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ABSTRACT
Processes controlling the formation of continental whole-lithosphere shear zones are 

debated, but their existence requires that the lithosphere is mechanically coupled from base 
to top. We document the formation of a dextral, whole-lithosphere shear zone in the Death 
Valley region (DVR), southwest United States. Dextral deflections of depth gradients in the 
lithosphere-asthenosphere boundary and Moho are stacked vertically, defining a 20–50-km-
wide, lower lithospheric shear zone with ∼60 km of shear. These deflections underlie an 
upper-crustal fault zone that accrued ∼60 km of dextral slip since ca. 8–7 Ma, when we infer 
that whole-lithosphere shear began. This dextral offset is less than net dextral offset on the 
upper-crustal fault zone (∼90 km, ca. 13–0 Ma) and total upper-crustal extension (∼250 km, 
ca. 16–0 Ma). We show that, before ca. 8–7 Ma, weak middle crust decoupled upper-crustal 
deformation from deformation in the lower crust and mantle lithosphere. Between 16 and 
7 Ma, detachment slip thinned, uplifted, cooled, and thus strengthened the middle crust, which 
is exposed in metamorphic core complexes collocated with the whole-lithosphere shear zone. 
Midcrustal strengthening coupled the layered lithosphere vertically and therefore enabled 
whole-lithosphere dextral shear. Where thick crust exists (as in pre–16 Ma DVR), midcrustal 
strengthening is probably a necessary condition for whole-lithosphere shear.

INTRODUCTION
Continental rupture requires shear zones 

that cut the entire lithosphere. However, where 
crust is overthickened, the upper crust is com-
monly decoupled from lower crust and mantle 
lithosphere (LCML) by a weak middle crust 
(Burchfiel and Royden, 1985; Block and Roy-
den, 1990), precluding localized whole-litho-
sphere shear.

We describe the development of a whole-lith-
osphere shear zone that formed during dextral-
oblique continental extension that overprinted 
a thrust belt in the Death Valley region (DVR) 
of the central Basin and Range, United States 
(Fig. 1). This shear zone forms the northeastern 
edge of the southern Walker Lane belt (inset in 
Fig. 1A) and is defined by offset features that 
span the upper crust to the LCML. Vertically 
stacked, subparallel, dextral-sense deflections 
of depth gradients in the Moho (62 ± 17 km) 
and lithosphere-asthenosphere boundary (LAB; 
56 ± 6 km; Figs. 1B and 1C; Figs. S4–S8 and 
Table S5 in the Supplemental Material1) underlie 

two upper-crustal faults with 57 ± 7 km of post–
8–7 Ma dextral slip (Figs. 1A and 1C; Fig. S9).

Crust-mantle coupling and development of 
localized, whole-lithosphere shear zones have 
been associated with high strain rates, high 
degrees of rift obliquity, and weak intraplate 
rheology (Sobolev et al., 2005; Umhoefer, 2011; 
Brune et al., 2012; Bennett and Oskin, 2014), 
factors that are rarely well constrained. Using 
a high-resolution tectonic reconstruction (Lutz, 
2021) combined with existing thermochronom-
etry (Fig. S3; Table S4) and thermokinematic 
modeling (Lutz et al., 2021), we assessed the 
relative influence of the three factors on whole-
lithosphere shear.

We show that thinning, cooling, partial to 
total exhumation, and strengthening of weak 
middle crust (i.e., changing rheology), achieved 
by detachment faulting, were necessary for 
whole-lithosphere shear in the DVR. These pro-
cesses, collectively termed “midcrustal strength-
ening,” coupled the upper crust to the LCML and 
enabled whole-lithosphere shear.

Midcrustal strengthening incorporates pro-
cesses previously described as “occlusion” 
(Wernicke, 1992), “freezing” (Block and Roy-
den, 1990), and “annealing” (Pérez-Gussinyé 
and Reston, 2001), which have been inferred 
conceptually (Wernicke, 1992) and modeled 
analytically (Buck, 1991) and numerically 
(Rosenbaum et al., 2005). The thermo-kine-
matic evolution of the DVR and its relationship 
to offset LAB/Moho depth gradients (Figs. 1B 
and 1C; Figs. S4–S8) indicate that midcrustal 
strengthening is required for integrated conti-
nental rupture in previously thickened crust.

