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[1] To illuminate rifting processes across the Transition Zone between the extensional Great Basin and
stable Colorado Plateau interior, we collected an east-west profile of 117 wideband and 30 long-period
magnetotelluric (MT) soundings along latitude 38.5°N from southeastern Nevada across Utah to the
Colorado border. Regularized two-dimensional inversion shows a strong lower crustal conductor below the
Great Basin and its Transition Zone in the 15—-35 km depth range interpreted as reflecting modern basaltic
underplating, hybridization, and hydrothermal fluid release. This structure explains most of the
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geomagnetic variation anomaly in the region first measured in the late 1960s. Hence, the Transition Zone,
while historically included with the Colorado Plateau physiographically, possesses a deep thermal regime
and tectonic activity like that of the Great Basin. The deep crustal conductor is consistent with a
rheological profile of a brittle upper crust over a weak lower crust, in turn on a stronger upper mantle (jelly
sandwich model). Under the incipiently faulted Transition Zone, the conductor implies a vertically
nonuniform mode of extension resembling early stages of continental margin formation. Colorado Plateau
lithosphere begins sharply below the western boundary of Capitol Reef National Park as a resistive keel in
the deep crust and upper mantle, with only a thin and weak Moho-level crustal conductor near 45 km
depth. Several narrow, steep conductors connect conductive lower crust with major surface faulting, some
including modern geothermal systems, and in the context of other Great Basin MT surveying suggest
connections between deep magma-sourced fluids and the upper crustal meteoric regime. The MT data also
suggest anisotropically interconnected melt over a broad zone in the upper mantle of the eastern Great
Basin which has supplied magma to the lower crust, consistent with extensional mantle melting models
and local shear wave splitting observations. We support a hypothesis that the Transition Zone location and
geometry ultimately reflect the middle Proterozoic suturing between the stronger Yavapai lithosphere to the
east and the somewhat weaker Mojave terrane to the west. We conclude that strength heterogeneity is the
primary control on locus of deformation across the Transition Zone, with modulating force components.
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current understanding about the relative roles of
force versus strength heterogeneity for shaping the
GB-CP transition has remained ambiguous [Sonder
and Jones, 1999]. Second, the operative process of
lithospheric destruction is largely cryptic to the
surface, and may range from quasi-uniform grav-
itational collapse of overthickened crust, to rifting

1. Introduction

[2] Continental rifting can be responsible for large
earthquakes, sedimentary basin development and,
in the extreme case, breakup of continents to form
new ocean basins. The structural, magmatic and
hydrothermal events that take place spawn impor-

tant hydrocarbon, geothermal and mineral resour-
ces. One of the most complicated aspects of the
process is the transition from active rifting to a
stable bounding platform, where the interplay
between tectonic forces and inherited structure
could be strong. A prominent example of such a
transition is that from the Great Basin to the
Colorado Plateau (GB-CP) in Utah [Eaton et al.,
1978; Smith et al., 1989; Humphreys and Dueker,
1994; Wannamaker et al., 2001]. The interface
between these provinces comprises an uplifted rift
shoulder (the Wasatch Front and southward exten-
sion) heralding the 100 km-wide Transition Zone
(TZ), possessing characteristics of both provinces.

[3] Three principal issues about continental exten-
sion have emerged in our study of the region. First,

that is highly nonuniform vertically and nonsym-
metric laterally [Ruppel, 1995; Axen et al., 1998].
Third, magmatism and active extension go hand in
hand in the continental lithosphere. As we discuss,
tentative evidence exists for enhanced melting
processes in the upper mantle similar to those of
volcanic continent-ocean margins [Korenaga et al.,
2002; Gernigon et al., 2006].

[4] Electrical resistivity is a unique indicator of
thermal, fluid and magmatic processes at depth
[Haak and Hutton, 1986; Wannamaker and
Hohmann, 1991; Jones, 1992, 1999; Wannamaker,
2000, 2005]. Since rheology is affected profoundly
by temperature and the presence of fluids/melts
[Karato and Wenk, 2002], high electrical conduc-
tivity may be an indication of weak zones in the
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lithosphere where deformation can concentrate. To
improve insight on extensional processes and phys-
ical state below the Great Basin (GB) to Colorado
Plateau (CP), we have collected a dense, high-
quality transect of magnetotelluric (MT) observa-
tions ~450 km in length from southeastern Nevada
across Utah to the Colorado border (Figure 1). Data
of bandwidth >10"¢ in wave period sense resistiv-
ity structure over depths of order 100 m to 250 km.
Thus, MT data allow broad views of the rift
process, from melting of mantle source regions,
through lower crustal underplating and intrusion, to
brittle regime deformational response.

2. Geological Background to the
Eastern Great Basin and Colorado
Plateau Region

[s] The eastern Great Basin and the Colorado
Plateau have distinct geologic histories at least
since middle Proterozoic time. Transition Zone
(TZ) characteristics of the modern regime have
evolved largely since Oligocene time, but our data
will show that the long-lived contrast likely exerts
control on current activity.

2.1. Pre—Great Basin Tectonic Heritage

[¢] The Phanerozoic Great Basin setting was a
west-facing, Atlantic-style passive margin, with a
Late Proterozoic-Devonian miogeoclinal section
thickening westward to nearly 15 km over rifted,
Middle Proterozoic crystalline basement [Stewart,
1980; Speed et al., 1988; Hintze, 1988; Burchfiel et
al., 1992; Van Schmus et al., 1993] (Figure 2a). By
contrast, the Colorado Plateau to the east accumu-
lated relatively thin cratonal sedimentary cover
near sea level [Spencer, 1996], with 3—4 km
thickness remaining today. The basement transition
between provinces roughly coincides with the
Middle Proterozoic terrane suturing of Mojavia
(2.0-2.3 Ga) on the west with the Yavapai domain
(1.7—1.85 Ga) on the east [Karlstrom et al., 1999,
2001; Lee et al., 2001]. The join is far from knife-
edge, but rather an intermixing of the two basement
types laterally over a distance of 100 km or more
[Coleman and Walker, 1992; Duebendorfer et al.,
2006]. Late Paleozoic intracontinental deformation
reactivated Precambrian basement trends causing
broad uplifts and basin accumulations [Hintize,
1988; Dickinson and Lawton, 2003] (Figure 2b).

