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ABSTRACT

Many low-angle normal faults (dip ≤30°) 
accommodate tens of kilometers of crustal 
extension, but their mechanics remain con-
tentious. Most models for low-angle normal 
fault slip assume vertical maximum principal 
stress σ1, leading many authors to conclude 
that low-angle normal faults are poorly ori-
ented in the stress field (≥60° from σ1) and 
weak (low friction). In contrast, models for 
low-angle normal fault formation in isotropic 
rocks typically assume Coulomb failure and 
require inclined σ1 (no misorientation). Here, 
a data-based, mechanical-tectonic model is 
presented for formation of the Whipple de-
tachment fault, southeastern California. The 
model honors local and regional geologic and 
tectonic history and laboratory friction mea-
surements. The Whipple detachment fault 
formed progressively in the brittle-plastic 
transition by linking of “minidetachments,” 
which are small-scale analogs (meters to kilo-
meters in length) in the upper footwall.

Minidetachments followed mylonitic an-
isotropy along planes of maximum shear 
stress (45° from the maximum principal 
stress), not Coulomb fractures. They evolved 
from mylonitic flow to cataclasis and fric-
tional slip at 300–400 °C and ∼9.5 km depth, 
while fluid pressure fell from lithostatic to hy-
drostatic levels. Minidetachment friction was 
presumably high (0.6–0.85), based upon for-
mation of quartzofeldspathic cataclasite and 
pseudotachylyte. Similar mechanics are in-
ferred for both the minidetachments and the 
Whipple detachment fault, driven by high 
differential stress (∼150–160 MPa). A Mohr 
construction is presented with the fault dip 
as the main free parameter. Using “Byerlee 
friction” (0.6–0.85) on the minidetachments 
and the Whipple detachment fault, and inter-
nal friction (1.0–1.7) on newly formed Reidel 
shears, the initial fault dips are calculated at 

16°–26°, with σ1 plunging ∼61°–71° north-
east. Linked minidetachments probably were 
not well aligned, and slip on the evolving 
Whipple detachment fault probably contrib-
uted to fault smoothing, by off-fault fractur-
ing and cataclasis, and to formation of the 
fault core and fractured damage zone.

Stress rotation may have occurred only 
within the mylonitic shear zone, but asym-
metric tectonic forces applied to the brittle 
crust probably caused gradual rotation of 
σ1 above it as a result of: (1) the upward 
force applied to the base of marginal North 
America by buoyant asthenosphere upwell-
ing into an opening slab-free window and/
or (2) basal, top-to-the-NE shear traction 
due to midcrustal mylonitic flow during tec-
tonic exhumation of the Orocopia Schist. The 
mechanical-tectonic model probably applies 
directly to low-angle normal faults of the 
lower Colorado River extensional corridor, 
and aspects of the model (e.g., significance 
of anisotropy, stress rotation) likely apply to 
formation of other strong low-angle normal 
faults.

INTRODUCTION

Earthquake hazard assessment and natural 
resource exploration depend on understand-
ing fault evolution and mechanics, yet even 
the shear strength of most faults is uncertain 
(Faulkner et al., 2010). Low-angle normal faults 
were well documented by the 1980s (Critten-
den et al., 1980; Wernicke, 1981; Wernicke and 
Burchfiel, 1982) and are found in diverse conti-
nental settings (e.g., Wernicke, 1995; Burchfiel 
et  al., 1992; Lister et  al., 1984; Whitney and 
Dilek, 1997; Axen, 2004; Collettini et al., 2006; 
Reston, 2009; Collettini, 2011; Whitney et al., 
2013; Little et al., 2019) and mid-ocean ridges 
(Karson et al., 2006). Nevertheless, the mechan-
ics of low-angle normal fault formation and slip 
remain enigmatic (Axen, 2004; Collettini, 2011).

On many continental low-angle normal 
faults, large-magnitude slip exhumed plutonic-
metamorphic footwalls from below the strong, 

midcrustal brittle-plastic transition (e.g., 
Fig. 1A), forming metamorphic core complexes. 
In these structures, shear- and fault-zone rocks 
form progressively during footwall exhumation, 
and crystal-plastic mylonites are overprinted by 
frictional-cataclastic textures (e.g., Davis et al., 
1986; Davis, 1988). Removal and dramatic 
thinning of upper plates drive isostatic footwall 
rebound, which induces lower- or mid-crustal 
flow, arching low-angle normal faults and their 
footwalls (Fig.  1C), and back-tilting parts of 
both (Spencer, 1984; Wernicke and Axen, 1988; 
Buck, 1988).

Mechanical understanding of low-angle nor-
mal fault slip typically is hindered by incomplete 
data, and the vertical maximum principal stress, 
σ1, is commonly assumed (Anderson 1942; Sib-
son, 1985; Axen and Selverstone, 1994; Collet-
tini and Sibson, 2001), leading to suggestions 
that low-angle normal faults are poorly oriented 
for slip and therefore weak (Axen, 2004; Collet-
tini, 2011). Weakness may arise from low-fric-
tion fault-zone materials (e.g., Hayman, 2006; 
Haines and van der Pluijm, 2012), evaporites 
(Yuan et al., 2017), and/or elevated pore-fluid 
pressure, Pf, causing low effective normal stress 
(Smith et  al., 2008). However, several strong 
low-angle normal faults (Collettini, 2011), in-
cluding the Whipple detachment fault, lack evi-
dence for high Pf or weak fault rocks.

Low-angle normal faults are mechanically 
more difficult to form than to slip once formed. 
Static elastic models (Fig. 2) of isotropic crust 
require nonvertical σ1 to predict Coulomb low-
angle normal fault trajectories. In these, asym-
metric boundary conditions cause stress rota-
tion: lateral gradients of basal normal traction 
(Spencer and Chase, 1989) or basal shear trac-
tion (Yin, 1989). Deep viscous flow may apply 
shear to the base of the brittle crust (Lister and 
Davis, 1989; Westaway, 1999), but it presents a 
chicken-and-egg problem, because lower-crustal 
flow is commonly considered to be a response 
to isostatic unloading due to low-angle normal 
fault slip (Block and Royden, 1990; Wdowinski 
and Axen, 1992; Lavier et  al., 1999; Whit-
ney et al., 2013). Mechanical anisotropy, also †gary.axen@nmt.edu.
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appealed to here, controls primary low dips of 
some low-angle normal faults (Miller et  al., 
1983; Axen, 1993), but others cut across stratig-
raphy and preexisting structure (e.g., Wernicke 

et al., 1985; Axen et al., 1990). Some numerical 
models reproduce cross-sectional geometries of 
continental low-angle normal faults through iso-
static tilting of initially steep faults (>45°) that 
lock up once they become gently dipping (Buck, 
1988; Lavier et al., 1999; Choi et al., 2013). Such 
models may apply to oceanic low-angle normal 
faults (Garcés and Gee, 2007), but they conflict 
with the primary low dips of many continental 
low-angle normal faults (Wernicke, 1995; Axen 
and Bartley, 1997; Axen, 2004; Collettini, 2011).

In this paper, I present a compelling, data-
based, mechanical model for progressive for-
mation of the Whipple detachment fault in the 
brittle-plastic transition (the zone of maximum 
crustal strength where brittle processes give 
way downward to penetrative flow; e.g., Brace 
and Kohlstedt, 1980). The evolution of “minide-
tachments,” which are meter- to kilometer-scale 
analogs of the main detachment, guides the 
conceptual model. In summary, initial friction-
al-cataclastic slip on minidetachments occurs 
in the brittle-plastic transition, on mylonitic C 
planes oriented ∼45° to σ1. Many preserved C 
planes display aligned chlorite, so their friction 
was probably low. I infer that minidetachments 

become linked episodically, progressively form-
ing the main detachment fault, which propa-
gates upward at low dip, maintained by isostatic 
footwall rebound and lengthening as footwall 
exhumation proceeds. Pore-fluid pressure drops 
from lithostatic to hydrostatic as random-fabric 
quartzofeldspathic cataclasites form, increasing 
friction to 0.6–0.85. The regional tectonic evolu-
tion around the Whipple detachment fault sug-
gests plausible causes of stress rotation above the 
mylonite zone.