UPPER-CRUSTAL MIOCENE–
HOLOCENE KINEMATICS OF THE 
CENTRAL BASIN AND RANGE

Neogene upper-crustal extension in the 
central Basin and Range was reconstructed 
by realigning fault-bounded mountain ranges 
that contain offset features (e.g., Wernicke 
et al., 1988; McQuarrie and Wernicke, 2005; 
Lutz, 2021). We followed the method of Lutz 
(2021), using a reconstruction generated in 
GPlates (https://www.gplates.org; Müller et al., 
2018). Euler pole rotations described the rela-
tive range-block motions (Tables S1–S3), which 
were based upon a comprehensive database of 
offset features, geodetic slip rates, and synexten-
sional basins (see Video S2). Block separations 
interpolated in 0.1 m.y. time steps yielded exten-
sional velocities. Velocity magnitude and azi-
muth were related to strain rate (see Video S3) 
and obliquity (Fig. 2B), respectively, which we 
compared to the initiation of whole-lithosphere 
shear at ca. 8–7 Ma (Figs. 1–3).

Previous reconstructions (citations above) 
show that average Sierra Nevada–Colorado Pla-
teau relative velocity slowed with time (Fig. 2A) 
and rotated clockwise (Fig.  2B) before and 
during onset of whole-lithosphere shear. From 

1Supplemental Material. Description of kinematic reconstruction, reconstructions of the LAB and Moho depth gradients, and three supporting videos of the high-
resolution kinematic reconstruction of Lutz (2021). Please visit https://doi​.org/10.1130/GEOL.S.17072723 to access the supplemental material, and contact editing@
geosociety.org with any questions.
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Lutz (2021) (see also Fig. 2; Video S3), aver-
age extension rate declined from ∼25 mm/yr 
(∼4.5 × 10−15 s–1) at ca. 16 Ma to ∼7.5 mm/
yr (∼5.5 × 10−16 s–1) at ca. 7 Ma and then 
increased to ∼11.5 mm/yr (∼9.5 × 10−16 s–1) 
by ca. 2–1 Ma. Obliquity increased at ca. 12 Ma, 
when Sierra Nevada–Colorado Plateau relative 
motion rotated from azimuth ∼260° to ∼295° 
(Fig. 2B). This clockwise rotation was due to 
slowing of south-southwest–directed extension 
east of the Spring Mountains and acceleration 
of west-northwest–directed extension west of 
the mountains (Fig. 2C). Subsequently, obliq-

uity increased as velocity rotated clockwise an 
additional ∼24° from ca. 10 to 7 Ma, mostly 
from 8 to 7 Ma (18°). The ca. 8–7 Ma rotation 
is based on reconstruction of a 7.6 ± 0.3 Ma 
(K-Ar) pluton crosscut by the Furnace Creek 
fault zone (FCFZ; Oakes, 1987). Older (ca. 
12–8 Ma) extension was more west-northwest, 
based on reconstructed Jurassic batholiths, 
thrust belt features, and synextensional basins 
(see Videos S1–S3; Fig. S9; Table S1).

Intraplate tectonic changes resolved by the 
kinematic models (Fig. 2) coincide with changes 
in Pacific–North American plate-boundary kine-

matics. Post–12 Ma, west-northwest–directed 
(average azimuth ∼305°; Fig. 2B) extension in the 
DVR was nearly parallel to reconstructed motions 
in the northern Gulf of California (∼310°; Oskin 
et al., 2001; Bennett and Oskin, 2014). Net Sierra 
Nevada–Colorado Plateau velocity decreased by 
∼8 mm/yr at ca. 7 Ma (Fig. 2C), within ∼1 m.y. 
of the time when dextral plate-boundary motion 
relocated onto the southern San Andreas fault 
from a position offshore (ca. 6 Ma; Oskin and 
Stock, 2003). The decrease likely reflects local-
ization of plate-boundary shear onto the newly 
reorganized and lengthened San Andreas fault 
(Wernicke and Snow, 1998). Sierra Nevada–
Colorado Plateau and Pacific–North American 
velocity azimuths converged until they became 
parallel at ca. 7 Ma (Fig. 2B), about when we 
infer whole-lithosphere shear initiated. Total 
Sierra Nevada–Colorado Plateau shear after 7 Ma 
(∼58 km; Lutz, 2021) is similar to net dextral 
shear in the Mojave block (∼62 km; Dixon and 
Xie, 2018), suggesting that most Mojave dextral 
shear accrued since ca. 7 Ma.