[7] The Late Mesozoic, Sevier fold and thrust
event driven by subduction from the west is
expressed in our field area as the Canyon Range-

Wah Wah-Gass Peak and the Pavant-Blue Moun-
tains-Muddy Mountains systems [Armstrong,
1968, 1982; Allmendinger, 1992; DeCelles, 2004;
DeCelles and Coogan, 2006] (Figures 1 and 2c).
Mostly cryptic to the surface and detected in
petroleum exploration wells in the central Utah
TZ are other near-horizontal decollements (e.g.,
Gunnison thrust) younger than and frontal to the
Pavant system [DeCelles and Coogan, 2006; Johnson
et al., 2007; Schelling et al., 2007]. The related
but slightly lagging, thick-skinned Laramide (Late
Cretaceous-Early Eocene) compression caused
gentle, broad-wavelength monoclinal uplifts in
the Colorado Plateau [Armstrong and Ward,
1991; Dumitru et al., 1991; Miller et al., 1992].
Erosion of the Sevier highland over Nevada and
western Utah produced the Cretaceous sedimentary
foredeep several kilometers thick directly to the
east in the TZ [Hintze, 1988; Royse, 1993].

[s] Regional calc-alkaline magmatism and meta-
morphic core complex development swept from the
northernmost U.S. to the southern Great Basin over
middle Eocene to early Miocene time [Armstrong
and Ward, 1991; Christiansen and Yeats, 1992;
Constenius, 1996] (Figure 2d). The sweep occurs
as discrete, E-W trending belts of plutonism span-
ning up to 10 Ma, with intervening gaps (e.g., the
“Mid-Utah magmatic gap™ [Stewart et al., 1977]).
Most source material for this plutonism was de-
rived primarily from the Proterozoic mantle litho-
sphere or lower crust [e.g., Coleman and Walker,
1992; Hawkesworth et al., 1995; Riciputi et al.,
1995], possibly heated by upwelled asthenosphere
during sinking of the Farallon Plate [Perry et al.,
1993; Humphreys, 1995]. Our study area is under-
lain by the late Oligocene-carly Miocene compos-
ite plutonic belt composed of the Reno-Pioche-
Marysvale-Henry-San Juan fields, the only such
belt defined to penetrate the nonextended CP
[Stewart et al., 1977, Nelson and Davidson,
1993; Rowley et al., 1998]. The belt is bounded
sharply to the north across the E-W trending Cove
Fort transverse zone, and intrusive volumes dimin-
ish to the south across the Blue Ribbon zone
[Rowley et al., 1998].

2.2. Miocene to Present Extensional
Regime

[o] Fission track (FT) and Ar/Ar geochronology
integrated with extensive geologic mapping show
that Great Basin exhumation was essentially com-
plete by early middle Miocene time, with most
active extension becoming concentrated along its
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Figure 1. Geologic map of central Utah and easternmost Nevada across the eastern Great Basin (GB) and Colorado
Plateau (CP) interior, from state survey online sources. GB-CP Transition Zone (TZ) is the ~100 km wide, N-S
trending swath in west central Utah showing incipient normal faulting. There are 117 MT wideband (solid circles) and
34 long-period sites (lozenges, solid for 1-year occupations) in the campaign. Major Sevier-era thrust and late Tertiary
normal faults are labeled. The Hurricane normal fault scarp is usually assigned as the southern extension of the
Wasatch Front. Other labeled physiography includes Snake Range (SN), Fortification Range (FR), Mountain Home
Range (MH), Wah Wah Mountains (WW), Mineral Range (MN), Tushar Mountains (TS), Marysvale Peak (MP),
Thousand Lake Mountain (TL), Capital Reef (CR), Hanksville (HK), Horseshoe Canyon (HC), Junction Butte (JB),
and Lisbon Valley (LV). Elongate horizontal black arrowheads denote Cove Fort (CF) and Blue Ribbon (BR)
transverse zones bounding the E-W Pioche-Marysvale igneous belt.
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Figure 2. Principal stages in geological evolution of the Great Basin—Colorado Plateau transition since formation
of the Precambrian crystalline basement. In Figure 2a, a major rift margin formation event provided setting for
miogeoclinal section of quartzite under carbonate extending west to central Nevada. In Figure 2b, Paleozoic
intracontinental deformation exploited Precambrian weaknesses, causing uplift and basin formation. In Figure 2c,
collision of the Sierra Nevada to the west doubled crustal thicknesses of the Sevier highland and emplaced massive
thin-skinned thrust sheets with toes lying across our study. In the CP, this was expressed as thick-skinned monoclines
including the San Raphael Swell, Circle Cliffs, and Monument Uplift. In Figure 2d, predominantly east-west belts of
granodioritic plutons crossed western Utah including our study. These include the Tuscarora-Bingham, Eureka-Tintic,
and Reno-Marysvale-San Juan belts, with the latter two separated by the Mid-Utah magmatic gap (MUMG). In
Figure 2e, regional extension widened the Great Basin and emplaced a north-south trend of Quaternary magmatism
the length of the state. In Figure 2f is plotted present-day seismicity of the Utah Transition Zone, provided by
W. Arabasz. MT transect denoted with east-west open bar. Panels based on Hintze [1980, 1988], Stewart [1980],
Stewart et al. [1977], Christiansen and McKee [1978], Christiansen and Yeats [1992], Dickinson and Lawton [2003],
and Arabasz et al. [2007].

eastern and western margins [Christiansen and
Yeats, 1992; Wernicke, 1992; Miller et al., 1999;
Dumitru et al., 2000; Stockli et al., 2001;
Wannamaker et al., 2001] (Figure 2e). Nonplutonic
areas of the eastern Great Basin are rifted by
relatively few, large-displacement normal faults
that define longitudinally continuous ranges and
basins, whereas the E-W trending plutonic belts
exhibit a larger number of geometrically diverse,