WHIPPLE DETACHMENT FAULT

The Whipple detachment fault (Figs. 1 and 3) 
is one of several coeval, kinematically coor-
dinated, low-angle normal faults that formed 
the metamorphic core complexes of the lower 
Colorado River extensional corridor. Approxi-
mately 50 km of top-to-the-NE normal-sense 
shear exhumed Colorado River extensional cor-
ridor footwalls through the brittle-plastic tran-
sition (Howard and John, 1987; Davis, 1988; 
Singleton et  al., 2014). Most share aspects of 
the Whipple detachment fault evolution. Pos-
detachment deformation in the Colorado River 
extensional corridor is minor (Howard and John, 
1987; Spencer and Reynolds, 1991). Restoration 
of low-angle normal fault slip places Colorado 
River extensional corridor footwalls beneath the 
Colorado Plateau–Basin and Range transition 
zone (Fig. 1A).

The eastern Whipple detachment fault foot-
wall displays a domed, retrograde (amphibo-
lite- to greenschist-facies) mylonite shear zone 
≥1 km thick (base not exposed), in which mainly 
top-to-the-NE simple shear overprinted Protero-
zoic orthogneiss and Mesozoic plutons (Davis, 
1988; Davis and Lister, 1988; Behr and Platt, 
2011). Brittle deformation overprints the upper 
mylonites (Figs. 3A–3C; Davis, 1988; Davis and 
Lister, 1988; Luther et  al., 2013). The “chlo-
rite breccia zone” includes ∼100 m of a chlo-
rite + epidote–altered, fractured damage zone 
overlain by ∼10 m of similarly altered cataclasite 
of the outer fault core. In turn, this is overlain and 
overprinted by the “microbreccia ledge,” repre-
sented by ∼0.2–2 m of resistant ultracataclasite 
(inner fault core) that is capped by the sharp, NE-
SW–striated principal slip surface.

The mylonite front (Figs. 1B and 1C) sepa-
rates structurally higher, mainly nonmylonitic 
western footwall from the structurally deeper, 
mostly mylonitic eastern footwall, and it is 
generally interpreted as the west-tilted top of 
a fossil brittle-plastic transition (Davis, 1988; 
see also Singleton and Mosher, 2012). Footwall 
rocks west of the mylonite front are Proterozoic 
orthogneiss, Mesozoic plutons, and Miocene 
dikes. Thin, discontinuous mylonite bands cut 

A

B

Figure 2. Static elastic models with asymmet-
ric boundary conditions that cause stress tra-
jectories consistent with Coulomb failure of 
low-angle normal faults (LANFs). Blue and 
red lines show predicted conjugate fault tra-
jectories, solid for normal faults and dashed 
for reverse. (A) Upward buoyant force flexes 
the elastic crust (Spencer and Chase, 1989). 
(B) Basal shear traction (Yin, 1989).

Figure 1. (A) Tectonic setting 
of several North American 
metamorphic core complexes 
(MCCs; black, with arrows 
showing upper-plate trans-
port; Whipple footwall [W] 
shown in red) and the lower 
Colorado River extensional 
corridor (CREC) adjacent to 
the Colorado Plateau–Basin 
and Range transition (Trans.) 
zone. Orocopia and related 
schists are blue (O—Orocopia 
Mountains, G—Gavilan Hills, 
P—Plomosa Mountains). Pen. 
Ranges—Peninsular Ranges. 
(B) Simplified tectonic map of 
the Whipple Mountains (WM) 
area, showing the Whipple 
detachment fault (WDF), my-
lonite front (MF), and possible 
detachment breakaway (BW?). 
Savahia Peak (S) is the west-
ernmost certain Whipple de-
tachment fault exposure. Wide, 
strongly tilted, intact hanging-
wall blocks (IHB) restore west 
of the mylonite front. LANFs—
low-angle normal faults. (C) 
Schematic cross section along 
the line shown in B. Data for 

part A are from Wust (1986), Spencer and Reynolds (1989), Chapman (2017), Axen et al. 
(2018), and Strickland et al. (2018). B and C are modified from Howard and John (1987).
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these rocks up to ∼1 km above the front (Da-
vis, 1988). Western basement rocks are overlain 
in fault contact or nonconformably by thin se-
quences of Neogene volcanic and sedimentary 
strata (Carr et al., 1980; Davis, 1988; Yin and 
Dunn, 1992; Gans and Gentry, 2016). Isostatic 
footwall rebound tilted the mylonite front south-
west (Spencer, 1984). West of the range, subho-
rizontal seismic reflectors below ∼10 km depth 
are interpreted as untilted mylonites (Davis, 
1988; Wang et al., 1989).

Mylonites near the front formed in conditions 
of ∼500–300 °C and 480–290 MPa (Behr and 
Platt, 2011). Maximum pressure-temperature 
(P-T) estimates are consistent with those from 
mylonitic rocks farther east (Anderson et  al., 
1988). High mylonitic temperatures near the 
front may reflect heating by abundant Mio-
cene dikes (see below), but the higher pressures 
suggest instead that early mylonitization near 
the front occurred at ∼18 km depth. Final my-
lonitization there predated undeformed plutons 
that intruded at ca. 220 MPa (∼8.5 km depth; 
Anderson et al., 1988; Anderson, 1996).

NW-striking dikes in the Chambers Well dike 
swarm (ca. 24–18 Ma) intruded the footwall 
along and west of the mylonite front, locally 
comprising up to ∼60% of the volume (Davis, 
1988; Gans and Gentry, 2016). Early dikes 
(ca. 24–20 Ma) predated final mylonitization; 
younger dikes and a pluton crosscut mylonites at 
ca. 19 Ma (Davis, 1988; Gans and Gentry, 2016). 
The oldest top-to-the-NE mylonites may be only 
a few million years older than the brittle Whipple 
detachment fault (Lister and Davis, 1989; Behr 
and Platt, 2011). The Whipple detachment fault 

and other Colorado River extensional corridor 
footwalls record rapid exhumation-related cool-
ing from ∼350 °C to <100 °C between 22–21 and 
ca. 13–11 Ma (Foster and John, 1999; Singleton 
et al., 2014, and references therein).

The western limit of extension (Figs. 1B and 
1C) may mark the Whipple detachment fault 
breakaway (Howard and John, 1987). The pres-
ent angle between the Whipple detachment fault 
and the mylonite front is ∼15°–30° (Davis, 1988; 
Lister and Davis, 1989; Behr and Platt, 2011), 
and this may reflect initial Whipple detachment 
fault dip there, when mylonites were subhorizon-
tal. The Whipple detachment fault probably had 
low dip for ∼10 km west of the mylonite front, 
as far as Savahia Peak, an upper-plate klippe 
(Figs. 1B and 1C). The initial fault trajectory 
west of Savahia Peak (Fig. 1) is uncertain and 
may have been either gentle (Davis, 1988; Davis 
and Lister, 1988; Yin and Dunn, 1992) or steep 
(Behr and Platt, 2011; Gans and Gentry, 2016). 
East of the mylonite front, the Whipple detach-
ment fault cuts gently down across mylonites 
that show little or no increase of metamorphic 
grade (Anderson et  al., 1988; Behr and Platt, 
2011), consistent with initially subhorizontal to 
gently northeast-dipping mylonites and a gentle, 
northeast fault dip.