WHOLE-LITHOSPHERE DEXTRAL 
SHEAR SINCE 8–7 MA

Offset features in the upper crust, the Moho, 
and the LAB define an ∼20–50-km-wide, whole-
lithosphere shear zone (Fig. 1), in which the 
entire vertical lithospheric column was sheared 
dextrally ∼60 km after ca. 8–7 Ma (Figs. 4B and 
4C). Apparent dextral deflections of Moho and 
LAB depth gradients (Figs. 1B and 1C) underlie 
and are subparallel to the upper-crustal Furnace 
Creek and Stateline fault zones. Dextral deflec-
tions of Moho and LAB depth gradients suggest 
62 ± 17 km (Figs. S5–S8) and 56 ± 6 km (Fig. 
S4) of dextral shear (toward ∼310°–315°), respec-
tively. Upper-crustal kinematics (Lutz, 2021; 
Animation 1; Fig. S9) predict that, after 8–7 Ma, 
57 ± 7 km of dextral slip accumulated across the 
Furnace Creek (38–48 km) and Stateline fault 
zones (13–16 km). Thus, we infer that whole-
lithosphere shear initiated ca. 8–7 Ma. Greater 
net dextral shear (∼90 km; 13–0 Ma) on the 
Furnace Creek (∼60 km; Wernicke et al., 1988; 
Lutz, 2021) and Stateline fault zones (∼30 km; 
Guest et al., 2007) suggests, in turn, that dextral 
shear before 8–7 Ma was confined to the upper 
crust. Early dextral slip was synchronous with 
early metamorphic core complex (MCC) exhu-
mation, when the lithosphere was likely mechani-
cally decoupled vertically (Fig. 4A).

Four independently derived Moho images 
(Fig.  1B; Figs. S5–S8) show generally 
northwest-increasing Moho depth, with appar-
ent dextral offsets below the Furnace Creek 
and Stateline fault zones and above a deflec-
tion of the LAB depth gradient (described next). 
Southeast-decreasing Moho depth probably 
reflects southeast-increasing depth of exposure 
in the Mojave block, relative to the DVR, due 
to Laramide surficial erosion above the track of 

A

B C

Figure 1.  Maps of (A) the central Basin and Range and (B–C) the Death Valley region (DVR) 
of the United States showing whole-lithosphere shear zone (light yellow) collocated with 
the metamorphic core complex (MCC) belt (blue). Sierra Nevada (SN) and Spring Mountains 
(SM) are shown in all three maps. Kinematic modeling (Lutz, 2021) of offset features (black in 
Video S1; Figs. S3 and S9 [see footnote 1]) along Furnace Creek (FCFZ) and Stateline (SFZ) 
fault zones indicates 57 ± 7 km of post–8–7 Ma slip, equal to deflections in the Moho (B) and 
lithosphere-asthenosphere boundary (LAB) depth gradient (C). Double half-arrows and tick 
marks show strike-slip sense and detachment upper plates, respectively. AD—Amargosa 
detachment breakaway; BMF—Black Mountains fault zone; GPS—global positioning system; 
HMF—Hunter Mountain fault zone; LVSZ—Las Vegas Valley shear zone; OVF—Owens Valley 
fault zone; GFZ—Garlock fault zone; SAF—San Andreas fault zone; GC—Gulf of California; 
WL/ECSZ—Walker Lane/Eastern California shear zone.
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the conjugate Shatsky Rise (see flat-slab azimuth 
in Fig. 1C), as recorded by thermochronology 
(see Saleeby, 2003). Each Moho image shows 
a dextral-sense deflection or offset beneath 
the Furnace Creek and Stateline fault zones. 
Reconstructions of the four Moho depth gra-
dients yielded various magnitudes (Table S5) 
that, combined, suggest 62 ± 17.5 km of lower-
crustal dextral shear.