smaller-displacement faults [ Coleman et al., 1997].
Neither the well-known Sevier Desert Reflector
(regardless of its cause) nor the east-dipping,
Snake Range low-angle decollement controlling
most of that core-complex uplift have clear expres-
sion in our plutonic terrain [Smith et al., 1989;
Miller et al., 1999; Wills et al., 2005; DeCelles and
Coogan, 20060].
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[10)] TZ deformation apparently started distinctly
later than the main GB phase of exhumation. The
Mineral Range on our profile uplifted ~9—10 Ma
[Nielson et al., 1986], even though the plutonic
complex emplaced 25—17 Ma [Coleman et al.,
1997]. A single fission track result indicates that
the main faulting between the Pavant Range and
the Tushar Mountains occurred ~7 Ma [Rowley et
al., 1979]. On the Hurricane Fault south of our
line, Stewart and Taylor [1996] infer motion in late
Miocene or early Pliocene time on the basis of
dated volcanic offsets. Rowley et al. [1981] date
offset rhyolites in Kingston Canyon to indicate
early Pliocene fault motion. In the Wasatch Plateau
~39.5°N, strikes of early Miocene potassic dikes
are ~N60°W, but dikes intruded 7—8 Ma strike N-S
[Tingey et al., 1991] indicating a change to E-W
extension by then. At Big Rock Candy Mountain
in Sevier Valley, Ar/Ar age spectra show evidence
of a 6.6 Ma heating event associated with uplift of
the massif and downcutting by the Sevier River
[Cunningham et al., 2005, 2007]. Paleoclevation
estimates from basalt vesicles suggest most uplift
in the Marysvale area took place within 5 Ma
[Sahagian et al., 2002]. In southern Sevier Valley,
offset tephra beds show most graben faulting there
occurred later than 7 Ma [Cunningham et al.,
2007]. On Fish Lake plateau, a set of NNW-
striking grabens formed in the 5—1 Ma time
interval while the latest NNE-trending grabens
including Fish Lake itself appear to have formed
<1 Ma [Bailey et al., 2007]. These indicators point
to a latest Miocene-earliest Pliocene age for estab-
lishing the thermal regime and normal faulting of
the TZ, rather than an early middle Miocene age
like the Great Basin proper.

[11] Degree of surface extension in the GB-CP
Transition Zone is minor (<10%) compared to the
eastern Great Basin (50—100%) [Wernicke, 1985,
1992]. Modern seismicity, geodetic data, and
young fault scarps [Niemi et al., 2004; Hammond
and Thatcher, 2004] testify to east-west uniaxial
extension of a few mm/a developing across the TZ
and into the eastern GB. The Intermountain Seismic
Belt and Transition Zone nearly coincide in
central to southwestern Utah, and seismicity
appears equally active in both plutonic and non-
plutonic crustal domains [Arabasz et al., 2007]
(Figure 2f). Most TZ focal depths are ~15 km,
but on our profile there is a zone of deeper quakes
(to 25 km) from Sevier Valley to beneath the
Tushar Range. Some quake swarms just north of
our line in the TZ are consistent with hydrothermal

or magmatic fluid movement [Arabasz et al.,
2007].

[12] Early mafic lavas of the Great Basin were
highly potassic, with trace element and isotopic
signatures that indicate initial purging of low-
melting point components from metasomatized
mantle lithosphere [Best et al., 1980; Kempton et
al., 1991; Nelson and Tingey, 1997; DePaolo and
Daley, 2000]. The metasomatism includes both Pre-
cambrian and Laramide-age inputs [Hawkesworth
et al., 1995; Thompson et al., 1997; Wannamaker et
al., 2000, 2001; Humphreys et al., 2003; Smith et al.,
2004; Usui et al., 2006]. Quaternary basalts, in
contrast, occur along a N-S belt in the eastern GB,
from the western Grand Canyon to the Black Rock
Desert in the north (Figure 2e) and include some
juvenile asthenospheric mantle contribution to
magma production [Nelson and Tingey, 1997,
Smith et al., 1999; cf. Gibson et al., 1993]. Deep
crustal-upper mantle magmatism appears equally
active under the plutonic crustal domain as
the nonplutonic, as evident in the Quaternary
bimodal volcanic field of the central Mineral
Mountains 6—10 km south of our profile [Nielson
et al., 1986].

2.3. Enigmatic Geophysical Nature of the

Great Basin—Colorado Plateau Transition

[13] The Great Basin—Colorado Plateau transition
shows widely ambiguous indicators of activity at
the surface, represented succinctly by the end-
member models of Figure 3. A primary goal of
our work is to distinguish between these alterna-
tives with MT.

[14] On the one hand, some evidence supports a
mode of uniform extension versus depth beneath
the transition zone (scenario in Figure 3a), such as
simple gravitational collapse of warming crust
[cf. Sonder and Jones, 1999]. For example, the
degree of TZ surface extension is slight and its
elevations are higher than in either the CP or the
GB, consistent with it having the thickest crust of
the MT profile. In the TZ to the north and south of
our study area, the thickening in part may reflect a
remnant sedimentary section of the Cretaceous
overthrust foredeep [Allmendinger, 1992; Royse,
1993]. Under our transect, thickening may be
enhanced by the mid-Miocene plutonism of the
Tushar-Marysvale field [Nelson and Davidson,
1993; Rowley, 1998; Cunningham et al., 2007].
Pakiser [1989] interprets sparse, unreversed quarry
blast profiles to show the thinnest crust lying under
highly extended eastern Great Basin of western
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Figure 3. Possible manifestations of extensional consumption of formerly stable craton described in text.
(a) Extension is fairly uniform with depth, occurring primarily by gravitational collapse of lithosphere which is thick
compared to nearby extended regime. (b) Extension is in response to flow of lower crust toward extended terrane, and
progressive displacement of thinning toward the platform. Mantle support of high TZ elevation is required if crust is

thinned, which may include upwelling and melting.

Utah, with no thinning resolved under the TZ.
Nelson and Davidson [1993] and Nelson and
Harris [2001] from plutonic petrologic modeling
and regional geophysics argue that mafic, stronger
CP-like lower crust extends westward under the TZ
making it resistant to extension. Quaternary mafic
volcanism lies in a precise N-S trend passing
through highly extended western Utah [Nelson and
Tingey, 1997], not signaling mantle extension con-
centrated under the TZ. Finally, gravity-topography
coherency analyses show effective elastic thickness
(Te) and viscosity under the TZ as retaining high,
CP-like values [Lowry et al., 2000].

[15] In contrast, highly nonuniform extension be-
low the Transition Zone can be supported, perhaps a
variant of the whole-lithosphere simple normal shear
model of Wernicke [1985] (scenario in Figure 3b).
Keller et al. [1975] and Smith et al. [1989] interpret
the same refraction data as Pakiser [1989] to show
that the thinnest crust lies under the western TZ
and not most-extended western Utah. Loeb and
Pechmann [1986] from two-station earthquake
travel times (also unreversed) inferred very thin
crust (to 23 km) of Vp < 7 km/s under the TZ, in
turn underlain by a substantial “rift pillow” of
7.4-17.5 km/s. Receiver functions show strong mid-
crustal conversions under the TZ corroborating the
high Vp [Sheehan et al., 1997; Gilbert and Sheehan,
2004]. Rift pillows would imply focused extension-
al processes in the mantle [Korenaga et al., 2002;
Gernigon et al., 2006], in this case located under the
TZ as well as the highly extended eastern GB. Heat
flow and Curie depth of the TZ resemble those of
the eastern Great Basin [Shuey et al., 1973, 1977,
Bodell and Chapman, 1982; Wannamaker et al.,

2001], at odds with vertically uniform extension
[McKenzie, 1978; Lachenbruch and Sass, 1978].
High T, from gravity/topography coherence would
be a misleading indicator if mantle-based dynamic
forces are acting.