Upper-plate rocks are similar to the western 
footwall: mainly Proterozoic gneiss overlain 
nonconformably by Neogene sedimentary and 
volcanic strata. Both are highly extended by 
normal faults (Howard and John, 1987; Davis, 
1988; Davis and Lister, 1988). Strongly tilted, 
but internally little-faulted, 10+-km-wide panels 
of upper-plate rocks east and northeast of the 

Whipple Mountains restore west of the mylonite 
front, requiring 40+ km of Whipple detachment 
fault slip and initial footwall paleodepth there of 
10+ km (Howard and John, 1987). The basal up-
per plate, where exposed, shows centimeters of 
clay-bearing gouge (Figs. 3B and 3C) apparently 
derived from overlying Neogene strata; clays are 
sparse in cataclasites below the Whipple detach-
ment fault (Luther et al., 2013).

WHIPPLE DETACHMENT FAULT 
FORMATION AND MECHANICS

In this section, I develop a mechanical model 
for progressive formation of the Whipple de-
tachment fault in the brittle-plastic transition. 
The model applies to the Whipple detachment 
fault east of the mylonite front, and mechani-
cal aspects are based upon a well-constrained 
Mohr-circle construction representing the two-
dimensional stress tensor during minidetach-
ment and Whipple detachment fault formation, 
in a vertical, NE-SW plane parallel to the main 
fault transport direction. The model applies in 
the zone of formation in the brittle-plastic tran-
sition (Fig. 4C), beginning shortly after onset of 
rapid extension, when isotherm advection had 
reached pseudo–steady state, and until progres-
sive Whipple detachment fault formation ended.

Evolution of Minidetachments and the 
Whipple Detachment Fault

“Minidetachments” (Figs. 3D and 3E; Axen 
and Selverstone, 1994) are meter- to kilometer-
scale Whipple detachment fault analogs pre-
served in the upper parts of the mylonitic foot-
wall (they have not been recognized west of the 
mylonite front). They record the P, T, Pf, and 
maximum principal stress orientation within the 
upper footwall as it passed through the brittle-
plastic transition (Selverstone et  al., 2012). 
Minidetachments are subparallel to the Whipple 
detachment fault and evolved from mylonitic 
shear (C) planes to sharp slip surfaces com-
monly overlain by random-fabric quartzofeld-
spathic cataclasites (Selverstone et  al., 2012). 
Each had one to several slip events before being 
abandoned, and they formed when strong, retro-
grade epidote crystallized, impeding mylonitic 
flow (Selverstone et al., 2012). Most minidetach-
ments lack connection to the Whipple detach-
ment fault, so they are probably not splays.

Metamorphic phase equilibria and fluid inclu-
sion analyses have shown that final mylonitiza-
tion and initial frictional-cataclastic minide-
tachment slip both occurred at 380–420 °C 
and ∼9.5 km depth (Fig. 4A; Selverstone et al., 
2012), suggesting geologically instantaneous 
embrittlement. Upon embrittlement, Pf dropped 

Figure 3. Photographs of the 
Whipple detachment fault 
(WDF) and minidetachments. 
(A) View to northwest (perpen-
dicular to transport) in north-
eastern Whipple Mountains. 
Width of view is ∼4 km. (B) Ex-
posure of Whipple detachment 
fault above Bowmans Wash 
showing structural sequence. 
Hammer for scale. (C) Detail 
view of foliated upper-plate 
gouge and top of footwall. Coin 
for scale. (D) Minidetachment 
in Bowmans Wash (arrows). 
Person in lower left for scale. (E) 
Detail of same minidetachment, 
showing epidote-rich upper-
plate cataclasite, pseudotachy-
lyte (pst), and ultracataclasite 
(uc), and fractured mylonite of 
footwall. Thin line left of pencil 
shows mylonitic foliation.
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from 290–270 MPa (late mylonitization) to 
130–80 MPa (cataclasis), consistent with litho-
static and hydrostatic Pf, respectively, at ∼9.5 km 
depth (Selverstone et al., 2012). Weak minerals 
and aligned mineral grains are sparse or absent 
in these random-fabric, quartzofeldspathic cata-
clasites, suggesting friction of 0.6–0.85 (e.g., 
Byerlee, 1978; Beeler et al., 1996; Karner et al., 
1997). This is confirmed qualitatively by the 
pseudotachylyte (quenched frictional melt) on 
the minidetachments (Selverstone et al., 2012; 
Ortega-Arroyo et al., 2017), which requires seis-
mogenic slip rates and high shear traction (Tsu-
tsumi and Shimamoto, 1997), consistent with 
hydrostatic Pf and normal rock friction.

Synchronously, primary Reidel R1 slip sur-
faces formed, either from or subparallel to my-
lonitic C′ shear planes, and secondary R2 shears 
crosscut intact mylonitic foliation (Selverstone 
et al., 2012). Treating R1 and R2 shears as conju-
gate faults bisected by σ1 (Fig. 4A; Mandl et al., 
1977; Logan et  al., 1992; Selverstone et  al., 
2012) confirms the inference that minidetach-
ments formed at θ ≈ 45° to σ1 (Fig. 4A). This 
stress orientation is expected during both my-
lonitic flow and granular cataclastic flow (e.g., 
Coulomb plasticity; Marone, 1995), and it re-

quires that maximum ambient shear traction 
τmax acted on mylonitic C planes, on the minide-
tachments, and, as argued below, on the nascent 
Whipple detachment fault (Fig. 4B; Selverstone 
et al., 2012).

I infer that the Whipple detachment fault east 
of the mylonite front formed by episodic, pro-
gressive linking of minidetachments (Fig. 4C). 
Faults commonly form and grow by linkage of 
preexisting structures: Millimeter-scale tensile 
cracks link to form centimeter-scale faults in ex-
periments (e.g., Lockner et al., 1991), preexisting 
joints link to form outcrop-scale strike-slip faults 
(e.g., Martel and Pollard, 1989), and kilometer-
scale normal faults link to form basin-scale rift-
bounding faults (e.g., Gawthorpe and Leeder, 
2000). In all these examples, some early, small 
structures are abandoned and preserved without 
linking, explaining the preserved minidetach-
ments. Solidification of minidetachment pseu-
dotachylyte (e.g., Mitchell et al., 2016; Proctor 
and Lockner, 2016; Griffith, 2016) and increas-
ing friction upon embrittlement (see above) like-
ly strengthened the minidetachments, favoring 
abandonment and preservation. Accumulating 
slip and off-fault damage (fracturing, cataclasis) 
smoothed fault steps where misaligned struc-

tures linked (Martel and Pollard, 1989; Faulkner 
et al., 2010). These processes likely contributed 
to the damage zone and cataclastic fault core and 
may also have modified the frictional strength 
of the (presently) very smooth Whipple detach-
ment fault.

From its zone of formation in the brittle-
plastic transition, the Whipple detachment fault 
probably propagated up into the brittle crust at 
low dip, maintained by footwall uplift (Fig. 4C), 
regardless of initial geometries of the detach-
ment and related faults farther west. This is sup-
ported by syntectonic upper-plate strata that re-
cord exhumation of nonmylonitic footwall rocks 
and abandonment of the southwestern, back-
tilted Whipple detachment fault, followed by 
exhumation of mylonites while basin formation 
and Whipple detachment fault slip continued 
northeast of the rising footwall dome (Yin and 
Dunn, 1992; Dorsey and Becker, 1995; Dorsey 
and Roberts, 1996).