A generally northeast-trending LAB depth 
gradient, with a central northwest-trending sec-
tion below the DVR (Figs. 1C and 4), is imaged 
robustly (Levander and Miller, 2012). The LAB 

gradient separates thicker (60–80 km) litho-
sphere to the northwest from thinner (≤60 km) 
lithosphere to the southeast (Levander and Miller, 
2012). We propose that the depth gradient was 
initially quasilinear, trended east-northeast, and 
formed during Late Cretaceous flat-slab erosion 
of the basal mantle lithosphere to the southeast 
(Saleeby, 2003; Axen et al., 2018). The initial 
east-northeast trend (∼071° azimuth; Fig. 1C) is 
consistent with basal erosion during flat-slab sub-
duction along the northwest edge of the initially 
east-northeast–moving (∼066° azimuth) conju-
gate Shatsky Rise (Fig. 1C; Liu et al., 2010). If 
so, the originally northeast-trending LAB depth 
gradient defines the northwest extent of flat-slab 
erosion above the oceanic plateau.

We thus infer that the central, northwest-
trending part of the LAB depth gradient was 
produced by dextral deflection of the older 
northeast-trending gradient. The gradient is 
steeper beneath Death Valley than northeast 
of the whole-lithosphere shear zone (Fig. 1C), 
which may be explained by dextral juxtaposition 
of thinner lithosphere to the southwest against 
thicker lithosphere to the northeast. Simple cut-
and-slide reconstruction of the east-northeast–
trending LAB depth gradient yielded 56 ± 6 km 
of lower-lithosphere dextral shear (Fig. S4).

Midcrustal Strengthening and Mechanical 
Coupling

Midcrustal strengthening is recorded by 
exhumation and cooling of MCCs in the DVR, 
which were mostly complete by ca. 8–6 Ma. At 
this time, midcrustal rocks in the Funeral and 
Black Mountains MCCs (blue in Figs. 1A and 3; 
also see Fig. S1 for range names) cooled through 
∼200 °C during rapid detachment-related exhu-
mation (Fig. S3C). Thermo-kinematic (two-
dimensional) (Lutz et al., 2021) and thermal 
(one-dimensional) (e.g., Bidgoli et al., 2015) 
modeling of this exhumation showed major 
(40–70 °C/m.y.) MCC cooling from ca. 10 to 
6 Ma. Exhumation-related midcrustal cooling 
and thinning strengthened the middle crust 

beneath DVR MCCs, leading to whole-litho-
sphere mechanical coupling (Lutz et al., 2021).

Existing studies with diverse approaches 
support the presence of a mechanically cou-
pled lithosphere in the DVR. Park and Wernicke 

Figure 2.  (A,C) Magnitude, and (B) azimuth, 
of relative velocity between the Sierra Nevada 
and Colorado Plateau from kinematic recon-
structions. WS (1998)—Wernicke and Snow 
(1998); SW (2000)—Snow and Wernicke 
(2000); W (1988)—Wernicke et al. (1988); MW 
(2005)—McQuarrie and Wernicke (2005). Obliq-
uity estimate (B) assumes north-south rift axis, 
consistent with the greater Basin and Range. 
Bold top line in C is net magnitude. Colors in C 
show specific fault-bounded block separations, 
with blocks labeled in explanation and separat-
ing fault abbreviated on plot. See Figures S1 
and S2 (see footnote 1) for block locations. PAC-
NAM—Pacific–North America azimuth (DeMets 
and Merkouriev, 2016); TPF—Towne Pass fault; 
MCCs—metamorphic core complexes; CW—
clockwise; GPS—global positioning system; 
Rng—Range; Mtns—Mountains. See text and 
Figure 1 caption for other abbreviations.
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Figure 3.  Snapshots of the kinematic model of 
Lutz (2021) showing evolution of upper-crustal 
stretching factor and whole-lithosphere shear. 
Black dots are passive markers that translate 
with modeled fault blocks (not shown; see 
Video S1 [see footnote 1]). Triangulated mesh 
between passive markers was used to calcu-
late net accrued crustal stretching factors 
(e.g., Müller et al., 2018). Dashed arrows in A 
are incremental motion vectors of the Sierra 
Nevada (SN) relative to the Colorado Plateau 
(CP). Note that lithosphere-asthenosphere 
boundary (LAB) depth gradient (thick white 
and dashed lines in B–D) is deflected only in 
the zone of maximum upper-crustal stretch-
ing near the metamorphic core complexes 
(MCCs). GFZ—Garlock fault zone; SM—Spring 
Mountains.
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(2003) concluded from magnetotelluric survey-
ing that the whole lithosphere is well coupled 
in the eastern DVR and that a conductive zone 
extending to 20 km depth beneath Death Valley 
is due to dextral transtensive faulting. Upper-
most mantle xenoliths in our inferred zone of 
whole-lithosphere shear (Cima volcanic field; 
Fig. 1A) are interpreted to have been sheared in 
Pliocene time (Behr and Hirth, 2014). Modeling 