3. Magnetotelluric Observations and
Model Construction

[16] Tectonism of the southwestern United States
has motivated deep electrical resistivity investiga-
tions there for over 40 years [Gough, 1989]. Since
we have a single MT profile, as much information
as possible must be obtained primarily within a
two-dimensional (2-D) framework. An extensive
simulation and experience base has been built up
on viable approaches to resolve deep target struc-
tures in the face of nonideal geometries, aided in
our case by prior regional results and key, off-
profile MT data.

3.1. Early Geomagnetic Variation Array
Studies

[17] Pioneering resistivity models of the GB and
CP were derived by Porath et al. [1970] and
Porath [1971] using magnetometer arrays record-
ing temporal variations in the three-component
vector magnetic field. Simultaneous multisite mag-
netovariation (MV) data allow extraction of the
anomalous field component due to lateral structural
changes within the Earth, most directly zones of
concentrated electric current flow. Their trial-and-
error forward models showed strong, north-south
conductors under the GB-CP transition and the
northern Rio Grande Rift of west central Colorado
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(top) Anomaly maps of horizontal (Y) and vertical (Z) magnetic field variations at a period of 60 min for

Great Basin and Colorado Plateau regions. (middle) Anomaly profiles at 50 min period for the line of MV stations
closest to our transect. Y;,/Y, refers to in-phase anomalous horizontal field normalized by external inducing field,
while Z;,/Y, refers to normalized in-phase anomalous vertical field. (bottom) Alternate 2-D model views derived by
trial-and-error forward fitting of MV profile data, which provide nearly equivalent fits (middle). Horizontal black
rectangles are locations of modern, dense MT profiles of Wannamaker et al. [1997a] in the central Great Basin
(CGB), plus the current profile across the eastern GB and the CP. Wasatch Front is WE. Redrawn after Porath et al.

[1970] and Porath [1971].

(Figure 4). In detail, their modeling indicated that
the strongest, N-S trending conductive axis in Utah
centers under the southern continuation of the
Wasatch Front, and not the highly extended Sevier
Desert to the west. The early reconnaissance stud-
ies served as important constraints in overall geo-
physical models of the GB-CP transition [e.g.,
Thompson and Zoback, 1979].

[18] The MV method has relatively poor depth
resolution because it does not include the electric

field as in MT [JVozoff, 1991]. Acceptable forward
models fitting the data place low-resistivity varia-
tions either near the base of the crust or deep in the
upper mantle (Figure 4). However, the MV anoma-
lies imply that the Utah and Colorado axes strike
clearly N-S [Gough, 1989]. They do not trend NE-SW
[cf. Humphreys and Dueker, 1994] or appear
affected by possible NE magmatic alignments like
the Pahranagat-San Rafael trend [Nelson and
Tingey, 1997]. Instead they parallel the Quaternary
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mafic eruptions of the Black Rock-Grand Canyon
trend (Figures 1 and 2e¢) and the general strike of
the transition. The anomalies continue to north-
western Arizona but probably stop short of the
quiescent southern Basin and Range. In particular,
Porath et al. [1970] observed a vertical H-field
peak near the eastern edge of the TZ with which we
can compare our data and models.

3.2. MT Transect Measurements Across
the Great Basin—Colorado Plateau
Transition

[19] This is a large and complex MT data collec-
tion spanning many types and scales of resistivity
structure. Each structural element of Figure 2 has a
discernible effect upon the MT response.

3.2.1. MT Data Collection and Processing

[20] In the MT method, natural electric (E) and
magnetic (H) fields are recorded and processed to
the frequency domain to estimate the 2 x 2 plane
wave tensor impedance Z, and the 1 x 2 tensor K,
describing the normalized vertical H-field (called
the tipper) [Vozoff, 1991; Simpson and Bahr,
2005]. Over two-dimensional (2-D) structures
where one of the measurement axes is parallel to
geoelectric strike (x here by convention), the MT
response separates into two independent modes.
These are the transverse electric (TE) mode, where
Ex = ZyHy and H, = K, H, and electric current
flows parallel to strike, and the transverse magnetic
(TM) mode, where E, = Z,H, and current flows
perpendicular to strike. Simple arithmetic transfor-
mation of complex impedance elements to apparent
resistivity (p,) and impedance phase (@) aids visual
data appraisal. Data herein are displayed with a
constant x axis of NI5°E for all sites and all
periods, consistent with geological trends and deep
geoelectric axes discussed shortly.

[21] Our MT profile consists of 117 wideband
(period T from 0.008 to ~500 s) and 30 long-
period (20 to 10* s) soundings running east-west
for just over 450 km (Figure 1). Profiling began in
the late 1970s with 15 five-channel sites by Geo-
tronics Corp. for geothermal exploration across the
northern Mineral Range and Milford Valley. Sub-
sequently, 53 wideband sites were taken from 1986
to 1990 with the University of Utah MT system
using a local reference of two H channels [Gamble
et al., 1979]. Time series subsets were quality-
sorted by spectral multiple coherence [Stodt, 1983;
Egbert and Livelybrook, 1996]. This served well in
most cases, except for sites within ~20 km of the

Intermountain Power Plant DC transmission sys-
tem originating north of Delta, Utah, extending
southward along western Milford Valley eventually
to Los Angeles. Broadband current fluctuations on
this line prevented usable data over periods 0.3—10s
in the TE mode and the tipper. The TM mode was
relatively unaffected due to the N-S line orienta-
tion. Across the Transition Zone and from Canyon-
lands National Park to the Colorado border, 49 sites
were collected by Quantec Geoscience Inc. in 2004
and 2005. Robust remote referencing was cross-
site [Egbert and Booker, 1986; Larsen et al.,
1996], and with the Parkfield California permanent
MT observatory [Wannamaker et al., 2004] for
sections across regional high-tension power lines.
Standard errors usually were within 4% in p,, 1° ¢,
and 0.015 tipper (dimensionless). Average site
spacing was ~3 km over the heterogeneous eastern
GB, 4-5 km over the TZ and 6—10 km over the
CP.