Stress State During Minidetachment and 
Whipple Detachment Fault Formation

Behr and Platt (2011) obtained steady-state 
differential stress Δσ = 136 + 23/–17 MPa dur-
ing latest mylonitization, using quartz grain-
size paleopiezometry (Δσ likely was higher 
transiently). Ti-in-quartz thermobarometry and 
numerical modeling suggest that this Δσ level 
was reached at ∼9 km depth and 308 ± 40 °C 
(Behr and Platt, 2011), conditions remarkably 
similar to those determined for minidetachment 
embrittlement (Selverstone et  al., 2012). The 
piezometer was calibrated in axisymmetric ex-
periments (σ1 > σ2 = σ3), but Whipple mylonites 
record mainly plane strain. Assuming “plane-
stress” conditions (σ2 = [σ1 + σ3]/2; Behr and 
Platt, 2013) allows a correction that increases 
Δσ slightly, to 157 + 24/–19 MPa, the value 
used in the Mohr construction (Fig. 4B). This 
correction affects the basic mechanical argument 
insignificantly.

For minidetachment and Whipple detachment 
fault formation at 9.5 km depth and hydrostatic 
pore pressure (Selverstone et al., 2012), horizon-
tal planes (H in Fig. 4) would have had verti-
cal effective normal traction σv′ = 154 MPa (for 
rock density of 2650 kg/m3 and water density 
of 1000 kg/m3). Shear traction on plane H is 
unknown, but σv′ on H locates the Mohr circle 
along the σn′ axis as a function of Whipple de-
tachment fault dip δ (Fig. 4B).

Initial Whipple Detachment Fault Dip in 
the Brittle-Plastic Transition

The Mohr construction yields (1) magnitudes 
and plunges of σ1′ (δ + 45°; Fig. 4A) and σ3′, 

Figure 4. (A) Geometry of 
minidetachments (MDs) and 
the Whipple detachment fault 
(WDF) during formation in the 
brittle-plastic transition. The 
angle between primary (syn-
thetic) R1 and secondary (anti-
thetic) R2 Reidel shears, 2θR, is 
bisected by the effective maxi-
mum principal stress, σ1′. The 
Whipple detachment fault is at 
angle θ = 45° to σ1′, and Whip-
ple detachment fault dip is δ. 
Effective vertical normal stress 
σv′ acts on horizontal plane H. 
(B) Mohr diagram for mechan-
ics of Whipple detachment fault 
formation, corresponding to ge-
ometry in A (with absolute value 
of R2 shear stress). C0 is cohe-
sion of R2 shears, with internal 
friction µi corresponding to the 
angle of internal friction φi; µ 
is static friction on the Whipple 
detachment fault and minide-
tachments; Pf is pore-fluid pres-

sure. Effective normal stress on the Whipple detachment fault and minidetachments equals 
the effective mean stress σm′. See text for notation. (C) Evolution of Whipple detachment fault 
by linking of active minidetachments (short red lines; pink where abandoned) as footwall my-
lonites (thin black lines) exit the brittle-plastic transition (BPT). The mechanical model applies 
in the zone of pseudo–steady-state formation of the Whipple detachment fault (blue box).
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(2) the ratio of shear to effective normal stress, 
τ/σn′, on the Whipple detachment fault and 
minidetachments, and (3) the ratio τ/σnR′ on Re-
idel shears, as a function of Whipple detachment 
fault dip δ and cohesion C0 of intact mylonites 
(Figs. 4B; Appendix 1). A comparison of ratios 
(2) and (3) to appropriate laboratory-derived 
friction and cohesion levels (Fig.  5) provides 
independent limits on the nascent Whipple de-
tachment fault dip as it formed and, thus, also 
the plunge of σ1′ (Figs. 4B and 5).

Ratio (2), τ/σn′ on the nascent Whipple detach-
ment fault, must equal or exceed static friction µ, 
which I assume was 0.6–0.85 for random-fabric 
quartzofeldspathic cataclasites (Luther et  al., 
2013; Byerlee, 1978; Beeler et al., 1996; Karner 
et al., 1997). Frictional fault slip obeys τ = µσn′ 
(fault cohesion is negligible for the conditions 
of Whipple detachment fault formation: σn′ < 
200 MPa; Byerlee, 1978; Axen, 2004). Using 
µ = 0.6–0.85 limits initial Whipple detachment 
fault dip to 8°–26° for the parameter values used 
in Figure 4B. This corresponds to σ1 plunging 
53°–71° in the brittle-plastic transition (Fig. 5).

Ratio (3), τ/σnR′ on R2 shears that crosscut 
foliation, must equal or exceed internal friction 

µi, which ranges from 1.0 to 1.7 for crystal-
line quartzofeldspathic rocks (Handin, 1966). 
Brittle failure of intact rock (R2 shears) fol-
lows τ = C0 + µiσn′, where cohesion C0 of such 
rocks typically is 11–23 MPa (Handin, 1966). 
Cohesionless Reidel shears with µi = 1.0–1.7 
yield δ = 16°–26°, increasing to δ = 21°–31° 
for C0 = 10 MPa, and to δ = 26°–36° for 
C0 = 20 MPa. The latter range does not over-
lap with the dip range obtained from Whipple 
detachment fault static friction µ = 0.6–0.85 
(Fig. 5).

Honoring both constraints (Whipple detach-
ment fault static friction and R2 internal friction) 
yields a favored initial Whipple detachment fault 
dip range of 16°–26°, with σ1 plunging 61°–71° 
northeast (Fig. 5). This is similar to the angle in-
ferred geologically between the Whipple detach-
ment fault and the mylonite front (Davis, 1988; 
Lister and Davis, 1989; Behr and Platt, 2011).

Exploration of parameter combinations sug-
gests that low (<30°) initial Whipple detachment 
fault dip is fairly robust. Table 1 shows Whipple 
detachment fault dip values consistent with static 
and internal friction ranges cited above (µ = 0.6–
0.85, µi = 1.0–1.7), and for depths of 9, 9.5 (pre-
ferred), 10, and 11 km, cohesion C0 = 0, 10, and 
20 MPa, and the minimum, best, and maximum 
differential stress values (Behr and Platt, 2011, 
2013). The high ends of dip ranges are limited 
by µ = 0.85, and the low ends are limited by 
µi = 1.0. For most parameter combinations, ini-
tial Whipple detachment fault dip δ is less than 
30°, but a few combinations allow δ = 30°–45°. 
However, such steep dips are not easily recon-
ciled with the ∼25° angle between the Whipple 
detachment fault and the mylonite front, nor 
with an initially gentle Whipple detachment fault 
dip between the mylonite front and Savahia Peak 
(see below), nor with the gentle angle at which 
the detachment cuts down across mylonites in 
the eastern footwall. Also, a high dip range is 
permitted for a depth of 11 km, but this depth is 
inconsistent with pressure of final mylonitization 
from both Behr and Platt (2011) and Selverstone 
et al. (2012). Thus, the high initial fault dips al-
lowed by the Mohr construction are rejected. For 
several parameter combinations (C0 = 20 MPa 
and/or Δσ = 137 MPa), no dip ranges satisfy 
both friction criteria. The lowest permissible 
dips (∼5°–12°) are for Δσ = 184 MPa at 9 or 
9.5 km depth, and none permits an initially hori-
zontal Whipple detachment fault.

TECTONIC DRIVERS OF STRESS 
ROTATION DURING WHIPPLE 
DETACHMENT FAULT FORMATION

The mechanical analysis above requires ex-
planation of why σ1′ was not vertical during 

Whipple detachment fault formation. Two possi-
bilities exist: stress rotation within the mylonite 
zone and/or stress rotation at a crustal scale. 
Here, I review the regional tectonic history and 
conclude that both are permissible.

