumation rate = <1 mm/yr

K-spar minimum ages
Fault slip rate = 7 mm/yr

10 20 30 40 50 60
Distance in slip direction (km)
*Matches with FT results (Foster et al., 1993) and pre-15 Ma slip rate from
U-Th/He ages (Carter et al., 2004)
*Does not match post-15 Ma 30 mm/yr slip rate (Carter et al., 2004)
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Footwall tilt

NE footwall
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Ar/39Ar muscovite

Ar/>°Ar biotite

modeled thermal history
based on K-spar data

inferred thermal history,

" queried where uncertai

10 20

estimates

Significant footwall
thermal gradient

At 20 Ma, SW footwall at
~ 250°C

NE footwall at >400°C,
likely 450-500°C




Cunningham Pass Bullare. Jachment

Smith Peak

—
AR-2 fault
LH 6 ' ~ \/

Elevation (m)

30
Distance (km)

50 km between samples

Implies modest footwall tilt of 10-15° (assumed geotherms of 30-20°C/km)

Would restore the initial detachment fault to ~ 30-35°




ther evidence for footwall tilting:
70-80° dipping dikes in the SW footwall
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Other evidence for footwall tilting:
45° NE dipping dikes |n the central footwall

Basaltic
dike




How tilted is the Harcuvar footwall?

Equal Area

Assuming dikes were
emplaced as Mode | vertical
fractures during extension:

Steep dikes
17° of SW footwall tilt

Moderately dipping dikes

(older?)
48° of SW footwall tilt

Footwall may be substantially
tilted (45°)
Footwall and hanging wall
equally tilted?
This would restore the
detachment fault to 45-65°
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30° SW dipping volcanic and
sedimentary rocks sitting
unconformably (?) on footwall

e basaltic lava flows and volcaniclastic rocks;
dipping (post-detachment faulting)




Why do the thermochronologic and geologic data suggest
different amounts of footwall tilt?

Bullarg ¥achment
~ / Tault

Distance (km)

50 km between samples

Is the footwall an intact block?
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Small-scale (cm offset) normal faults




Fault zone of unknown displacement
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. ' Do faults from the
\ ART*'%,;;?;& : . adjacent ranges

D) 2NN project into the
=" Harcuvar footwall?

How can we
recognize footwall
normal faults in
granitic footwall?

Footwall normal
faults may have
extended the
footwall, leading to
misleading tilt
reconstructions

TS based on

e basaltic lava ﬂo.ws-an;i vc;lcaniclastic rocks; °foo l‘hermochrono/ogy
dipping (post-detachment faulting) T . alone




Why does the Rawhide Buckskin core
complex lack a footwall age gradient?

A Biotite Harcuvars
/\ Biotite Buckskins

Biotite ages from the
Harcuvars (this study)

A

Biotite ages from the
Buckskins (Scott et al., 1998)

10 20 30 40 50
Distance in slip direction (km)




Was the Rawhide Buckskin footwall thermally reset by
Miocene plutonism?
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21.7 Ma Swansea
plutonic suite

Thermochronologic constraints from the Harcuvars on the timing and rate of
extension and the degree of footwall tilt may be the most reliable for the region




Conclusions

*Rapid tectonic exhumation at the Harcuvar core complex began at ca. 20
Ma and continued until at least 14 Ma

*There is no evidence of an earlier extensional event at ca. 27 Ma
thermochronologically

*Rate of fault slip was ~7 mm/yr; no evidence for higher slip rates (cf. Carter
et al., 2004)

» Footwall thermal gradient requires at least 10-15° of footwall tilt to the SW,
implying a steeper initial dip to the bounding detachment

*Geologic evidence suggests a higher degree of footwall tilt (30-45°) and
initial detachment fault dips of 40-65°

*The Harcuvar footwall may not be an intact fault block, leading to tilt
discrepancy

*Thermochronologic data from the adjacent Rawhide-Buckskin core complex
may have been reset by Miocene plutonism.

*The Harcuvar range may preserve the best thermochronologic record of the
timing and rate of extension and degree of footwall tilting in the region.