suggests that LCML visco-plastic shear under 
the DVR is subparallel to our whole-lithosphere 
shear zone (Barbot, 2020).

CONTROLS ON WHOLE-
LITHOSPHERE SHEAR

We conclude that (1) initiation of whole-
lithosphere dextral shear in the eastern DVR 
was controlled spatiotemporally by midcrustal 
strengthening, (2) this dextral shear was 
likely assisted by increased obliquity, and (3) 
increased regional strain rate was not a factor. 
The DVR extension direction (and obliquity, 
if the rift axis is considered to trend approxi-
mately north-south) rotated ∼18° clockwise 
into parallelism with Pacific–North American 
relative plate motion at ca. 8–7 Ma (Figs. 2B, 
3A, 4B, and 4C), coeval with the proposed 
onset of whole-lithosphere shear. However, 
increased obliquity at ca. 7 Ma did not pro-
duce whole-lithosphere shear zones across the 
region. Instead, whole-lithosphere shear local-
ized beneath detachment-dominated areas in the 
eastern DVR (Figs. 1A and 3B–3D), where the 
lithosphere was preconditioned for integrated 
failure by midcrustal strengthening. Thus, we 
argue that increased rift obliquity was of sec-
ondary importance, and we argue that a weak 
midcrust persists west of the MCC belt, where 
crust is relatively thick (Fig. 1B) and the LAB 
depth gradient still trends northeast (Fig. 1C). 
If correct, then upper-crustal strike-slip motion 
west of the MCCs remains decoupled from 
shear in the LCML (Fig. 4C). The apparent 
lack of whole-lithosphere shear in the western 
DVR supports the importance of midcrustal 
strengthening as a control on whole-lithosphere 
shear: high strain rate (Fig. 2C), high obliquity 
(Fig. 2B), and the presence of a major preexist-
ing crustal shear zone (Kylander-Clark et al., 
2005) apparently have not overcome the decou-
pling effect of weak middle crust.

It is possible that the whole-lithosphere shear 
zone defined here reactivated a hypothetical pre-
existing, northwest-southeast–trending weak zone 
in the LCML that became well oriented for slip 
after ca. 8–7 Ma. However, such a weak zone did 
not exist in the upper crust, where many north- to 
northeast-trending Permian–Jurassic thrusts were 
continuous across the shear zone before that time 
(e.g., Wernicke et al., 1988; Lutz et al., 2021).

Midcrustal strengthening and mechanical 
coupling of the upper crust and LCML may have 
favored progressive dextral strain in the LCML 
via associated weakening feedbacks. For example, 
seismic slip or rapid creep events propagating 
downward into, and episodically loading, the 
LCML would likely weaken it by cataclastic 
grain-size reduction, hydrous alteration, and shear 
heating. These processes, in turn, would acceler-
ate diffusion and dissolution creep and the devel-
opment and/or dispersal of weak phyllosilicates, 
weakening ductile shear zones and favoring strain 

localization in the LCML (e.g., Platt and Behr, 
2011; Montési, 2013). Strong coupling between 
the upper crust and LCML may be required to 
establish this strain-weakening feedback loop 
between slow loading by mantle flow and episodic 
seismic loading by brittle faulting (Cowie et al., 
2013; Chatzaras et al., 2015). Such coupling relies 
in turn upon midcrustal strengthening if crust was 
previously thick.
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