Maximum and minimum principal stresses 
during viscous simple shear are expected to be 
parallel to the infinitesimal strain axes, oriented 
45° to the shear plane. Thus, the maximum and 
minimum principal stresses presumably were ro-
tated within the late mylonitic shear zone while 
it was active, and as minidetachments and the 
Whipple detachment fault formed. If viscous 
flow were the only significant effect, then abrupt 
curvature of stress trajectories, and steepening of 
the initial Whipple detachment fault dip might 
be expected just above the mylonite front.

It is not obvious that the Whipple detachment 
fault steepened between the mylonite front and 
the west side of Savahia Peak, an upper-plate 
klippe ∼10–12 km west of the mylonite front 
(Figs.  1B and 1C). This suggests that princi-
pal stresses well above the mylonite zone were 
not vertical, consistent with presence of thin 
mylonite zones for ∼1 km above the mylonite 
front having dips similar to mylonites below 
(Davis, 1988). This suggests similar σ1 orienta-
tion for ∼1 km above the front. West of Savahia 
Peak, however, different mappers show differ-
ent relationships. Carr et al. (1980) showed the 
Whipple detachment fault there dipping gently 
under Cenozoic strata and, farther north, under 
Cretaceous gneiss heavily intruded by Cenozoic 
dikes. Yin and Dunn (1992) also showed the 
Whipple detachment fault dipping gently below 
Cenozoic strata, but folded by a broad, NW-
trending antiform-synform pair. Gans and Gen-
try (2016) presented convincing evidence that 
the basal Cenozoic nonconformity is preserved 
locally, and they suggested that the Whipple de-
tachment fault and/or precursory normal faults 
were steep west of Savahia Peak.

Gradual stress-field rotation above the brit-
tle-plastic transition is also consistent with the 

Figure 5. Plot of static friction µ on the 
Whipple detachment fault (WDF) and in-
ternal friction µi on Reidel shears (for three 
values of cohesion, C0) vs. Whipple detach-
ment fault dip (δ; red scale) and σ1 plunge 
(black scale). Expected ranges of static and 
internal friction, and corresponding dips, 
are shown by dashed arrows and colors (see 
text and Appendix 1).

TABLE 1. MINIDETACHMENT AND WHIPPLE 
DETACHMENT FAULT DIP RANGES (DEGREES)

Depth 
(km)

C0 
(MPa)

Differential stress, Δσ (MPa)

137 157 184

9 0 23–35 14–21 5–12
9 10 29–35 17–21 8–12
9 20 None* 21 12
9.5 0 27–45 16–26 8–15
9.5 10 36–45 21–26 11–15
9.5 20 None† None* 14–15
10 0 35–45 20–31 10–18
10 10 None† 25–31 15–18
10 20 None† 30–31 17–18
11 0 None† 29–45 16–25
11 10 None† 39–45 19–25
11 20 None† None† 24–25

*No dip ranges satisfy both µs = 0.6–0.85 and 
µi = 1.0–1.7.

†µi < 1.0 for all dips up to 45°.
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known Whipple detachment fault fluid-pressure 
history. Inversion of minor fractures cutting 
the upper Whipple detachment fault footwall 
shows that σ1 was subvertical above the gently 
dipping Whipple detachment fault in the upper 
brittle crust (Axen and Selverstone, 1994; Axen 
et al., 2015). Axen and Selverstone (1994), as-
suming vertical σ1 and µs = 0.6, showed that 
Whipple detachment fault slip at >4 km depth 
would require suprahydrostatic Pf, inconsistent 
with hydrostatic Pf to 9.5 km depth (Selverstone 
et al., 2012). This disparity is resolved if gradual 
stress rotation occurred from ∼4 to 10 km depth, 
negating the need for gradual Pf increase over 
that depth range.

Crustal-scale stress rotation consistent with 
formation of primary low-angle normal faults 
emerges from static elastic models. Upward 
force applied to the base of the elastic crust 
may induce flexure that rotates the stress field 
(Fig. 2A; a buoyant crustal root was envisioned 
by Spencer and Chase, 1989). Similarly, shear 
traction applied to the base of the elastic crust 
(Yin, 1989) can cause crustal-scale stress rota-
tion (Fig. 2B). Thus, high shear and differential 
stress levels in the pre–Whipple detachment 
fault mylonites (Behr and Platt, 2011) may have 
caused stress rotation well above the initially 
subhorizontal brittle-plastic transition.

The regional tectonic history is consistent 
with both these models. It includes the follow-
ing events. (1) Subduction of a buoyant oceanic 
plateau on the Farallon plate drove Laramide 
flat-slab subduction beneath southwestern North 
America (Fig. 6; Saleeby, 2003; Liu et al., 2010; 
Axen et al., 2018). Related subduction erosion 
removed lower crust and mantle lithosphere 
from beneath southern California and south-
western Arizona (Fig. 6). Thus, North American 
lithosphere tapered westward and presumably 
was progressively weaker to the west. (2) Sub-
sequently, trench sediments were subducted, 
underplated, and metamorphosed to become the 
Rand-Pelona-Orocopia Schists, now exposed 
in tectonic windows beneath North American 
middle crust (Figs. 1A, 6, and 7A; Grove et al., 
2003; Jacobson et al., 2007; Chapman, 2017). 
The Orocopia Schist was cooled rapidly and 
exhumed by several kilometers in each of two 
events, first in Eocene time (Fig. 7B) and further 
in late Oligocene–early Miocene time (Fig. 7C; 
Jacobson et al., 2007; Strickland et al., 2018). 
Late exhumation began ca. 28 Ma in the Gavilan 
Hills and ca. 24 Ma in the Orocopia Mountains 
(Figs. 1A and 6; Jacobson et al., 2007). (3) At ca. 
28 Ma, the plate boundary changed from Faral-
lon plate subduction under North America to a 
Pacific–North America dextral transform that 
lengthened through time (Atwater and Stock, 
1998). The previously coherent Farallon plate 

began to fragment into smaller oceanic micro-
plates (Monterrey, Arguello) at ca. 28 Ma, as 
recorded by clockwise rotation of Pacific mi-
croplate spreading directions (Bohannon and 
Parsons, 1995; Atwater and Stock, 1998). The 
microplates were sequentially “captured” by, 
and began moving with, the Pacific plate when 
microplate spreading ceased, first at ca. 18 Ma 
(Atwater and Stock, 1998). (4) Microplate mo-
tions suggest that slab windows opened between 
them and the inexorably sinking Farallon slab 
as early as ca. 28 Ma, while microplate subduc-
tion continued slowly, but well before they were 
captured by the Pacific plate (Atwater and Stock, 
1998). Hot, buoyant asthenosphere probably 
flowed upward into slab-free windows under 
southern California and southwestern Arizona, 
contacting North American crust and/or mantle 
lithosphere (Fig. 7C; Severinghaus and Atwater, 
1990; Atwater and Stock, 1998) and triggering 
both extension and magmatism in the region.

This tectonic evolution yields two mutu-
ally compatible scenarios that could have 
caused crustal-scale stress rotation in southern 
California:

(1) Rising, buoyant asthenosphere (Figs.  6 
and 7C; Severinghaus and Atwater, 1990; At-
water and Stock, 1998) flexed and heated the 
thinned and weakened marginal North American 
lithosphere (Spencer and Chase, 1989). First-or-
der isostatic buoyancy calculations (Appendix 2) 

indicate that this can provide sufficient upward 
force. Slab rollback and re-establishment of an 
asthenospheric wedge or northward migration of 
the Mendocino fracture zone under southern Ari-
zona (e.g., Glazner and Bartley, 1984) probably 
had similar consequences. Atwater and Stock 
(1998) mapped the ca. 28 Ma slab-free window 
as a narrow, coast-parallel tear in the slab, lo-
cated west of modern schist exposures along the 
San Andreas fault, with an east-trending projec-
tion under the Gavilan Hills area (Fig. 6) and 
southwestern Arizona (these tears are not shown 
in Fig. 6).