[22] The 30 long-period sites were acquired in
1999, 2004 and 2005 using LIMS instruments from
the EMSOC MT facility. Sampling interval was 5 s
and typical occupation times were 1—2 months.
Single-site robust processing [Jones et al., 1989]
gave excellent long-period data due to the strong
nature of signals in this band. Three sites, one in
the eastern GB, one in the TZ and one in the CP,
were occupied for 1 year to achieve data with
phase errors under 1° at 13650 s period. Fewer
long-period sites are needed than wideband be-
cause the lateral variation of the response at long
periods has a much smoother frequency depen-
dence. Standard deviations usually were within 2%
for p,, 0.5° ¢, and 0.0075 tipper. There also are
four LIMS sites off-profile, two ~50 km to the
north and two ~50 km to the south in the eastern
Great Basin for along-strike control (Figure 1).

3.2.2. Observed MT Pseudosections

[23] Nominal TM mode plots (Figure 5) show
conductive GB graben sediments causing low-
resistivity anomalies at all periods; the vertically
streaked form of apparent resistivity py, portrays
the near discontinuities in the electric field as it
crosses resistivity boundaries [Wannamaker et al.,
1980, 1984; Vozoff, 1991; Wannamaker, 1999].
These are much subdued over the less-developed
valleys of the TZ and nonexistent in the CP. Low
resistivities toward longer periods spanning the
Awapa Plateau overlie late Miocene lava flows and
thus cannot be due to Pliocene-present graben forma-
tion, but instead likely are residual Sevier foredeep
sediments. Over the Cathedral Valley to Caineville

9 of 38



1 Geochemlstry

Geophysics 3
| Geogys)iems G

<——EGB > TZ ——><

WANNAMAKER ET AL.: GREAT BASIN TRANSITION RIFTING  10.1029/2007GC001886

CPI >

FR LH MH p.WWww TS svMP gr AP TL gv CR ¢a HK an HC JB hp Lv

VST

21 F] " Pyx (Q-m)
1 F - s 1

”' ] 10
2 . 100
+34 ‘ ‘ - 1000
+4 4 2 5600

BL ml MN

= r3

log T (s)

—A_A_A_A_A_A_I_A—A—E_ﬂ_ﬁ—rrﬁ_rrﬂ_l—ﬁ_b—b—r

I IR T TS T Y T N T N SO N T
i 44 L IR T TN T Y T S T SO SO R T
= = -

-2 Py (deg)
14 X

Z o 70

- 414

3 +2 45
+3
+44 20
21 " Pyy(Q-m)
14 L

Z o !

= 414 10

8 2 100
+3+4 1000
4 5600

_A_A_A—A_IW
lll AL L Ll iiaiy ll!lllllll“l ITENITENN] lJllllllIllLIIIJJ ININTE NI TEENRITTITR TN lllIlJlJ I - lI ' JJ J 1 I L L L 1

24 3

—_— -1

CONE

- o+

D +24

F Re(Kzy)
- +05
"
g 0
05
| Re(Kz)
= +05
[
g 0
05

E

100 km
Great Basin - Colorado Plateau MT Transect 38.5 N Observed Data
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MT response amplitude. Quantities shown include cross-strike (TM mode) apparent resistivity and impedance phase
(pyx and @y, top two panels), along-strike (TE mode) (pxy and ¢y, third and fourth panels), and the real part of the
normalized vertical field due to along-strike and cross-strike current flow (Re(K,,) and Re(K,,), fifth and sixth
panels). Tick marks along the top of each panel denote wideband site locations, while triangles along the bottom are
long-period site locations (solid triangles are 1-year occupations). Geographic locations include Fortification Range
(FR), Limestone Hills (LH), Mountain Home range (MH), Pine Valley (pi), Wah Wah Mountains (WW), Wah Wah
Valley (ww), Beaver Lake Mountains (BL), Milford Valley (ml), Mineral Range (MN), Tushar Range (TS), Sevier
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Valley (cv), northern Capitol Reef Park (CR), North Caineville Mesa (NC), Hanksville (HK), Angel Point (an),
Horseshoe Canyon (HC), Junction Butte (JB), Hatch Point (hp), and Lisbon Valley (LV).

interval, short-period lows in py, denote late Jurassic ~ over low-resistivity Triassic Chinle-Moenkopi

(early foredeep) Carmel-Summerville-Morrison
shales. East from Hanksville, high short-period
pyx reflects resistive late Triassic-early Jurassic
Navajo-Kayenta-Wingate sandstones near-surface,

shales. Resistive Proterozoic basement at 3—4 km
depth causes all py, values to rise for T > 1 s.

[24] The phase response of bounded objects like
the grabens is band-limited, clarifying the influence
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Figure 6. Phase tensor principal axes binned to 10° increments in rose histograms over three period bands for the
30 long-period (LIMS) sites on our transect. Mean direction from true north with standard deviation plotted at bottom
of each rose, using statistical formulas from Batschelet [1981]. Geography spanned by each rose labeled according to

locations in Figure 5.

of deeper, larger structures. In particular, a prom-
inent high in ¢y, in the period range 10-300 s
overlies the entire GB and TZ segments of the
transect, ending abruptly near Thousand Lake
Mountain at the eastern edge of the TZ (Figure 5).
It denotes high conductivity in the lower crust of a
quasi-layered disposition, and shows right from the
data that a thermally active state like the GB
characterizes the TZ as well. Only a weak phase
high is seen across the CP, fading eastward to be
essentially invisible. In the 1-10 s range, low @y
over the CP indicates its coherently resistive and
thick crystalline crust, much more so than the GB
or the TZ. Longer than ~500 s, ¢y, becomes more
neutrally valued close to 45° with a final mild rise
at the longest periods (>5000 s).