(2) Shear stress applied to basal North Amer-
ica by pre–Whipple detachment fault mylonitic 
flow or by captured microplates may have driv-
en crustal-scale stress rotation. However, basal 
shear stress applied by microplates is rejected 
for several reasons. First, the earliest microplate 
capture occurred ca. 18 Ma, well after extension-
al exhumation began in the Colorado River ex-
tensional corridor (ca. 21–22 Ma), so an 18 Ma 
event could not have triggered earlier extension. 
Second, once captured, microplates moved 
northwest relative to North America (Bohannon 
and Parsons, 1995; Atwater and Stock, 1998), 
about perpendicular to the top-to-the-NE trans-
port of low-angle normal faults in the Colorado 
River extensional corridor. Top-to-the-NW basal 
shear traction would not have caused formation 
of top-to-the-NE low-angle normal faults. Third, 

Figure 6. Simplified tectonic 
map of the western United 
States and adjacent Mexico 
(modern coordinates) showing 
Laramide and post-Laramide 
features discussed in text. The 
Whipple metamorphic core 
complex is in red beneath line 
A-B, which shows the location 
of the cross sections in Figure 7 
(in present coordinates, where 
the SW end of the line is west 
of the San Andreas fault and 
beneath the western Trans-
verse Ranges [WTR], which 
have been translated north 
and rotated clockwise ∼110°; 
Dickinson, 1996). Also shown 
are: approximate locations of 
the slab window at 24 Ma and 

19 Ma (from Atwater and Stock, 1998; McQuarrie and Oskin, 2010), the approximate limit 
of the area of contact between basal North America and the conjugate Shatsky Rise during 
Laramide time (Axen et al., 2018), continental mantle xenolith localities (C—Cima volca-
nic field, D—Dish Hill; Lee et al., 2001; Luffi et al., 2009), and the inferred location of the 
southwest edge of North American mantle lithosphere following Laramide subduction ero-
sion. Orocopia and related schists are blue (O—Orocopia Mountains, G—Gavilan Hills, 
P—Plomosa Mountains). CML—continental mantle lithosphere; Pen. Ranges—Peninsular 
Ranges; SRP—Snake River Plain.
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before earliest capture (from ca. 28–18 Ma), 
microplates continued to subduct generally 
eastward, applying the wrong sense of shear to 
basal North America. Last, known microplate 
remnants beneath marginal North America do 
not extend far inland (Nicholson et  al., 1994; 

Brothers et al., 2012), so they were too far west 
to apply basal shear below the Colorado River 
extensional corridor.

My preferred tectonic evolution appeals to 
both upward basal forces and basal shear trac-
tion. (1) Early Laramide subduction erosion 

thinned and weakened marginal North American 
lithosphere, preparing it for low-angle normal 
fault formation due to crustal flexure. The ap-
proximate west edge of strong continental man-
tle lithosphere is shown in Figure 6 (dashed red 
line), on the basis of xenolith studies (Lee et al., 
2001; Luffi et al., 2009) and Orocopia Schist ex-
posures (where North American basal crust and 
mantle lithosphere are absent). The Orocopia 
Schist in the Plomosa Mountains (Figs. 1A and 
6), only ∼50 km south of the Whipple detach-
ment fault (Strickland et al., 2018), suggests that 
the west edge of strong North American mantle 
lithosphere was near the future Whipple meta-
morphic core complex. Final exhumation by the 
top-to-the-NE Plomosa detachment was syn-
chronous with activity on other Colorado River 
extensional corridor low-angle normal faults 
(Strickland et al., 2018).

(2) Underplating of Orocopia Schist probably 
caused surface uplift and erosion in the transition 
zone (Figs. 7A and 7B), consistent with Eocene 
geological events: cooling and significant exhu-
mation of Orocopia Schist (Fig. 7B; Jacobson 
et  al., 2007), slow, partial exhumation of the 
Whipple footwall (Anderson, 1996), northeast 
transport of Rim Gravels sourced in the transi-
tion zone (Elston and Young, 1991), and deposi-
tion of the marine Maniobra Formation in the 
Orocopia Mountains. Deposition of Rim Gravels 
ceased well before onset of Colorado River ex-
tensional corridor extension: the gravels under-
went a period of deep soil formation and very 
minor erosion between ca. 46–48 and 24 Ma 
(Elston and Young, 1991), suggesting that the 
crustal thickness in the transition zone had been 
reduced to values comparable to the adjacent 
Colorado Plateau.

(3) At ca. 28 Ma, tectonic exhumation of the 
Orocopia Schist in the Gavilan Hills (Fig. 6) was 
renewed due to top-to-the-E slip on the low-an-
gle Gatuna fault (Jacobson et al., 2002, 2007). I 
infer that this was in response to asthenospheric 
upwelling in the east-trending tear in the slab 
at 28 Ma (discussed above; Atwater and Stock, 
1998). The schist cooled from ∼300–350 °C 
to ∼150–200 °C in this event, corresponding 
to ∼11–17 km of exhumation (Jacobson et al., 
2007). Similar rapid cooling and exhumation 
of the schist in the Orocopia Mountains began 
at ca. 24 Ma, due to top-to-the-NE slip on the 
Orocopia detachment fault and a thin, subjacent 
mylonite zone (Fig. 7C; Jacobson et al., 2007). 
This also probably occurred in response to asthe-
nospheric ascent through the growing slab-free 
window (Figs. 6 and 7C).

I conclude that the related mylonite zone con-
tinued at depth northeast below the Colorado 
River extensional corridor (Fig. 7C), where it is 
now exposed in mylonite fronts (Davis, 1988; 

A

B

C

D

Figure 7. Conceptual cross sections along line A-B in Figure 6, showing preferred tectonic 
evolution of the study area (no vertical exaggeration). Location of west edge of continental 
mantle lithosphere (CML) is uncertain. Ovals show locations of rocks now exposed in the 
Whipple (W) and Orocopia (O) Mountains at times before (white), during (red), and after 
(gray) tectonic activity (unfilled ovals show prior locations). Red fault shown in the Eocene 
panel is speculative; exhumation of Orocopia Schist then may have been erosional (Jacob-
son et al., 2007). Velocities of oceanic plates relative to North America are shown schemati-
cally by arrows (circle with cross shows motion away from reader). Thin arrows above land 
surface show sediment transport. Dashed vertical reference lines are tied to stable North 
America. TZ—transition zone (Fig. 6). See text for discussion and references.
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Singleton and Mosher, 2012). Thus, early Mio-
cene mylonitic flow probably applied top-to-the-
NE basal shear to the Colorado River extensional 
corridor, driving the stress rotation required to 
form the low-angle normal faults in the area.

(4) Eastward expansion of the slab-free win-
dow, and/or other sinking-slab mechanisms, trig-
gered magmatism in the Whipple Mountains be-
ginning ca. 24 Ma (becoming voluminous by ca. 
21–19 Ma; Gans and Gentry, 2016), and exten-
sion throughout the Colorado River extensional 
corridor beginning ca. 22–21 Ma (Fig. 7D). By 
ca. 19 Ma, the slab-free window probably fully 
underlay the Colorado River extensional corridor 
(Fig. 6; Atwater and Stock, 1998; McQuarrie and 
Oskin, 2010), applying upward force to the base 
of the Colorado River extensional corridor and 
favoring low-angle normal fault formation there.

DISCUSSION

Controls on Strength and Embrittlement

The model suggests that onset of catacla-
sis caused immediate frictional strengthening 
from ∼0.3 to 0.6–0.85. Such an evolution may 
be common and may keep the brittle-plastic 
transition strong. During retrograde mylonitic 
shearing in the Whipple Mountains, aligned, 
frictionally weak phyllosilicate minerals formed 
on mylonite planes (e.g., Behr and Platt, 2011), 
and subsequent cataclasis exploited these planes 
(Selverstone et  al., 2012). Chlorite-coated C-
planes probably had µ = 0.27–0.32 if wet, or 
higher if nominally dry (µ = 0.42–0.68; pos-
sible if hydration reactions consumed all free 
water; Behnsen and Faulkner, 2012). The ran-
dom-fabric quartzofeldspathic cataclasites and 
pseudotachylyte that formed on minidetach-
ments (Selverstone et al., 2012) and the Whipple 
detachment fault (Luther et  al., 2013) require 
normal friction (0.6–0.85). Such embrittlement 
strengthening also may occur when upper plates 
of thrusts exit the brittle-plastic transition, or 
when shear-strain rate increases in brittle-plastic 
transition shear zones. Formation of weak clays 
in brittle fault zones likely is a common fault-
weakening mechanism, but this appears not to 
have happened along the Whipple detachment 
fault until the footwall was juxtaposed at shallow 
crustal levels beneath clay-bearing upper-plate 
strata (see above).

Thus, geochemical-mineralogical controls on 
the mechanics of the crustal strength maximum 
can be as important as P and T changes. Selver-
stone et al. (2012) concluded that metamorphic 
crystallization of strong, retrograde epidote 
probably strengthened mylonites, ending my-
lonitic flow and favoring frictional-cataclastic 
minidetachment slip. Late-mylonitic epidote 

and chlorite, with high water contents, may have 
scavenged free water and enhanced the trend to-
ward hydrostatic Pf and high frictional strength. 
Free water as a transport pathway on grain 
boundaries aids mylonitic dissolution-precipita-
tion reactions, but mylonite porosity is expected 
to be low (<1%). Thus, retrograde phases may 
have consumed sufficient water to slow or stop 
diffusive flux, retard mylonitic flow, and further 
encourage cataclasis, which, through dilatancy, 
would cause Pf levels to plummet.

The importance of fluids in the brittle-plastic 
transition has been noted for other low-angle 
normal faults. Minor, semipenetratively devel-
oped fractures formed at abnormally high tem-
perature during evolution of the low-angle, nor-
mal Brenner Line, largely ending mylonitization 
(Axen et al., 2001). Similarly, an along-strike 
change of fluid composition partly controlled 
the embrittlement and structural style of the Sim-
plon Line footwall (Wawrzyniec et al., 1999).

Application of the Model to Other  
Low-Angle Normal Faults

The mechanical-tectonic model may apply in 
its entirety to other Colorado River extensional 
corridor low-angle normal faults, which also 
have dominantly quartzofeldspathic footwalls and 
so presumably are also strong (cataclasites have 
not been described in detail from other Colorado 
River extensional corridor footwalls). These low-
angle normal faults were formed coeval with the 
Whipple detachment fault and were kinemati-
cally coordinated, lending support to a common 
tectono-mechanical origin. Mylonitic anisotropy 
(required by this model) in the form of mylonitic 
foliation is common in other Colorado River ex-
tensional corridor footwalls (e.g., Howard and 
John, 1987; Singleton and Mosher, 2012), but 
minidetachments have not (yet?) been described.

Many other North American low-angle nor-
mal faults also have the needed mylonitic an-
isotropy, but their locally differing transport di-
rections (Fig. 1A) and/or ages (e.g., Axen et al., 
1993) suggest that different drivers of stress 
rotation may apply. Suprasubduction low-angle 
normal faults, such as in the Aegean (e.g., List-
er et al., 1984), form where slab rollback may 
cause buoyant forces and upper-plate flexural 
stresses. One potential test of the applicability 
of this model is to search for minidetachments 
preserved beneath other strong low-angle nor-
mal faults.

Implications for Numerical Models of 
Metamorphic Core Complexes

Many numerical models of metamorphic core 
complex evolution yield reasonable final geom-

etries (e.g., Lavier et al., 1999; Choi et al., 2013) 
but do not produce primary low-angle normal 
faults. Such models typically have symmet-
ric boundary conditions, use initially isotropic 
media “seeded” with one or more defects on 
which faults nucleate, and impose displacement 
weakening (progressively reduced friction or 
cohesion) that favors shear localization. These 
conditions contrast with the asymmetric bound-
ary conditions, mylonitic anisotropy, and em-
brittlement strengthening of the model presented 
here and those upon which it is built (Spencer 
and Chase, 1989; Yin, 1989). Strong faults are 
needed for upper-plate rider blocks to be se-
quentially produced, isostatically rotated, and 
abandoned (Choi et al., 2013), but that history is 
lacking in many well-studied metamorphic core 
complexes. These factors suggest that asymmet-
ric boundary conditions on the elastic-frictional 
crust may be necessary for formation of strong 
low-angle normal faults.

Crustal and Seismogenic Zone Thickness

Low-angle normal fault formation may be 
favored in thick, hot, orogenic crust (e.g., Whit-
ney et al., 2013). However, Laramide subduction 
erosion below and west of the transition zone 
apparently removed North American mantle 
lithosphere and any older, overthickened crustal 
root. This factor, plus evidence for slow exhuma-
tion in the transition zone and Colorado Plateau 
(Figs. 7A and 7B; discussed above) prior to Col-
orado River extensional corridor extension, sug-
gests that Colorado River extensional corridor 
(transition zone) crustal thickness was compa-
rable to the adjacent craton (Colorado Plateau) at 
the onset of extension. If asthenospheric rise into 
a slab-free window triggered extensional exhu-
mation of the Orocopia Schist and extension and 
magmatism in the Colorado River extensional 
corridor, then hot and weak, but not necessarily 
overthickened, crust may have been needed to 
form the strong low-angle normal faults.

Thin seismogenic zones likely character-
ize even strong low-angle normal fault terrains 
and may help to explain the paucity of large 
low-angle normal fault earthquakes (Jackson 
and White, 1989; Collettini and Sibson, 2001). 
Heat advected with rising low-angle normal 
fault footwalls thins the crustal seismogenic 
zone. The Whipple detachment fault seismo-
genic zone probably was only ∼6–8 km thick, 
with its base defined by the brittle-plastic tran-
sition at 9–10 km depth and 300–400 °C (Behr 
and Platt, 2011; Selverstone et al., 2012), while 
weak, velocity-strengthening clay gouge likely 
defined the top. To my knowledge, clay-bearing 
gouge is found along the Whipple detachment 
fault (Fig. 3B; Haines and van der Pluijm, 2012) 
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only where it probably was derived from upper-
plate basins ≤2–3 km thick (Carr et al., 1980; 
Yin and Dunn, 1992; Dorsey and Becker, 1995; 
Gans and Gentry, 2016). Clays are negligible in 
Whipple detachment fault footwall cataclasites 
(Luther et al., 2013). This thin seismogenic zone, 
especially its shallow base, may limit low-angle 
normal fault seismic moment release.

CONCLUSIONS

The Whipple detachment fault formed pro-
gressively as a strong low-angle normal fault 
in the brittle-plastic transition (crustal strength 
maximum) at ∼9–10 km depth and ∼300–400 °C. 
It was not a Coulomb fracture, but it was ori-
ented ∼45° to the maximum principal stress and 
slipped under maximum ambient shear stress, 
∼80 MPa. The Whipple detachment fault prob-
ably had Byerlee rock friction (0.6–0.85) in the 
depth range ∼9–10 to 2–3 km. Minidetachments 
were formed by frictional slip on preexisting 
mylonitic foliation, and some linked to form the 
Whipple detachment fault, which propagated 
upward in the brittle crust at low dip, maintained 
by progressive isostatic footwall rebound. Ac-
cumulating slip smoothed the steps left from 
misaligned minidetachments and contributed 
to formation of the fractured damage zone and 
fault core.