[25] The nominal TE (xy) mode quantities resem-
ble the TM in showing evidence for a conductive
GB and TZ lower crust and mostly resistive CP

crust at middle periods. The former structure how-
ever is expressed more weakly in ¢y, than @
(Figure 5). Correspondingly, much higher values of
Pxy than py, are seen toward long periods over the
entire GB-TZ interval, by on average a factor of4-5.
We show in Appendix A that this likely is caused
by the Pioche-Marysvale plutonic belt under our
profile acting as a narrow (20—-40 km wide),
resistive crustal belt running E-W across the entire
eastern GB and TZ. The belt inflates the N-S
electric field, thus increasing py, and decreasing
(¢xy toward a static limit over the 1-1000 s range;
longer-period ¢y, is little affected. Negligible effect
upon the TM data from the belt is evident. A zone
of high ¢y, across the CP for T > 200 s turns out to
reflect the active and conductive lower crust in the
TZ and GB to the west, plus more conductive GB-
TZ upper mantle particularly in the N-S direction.
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[26] Stripe-like anomalies of py, to the longest
periods reveal finite strike of the grabens and other
sediments we crossed, so that near-discontinuities
in the E-field off-profile permeate the length of
the valleys [Wannamaker et al., 1980, 1984;
Wannamaker, 1999]. The most pronounced by far
is Milford Valley, but the effects are seen as well
with the Cretaceous foredeep sediments under
Capitol Reef Park area. They persist even with
fine-tuning of the rotation angle. In a purely 2-D
geometry, TE mode p, and ¢, anomalies would
be band-limited and die away toward long periods.
These and other 3-D effects are the bane of 2-D
interpretation of the TE mode and motivate us to
take an approach emphasizing the TM which is
generally less prone to end effects [Wannamaker,
1999].

[27] Vertical H-field element K,y is that which
would be interpreted in a 2-D framework (Figure 5).
Several compact anomalies for T < 10 s in the
eastern GB relate to the individual grabens. A
strong reversal around 10 s over the Awapa Plateau
is a companion response to the low py, and denotes
a buried conductive axis. Most notably for
Re(K,y), a large positive anomaly in the 100—
10000 s range extends from the Awapa Plateau
eastward past Hanksville to Horseshoe Canyon at
the western edge of Canyonlands National Park.
This is the feature which was prominent in the
vertical component of the early magnetovariational
work of Porath (Figure 4). Element K, is diag-
nostic of departures from a purely 2-D geometry.
Shorter-period, laterally variable anomalies indi-
cate for example that the profile does not cross the
grabens exactly at their centers. Negative anoma-
lies across the TZ in the 1-10 s period range
indicate the presence of more conductive material
nearby to the north of our line, possibly associated
with the transition from plutonic to sedimentary
rocks. A notable negative in Re(K,,) occurs at long
periods (300—2000 s) over the western ~100 km
of the GB segment, evidence of a crustal-scale
increase in conductivity from south to north there.
These are complications for a 2-D interpretation,
the treatment of which we discuss later. However,
for the great majority of the transect at longer
periods (T > 100 s), K,, is small.

3.2.3. MT Strike Indicators

[28] The assumed geoelectric strike of N15°E
based largely on observed geology is tested against
principal axes of the impedance phase tensor
[Caldwell et al., 2004] (Figure 6). The majority
of the rose histograms show peaks which are

~NI15°E, allowing for the 90° ambiguity in im-
pedance, consistent with surface geological trends.
Exceptions include the CP at shorter periods where
the directions are more NE-SW and NW-SE on
average; this result may reflect upper-middle crustal
basement faulting trends controlling the Paleozoic
and Mesozoic uplifts. Axes also are rather indeter-
minate from the San Francisco Range to the foot of
the Tushar Mountains. Orientation is fairly clear
across the Transition Zone itself.

[29] Trends of phase tensor axes are consistent with
the vertical magnetic field responses (Figure 5).
Over much of the CP for T of 10-30 s, K, = K,
confirming the N + 45° trends. In the San Fran-
cisco Range-Tushar Mountains interval, both K,
and K, ~ 0 so strike is indeterminate. The long-
period K, anomaly over the western ~100 km of
the profile implies an E-W electrical strike to a
larger-scale resistivity gradient, underscoring the
90° impedance repetition and exemplifying where
impedance alone with surface geology could mis-
lead one on deep strike. Fortunately, for T > ~20 s,
strike from K, (tipper) clearly is near the assumed
N15°E under the Transition Zone and across its
eastern edge, with small values of K.

3.3. Two-Dimensional Resistivity
Inversion Models

[30] The dominant NNE grain of structure despite
irregularities encourages us that most of the perti-
nent information content can be extracted within a
2-D modeling and inversion framework. The
broad-scale 3-D effect inflating the TE impedance
of the GB-TZ (Appendix A) provides a cautionary
note in the MT modeling but does not fundamen-
tally limit our data set.

3.3.1. Inversion Model Setup

[31] The main inversion code applied here is a
simplified in-house implementation similar to the
Occam-2 approach [DeGroot-Hedlin and Constable,
1990] using the forward problem of Wannamaker
et al. [1987], the Jacobians of Pastana de Lugdo
and Wannamaker [1996], and the iterative parameter
step equation of Mackie et al. [1988] where model
slope is damped relative to that of an a priori
model. The forward mesh is 573 x 70 nodes
(including 10 air layers) extending to ~4000 km
each side of the TZ and to total depth of 860 km.
There are four element columns per MT station
increasing geometrically downward from 25 m
thickness at the surface. Two parameter columns
per station are used, one under and one between
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each site, to a depth of 660 km and to within one
finite element of each side of the mesh, for a total
of ~12000 parameters.

[32] The TM mode log;o(pyx) and ¢yx, TE mode
¢xy, and Re(K,y) over 43 periods are the inverted
quantities, comprising ~13000 data points, for the
2-D distribution of logio(p) [cf. Hohmann and
Raiche, 1988]. Error floors of 10%, 2°, and 0.015
were applied to apparent resistivity, phase and K,
respectively. Floors one-half of those amplitudes
were applied to the long-period LIMS data due to
their greater accuracy and sparser number. Instead
of sweeping through a series of roughness damping
factors at each iteration, one value is selected at the
outset whereby the square norm of the roughening
matrix is a fraction (typically 0.2) of the norm of
the error-weighted parameter sensitivity matrix,
adjusted each iteration. We find this achieves a
good fit with apparently stable models in a small
number of iterations (~10 usually). Final normal-
ized root-mean-square (RMS) misfits for all data
sets were in the range 1.2—1.3. Trial runs with a
range of damping factors 0.1-0.5 were done on
final models to ensure the persistence of important
areas of structure.

[33] Models derived thus were compared to 2-D
inversions performed with the nonlinear conjugate
gradient inversion program of Rodi and Mackie
[2001], using similar control parameters and
achieving similar fits. There were three finite
difference columns per MT station, each of which
was a parameter column. In nomenclature of the
program documentation, trade-off parameter value
(tau) was 3, which is a default value to balance
fitting the MT data and generating a spatially
smooth model. A horizontal-to-vertical smoothing
parameter (alpha) of 3 was used to emphasize
horizontal structures and a uniform degree of
smoothing versus depth (beta = 0) was applied.
To conserve space, we show a single comparison
of the two inversions in an expanded view of TZ
structure later in the paper.