The transition from mylonitic shearing to 
frictional minidetachment slip on mylonitic 
C planes was triggered by retrograde crystal-
lization of strong epidote. Initial static fric-
tion on chlorite-coated C planes was probably 
low (∼0.3), but subsequent cataclasis created 
frictionally stronger (0.6–0.85) random-fabric 
quartzofeldspathic cataclasites, ultracataclasites, 
and pseudotachylyte. Retrograde chlorite and 
epidote likely scavenged free water, contribut-
ing to early fluid pressure drop, but dilatancy 
upon embrittlement increased porosity, causing 
pore-fluid pressure on minidetachments to drop 
from lithostatic to hydrostatic levels, which also 
presumably characterized Whipple detachment 
fault formation.

The maximum principal stress plunged 
∼60°–70° NE, and the Whipple detachment 
fault dipped ∼15°–25° NE while forming in the 
brittle-plastic transition. Stress-field rotation 
probably extended a few kilometers above the 
mylonite zone, due to basal shear stress and/or 
flexure caused by buoyant asthenospheric rise 
into slab-free windows. Laramide subduction 
erosion thinned and weakened marginal North 
American lithosphere, enhancing flexure and 
stress-field rotation. This probably occurred first 
in the Orocopia Mountains, where top-to-the-
NE mylonitization and detachment faulting are 
slightly older. The detachment-related Orocopia 

mylonite zone probably thickened with depth 
and extended east below the Colorado River 
extensional corridor, where it was captured by 
evolving low-angle normal faults and exposed at 
mylonite fronts. Shear applied by this mylonite 
zone to the base of the brittle-elastic Colorado 
River extensional corridor crust may also have 
contributed to stress-field rotation and low-angle 
normal fault formation.

APPENDIX 1: WHIPPLE DETACHMENT 
FAULT STATIC FRICTION AND REIDEL 
SHEAR INTERNAL FRICTION

The Mohr construction (Fig. 4B) yields expressions 
for the ratios of shear to normal traction on the Whip-
ple detachment fault and on Reidel shears as functions 
of detachment dip. These ratios must equal or exceed 
the static friction µ of the Whipple detachment fault or 
the internal friction µi of R2 shears, respectively.

Stress magnitudes known independently are the 
differential stress Δσ (Behr and Platt, 2011, 2013) 
and the effective vertical stress σv′ on horizontal 
plane H in the brittle-plastic transition (at ∼9.5 km 
depth; Selverstone et al., 2012). The detachment dip, 
δ, is constrained somewhat loosely by geologic data 
and is treated here as a free variable to be determined 
independently.

From Figure 4B, the magnitude of shear traction on 
the Whipple detachment fault is given by:

	 τmax = ∆σ / .2
	

(1)
Effective normal stress on the Whipple detachment 

fault is given by:

	

σ σ σ δ

ρ λ σ δ

m v

c

/ sin

/ sin

′ = ′

=

( ) ( )
( )  ( ) ( )

–

– – ,

∆

∆

2 2

1 2 2gz 	 (2)

where σm′ is the effective mean stress, ρc is crustal 
density (2650 kg/m3), g is gravity, z is depth (9500 m), 
λ is the fluid-pressure factor, given for hydrostatic 
conditions by the density of pore fluid divided by 
crustal density (λ = 1000/2650 = 0.377), and δ is the 
detachment dip.

Combining Equations 1 and 2 gives
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Equation 3 is plotted in Figure  5 for detachment 
dips of 0–45°. Fault cohesion is ignored for effective 
normal stress <200 MPa (Byerlee, 1978; Axen, 2004).

For Reidel shears, both the internal friction and co-
hesion C0 of intact rock must be considered (Fig. 4B). 
R2 shears cut across foliation, so they formed in intact 
rock (in contrast, some or all R1 shears likely followed 
chlorite-coated C′ mylonitic planes). Failure follows 
τ = µiσnR′ + C0, where µi is given by the tangent of the 
angle of internal friction ϕi, so

	 τ φ σ= ′ +( )tan  i nR C0.	 (4)

The parametric equations for traction on Reidel 
shears are:

	
σ σ σ θnR m R/ cos′ = ′ ( ) ( )– ,∆ 2 2 	 (5)

and

	
and / sin Rτ σ θ= ( ) ( )∆ 2 2 ,	 (6)

where θR is the angle between σ1 and the Reidel shear. 
From triangle a-σm′-R, we see that 2θR = 90 – ϕi, so 
these become:

	 σ σ σ φn m i/ sin′ = ′ ( ) ( )– ,∆ 2
	

(5a)

and

	
and / cos iτ σ φ= ( ) ( )∆ 2 .	 (6a)

Substituting Equation 5a into Equation 4, equating it 
to the right-hand side of Equation 6a, and rearranging 
gives:
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The effective mean stress, σm′ (Eq. 2), is substituted 
into Equation 7. The resulting equation is then solved 
iteratively for ϕi, yielding µi and the internal friction 
curves shown in Figure 5 for values of C0 of 0, 10, 
and 20 MPa.

APPENDIX 2: ISOSTATIC BUOYANCY DUE 
TO UPWARD ASTHENOSPHERIC FLOW

Can isostatic buoyancy comparable to that from 
a crustal root be caused by upward flow of asthe-
nosphere into an opening slab-free window? For 
a 20-km-thick crustal root, I consider lower crust 
with density range of ρlc = 2900–3000 kg/m3 and 
a continental mantle lithosphere density range of 
ρcml = 3200–3250 kg/m3. This yields a density differ-
ence Δρ = 200–350 kg/m3. The buoyant upward stress 
is then given by Δρg(20,000 m) = 39–69 MPa.

For the slab-free window, I consider a range of 
oceanic lithosphere thicknesses, based upon the age 
of ocean lithosphere at the west edge of the window 
when the tear developed, as shown by Atwater and 
Stock (age of 13–6 m.y.; obtained by subtracting the 
age of the magnetic chron at the ridge from the age 
of the chron at the edge of the window at that time). 
These are then converted into a reasonable range of 
oceanic lithosphere thicknesses tol = 35–60 km (Al-
fonso et  al., 2007; Kumar and Kawakatsu, 2011). I 
assume ocean crust surrounding the opening win-
dow had standard thickness toc = 7 km (the thicker 
conjugate Shatsky Rise was farther east when slab-
free windows opened), leaving a range of oceanic 
mantle lithosphere thickness toml = 28–53 km. The 
Farallon plate crust presumably was metamorphosed 
to (at least) amphibolite grade (the typical grade of 
exposed, overlying Orocopia Schist; e.g., Jacobson 
et al., 2007), with density ρoc = 3000 kg/m3 (average 
of 68 amphibolite samples from Smithson, 1971). I 
assume that the density of oceanic mantle lithosphere 
is ρoml = 3300 kg/m3, and that of asthenosphere is 
ρa = 3170–3200 kg/m3 (Niu and Batiza, 1991; for 
40 km depth and 5% melt extracted).

The mass of a (1 m2) column of oceanic lithosphere 
is given by:

	 7000m oc oml oml( ) +ρ ρt .
	

(8)

This yields masses of 113 × 106 kg or 196 × 106 kg 
for 35- or 60-km-thick ocean lithosphere, respectively.

The mass of an equivalent column of astheno-
sphere is given by:
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Combining these values yields buoyant upward 
stress = 38–56 MPa for 60 km columns, or 14–
24 MPa for 35 km columns.

Thus, asthenosphere filling a 60-km-thick window 
will provide 56%–142% of the upward buoyancy of a 
20-km-thick crustal root, and asthenosphere filling even 
a 35-km-thick slab-free window will supply 20%–60% 
of the buoyant upward stress of a 20 km crustal root.
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