[34] A smooth 1-D resistivity model derived from
the integrated TM mode response of the entire GB-
CP line was used as starting guess and a priori
adherence section for our 2-D inversions (see
Appendix A). It can be considered as an average
host within which lateral heterogeneity lies, and is
plotted next to each inversion section. Its starting
model was a 100 ohm-m half-space down to 410 km
depth, beyond which 5 ohm-m was imposed. The
resulting smooth 1-D model down to 410 km is
close to a half-space just under 100 ohm-m, except

for the depth interval 4—12 km which has more
resistive upper-middle crust of 200—300 ohm-m.
Because the 2-D inversions work to keep models
close to the a priori structure, first-order features in
the final models should be significant. As a form of
response sensitivity test for appraising models and
verifying suspected 3-D effects, we compared 2-D
models derived using various subsets of the full
TM-TE-K,, data.

3.3.2. Model Using TM Mode Data

[35] Numerous 3-D model studies have generally
affirmed that 2-D inversion of the nominal TM (yx)
mode data over a structure which terminates some-
where along strike yields cross-sections which recover
object location reasonably well [Wannamaker
et al., 1980, 1984; Jones, 1983; Wannamaker,
1999; Ledo, 2005; Siripunvaraporn et al., 2005].
Viability of TM models arises from inclusion of
boundary charge effects from current flow along
resistivity gradients in both 2-D and 3-D formula-
tions. Even where the nearer-surface structure is
rather arbitrary in shape, a well-sampled profile
spanning the structural response still can provide
good inversion models of deeper features because
the mean effect of the shallower structure is
compensated in the TM mode, allowing recovery
of larger-scale resistivities and geometry [cf.
Torres-Verdin and Bostick, 1992; Wannamaker,
1999]. A TM-only inversion is a prudent starting
point for interpretation in light of the numerous rift
grabens crossed, plus the NNE trends of the
Phanerozoic sedimentary hingeline, Mesozoic
overthrusting and deposition, Quaternary volca-
nism, and geomagnetic variation anomalies.

[36] The TM mode inversion model is shown in
Figure 7 together with the computed responses of
all data subsets. Several features appear which
were anticipated from the observations. A low-
resistivity (3—15 ohm-m) lower crust, mostly over
the 15-35 km depth range stands out under the
eastern GB and the TZ all the way to the major
eastern physiographic scarp of the TZ at Thousand
Lake Mountain. From analysis of the Pioche-Mar-
ysvale belt effect in Appendix A as introduced with
the pseudosections, and as expected from diffusive
EM fields, the lower crustal conductivity repre-
sented is presumably an average of potentially
more detailed variation over a span of tens of kilo-
meters north and south of the transect. There is a
marked downwarp to ~50 km depth under the
projection of the Wasatch Front (WF) corresponding
to a near pinchout of the high ¢, peak in that area,
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Figure 7. Two-dimensional inversion model of GB-CP transect considering TM mode data only. Computed TM
and TE pseudosections are plotted below for comparison to data in Figure 5. Geographic locations and other labeling

as in Figure 5.

and the layer dives and terminates at its eastern-
most end.

[37] Highly resistive middle and lower crust of the
CP under Capitol Reef National Park abuts the GB-
TZ conductor, which continues only weakly east-
ward in the 40—50 km depth range. Deeper CP

resistivities in the 65—150 km depth range are
greater (200—500 ohm-m) than those under the
GB, but the GB values still are not low and reach
100 ohm-m over much of those depths. Beyond
200 km depth, GB and CP upper mantle resistiv-
ities appear similar for the TM mode although the
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450 km aperture of our transect is reaching reso-
lution limits there.

[33] The fit of TM mode computations to the
observed in Figure 7 is very good; the latter are
inevitably a bit rougher looking due to individual
data point scatter and other small-scale complica-
tions. The graben finite strike effects on the ob-
served TE impedance are clear as all computed
sedimentary body TE responses are limited to T <1 s.
In particular, py, is quite smooth toward long
periods and approaches a GB-wide minimum of
~20 ohm-m at ~1000 s corresponding to the lower
crustal conductive layer. Below that, the TE calcu-
lations are close to 1-D over most of the GB segment,
with p,, rising to ~40 ohm-m by T = 10* s. This is
classic 2-D TE mode response decay of a conduc-
tive stratum (lower crust) over resistive basement
(upper mantle). In contrast, average observed py,
across the eastern GB-TZ, analyzed more fully in
Appendix A, rises to higher values, shows only a
weak dip, and flattens to values near 80 ohm-m at
the longest periods.

[39] Correspondingly, the computed ¢, in Figure 7
shows a high in the period range 10—300 s over the
GB-TZ due to the deep crustal conductor that is
much stronger than in the observations and com-
parable to ¢yx. Model ¢y, also shows a minimum
of <35° at 2000 s reflecting the rise in py, toward
10* s, well below the (¢xy data which barely fall to
45° under the Mineral Range area. The overall
observed-computed TE discrepancy, we will show,
is the combined effect of the Pioche-Marysvale belt
inflating py, over middle periods, followed by a
conductive upper mantle in the N-S direction
flattening p, at the longest periods. Average GB
pyx (Figure Al) is just under 20 ohm-m by 10* s,
less than the computed TE value. Thus there is an
edge effect depressing pyy and elevating ¢y, some-
what for T > ~2000 s over the GB area, presumably
from termination of less resistive GB lower crust
and upper mantle below Thousand Lake Mountain.

[40] The computed GB-side response in Re(K,y) is
small as observed, although there is a mild negative
just west of the NV-UT border not in the data,
presumably indicating the concentration of lower
crustal conductivity in the Wah Wah-Mineral
Range interval. Computed ¢, on the CP side does
not match the data for T > 100 s implying that the
lower crustal conductor under the GB-TZ is insuf-
ficient to replicate it. The antisymmetric anomaly
in Re(K,y) at ~10 s under the Awapa Plateau is
simulated but is weaker than the data. On the other
hand, Re(K,y) at long periods under the east edge

of the TZ is well reproduced, reaching peak values
of ~0.4 at 1000 s. This implies the MV anomalies
measured by Porath et al. [1970] are due mainly to
high conductivity in the lowermost crust. In detail,
computed Re(K,y) extends somewhat further east
than observed toward 10* s.

[41] We added longer-period (T > 10 s) Re(K,y)
data with the TM responses in an inversion to
incorporate the along-strike current flow of the TE
mode. The tipper data are less prone to finite strike
effects because these responses remain band-limit-
ed and do not suffer from “static” effects like the
electric field [Wannamaker et al., 1980, 1984;
Jones, 1983; Wannamaker, 1999]. The resultant
lower crustal conductor (not plotted) closely re-
sembled that presented in the TM-only section,
showing that bulk along-strike current flow sup-
ports a high-conductance lower crust under the GB
extending through the TZ and ending abruptly in
the Thousand Lake Mountain area. Computed
Re(K,y) at the longest periods under the eastern
TZ was laterally more compact like the data,
achieved by modest lower resistivity in the upper
mantle toward the east end of the array near the
Colorado border. However, fit to ¢y, for T>1000 s
under the eastern GB remained poor, in that
observed values are much greater (~45°) compared
to computations (~35°) as in Figure 7, and the high
¢y under the CP is inadequately replicated. We
demonstrate below with select inclusion of long-
period ¢y, that low N-S upper mantle resistivity
under the GB-TZ fits the overall response.

3.3.3. Select Inclusion of TE Mode Data

[42] Both finite strike extent of surficial sedimen-
tary bodies and the resistive, E-W trending Pioche-
Marysvale plutonic belt prevent straightforward
inversion of the TE mode data. However, since
the plutonic belt reaches a nearly static state in its
Pxy and @y, response near 1000 s (Appendix A),
¢y at longer periods primarily reflects upper
mantle structure and can be utilized.

[43] Inspection of the data for T > 1000 s suggests
that the GB-TZ upper mantle contains lower resis-
tivity in the N-S direction than in the E-W. First,
both TM mode and TM-K,, data inversions plus
inversions of Appendix A reveal similar quasi-
horizontal, conductive lower crust under the GB-TZ
area suggesting its estimated conductance is fairly
robust. Having only a high-conductance layer near
the Moho of the GB-TZ, with no plutonic belt
effect, and resistive mantle below, p,, should rise
from a minimum like py, near 1000 s while @,
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Figure 8. Two-dimensional inversion model of GB-CP transaction considering TM mode data for T < 50 s, real
component of K, (tipper) data for T > 10 s, and TE mode phase for T > 1000 s. Computed TM and TE
pseudosections are plotted below for comparison to data in Figure 5. Small arrows near 175 km depth along sides of
model denote parameter boundary below which resistivities were fixed to the a priori values in the sensitivity test of
Figure 9.

correspondingly falls to <35° near 3000 s (Figures 7 and so should swell py, and decrease ¢, a bit more
and Al). Moreover, though nearly static, the still. Hence, it is remarkable that the observed py,
Pioche-Marysvale belt has a residual inflationary is nearly flat and ¢y, ~ 45° for T > 1000 s. Adding
effect on the N-S electric field even for T > 1000s,  in the depression of the E-W electric field and thus

16 of 38



i Geochemistry 3
" Geophysics ( I
_ ' Geosystems \

WANNAMAKER ET AL.. GREAT BASIN TRANSITION RIFTING

10.1029/2007GC001886

pyx by the abrupt east end of the GB-TZ lower
crustal conductor, the near-parallel nature of the
two p, and ¢ data curves versus period in Figure
Al for T > 1000 s is coincidental and does not
indicate upper mantle isotropy.

[44] Therefore, to get a rough image of N-S resis-
tivity in the upper mantle, we invert GB-TZ ¢, for
T> 1000 s and CP ¢, for T > 300 s, together with
pyx and @y for T < 50 s, and Re(K,y) for T > 10 s.
Upper mantle structure dominates ¢y, at those long
periods. The restricted periods of the included TM
data constrain most of the crustal structure while
preventing E-W resistivity of the upper mantle
from having much influence. The K,, data help
resolve conductance of the lower crust, and show
whether they have sensitivity to upper mantle
structure.

[45] The resulting model and computed responses
appear in Figure 8. Most notable in the section is
the large region of low resistivity beneath the
eastern GB especially below depths of ~100 km.
Varying the period range of data inclusion some-
what has second-order effects on the absolute
values of the low resistivity or on its breadth or
depth to top, but the basic presence remains. In
particular, increasing the period range of accepted
TM data to 150 s serves to reduce slightly more the
low resistivity of upper mantle below 100 km in
the GB. Anisotropy factor is of order 3—10. It is
difficult to estimate the shallow (<75 km) N-S mantle
resistivity because its response overlaps further into
the period domain of the plutonic belt (T < 1000 s);
for this we need detailed 3-D surveying. The CP
lithosphere takes on a simple resistive character,
with a modest decrease in resistivity further east
beyond and below the Colorado state border.

[46] The fit to the TM data appears good for
T <100 s, but computed @y is significantly higher
than observed for T > 1000 s. This shows that
broadscale E-W resistivity in the upper mantle
should not be low like the N-S. The fit of ¢, for
T > 1000 s is reasonably good over both GB and
CP; the high over the CP at long periods we
believe also is particularly diagnostic of low N-S
upper mantle resistivity under the GB. Over the
GB, computed ¢y, for T < 1000 s is higher than
measured, while computed py, over most periods is
lower than measured, reflecting the upward bias in
the measured TE impedance by the Pioche-Mar-
ysvale belt. The fit to K, is slightly better than in
Figure 7, although clearly the deeper upper mantle
has weak influence upon K, in the measured
period range. The anomalies measured by Porath

and coworkers in Figure 4 are explained primarily
by low resistivity near Moho levels in the deep
crust of the eastern Great Basin and Transition
Zone. Structure deeper than 200 km affects only
very long periods of Ky, 10* s and greater.

[47] Inversion test runs adding ¢y for T > 1000 s
were made to seek an isotropic model which fits
both modes in regards to upper mantle resistivity,
and reasonable fits to both ¢y, and @, at long
periods were possible (not plotted). The resultant
deep structure showed two, narrow steep conduc-
tors under the GB-TZ separated by steep resistive
zones including an amplification of the resistive
deep lithosphere of the CP. This is classic clumping
of resistivity media exhibited if fitting anisotropic
data with isotropic models [Heise and Pous, 2001;
Wannamaker, 2005]. The steep narrow conductors
permit adequate north-south current flow to fit the
TE observations, while the steep resistors prevent
significant east-west current flow to fit the TM.
Slight changes in data weighting during test inver-
sions could radically alter the position of the steep
conductors, or even lead to formation of three
rather than two conductive concentrations, attesting
to their instability and low physical significance.
That is not to say such structures do not exist; the
upper mantle mechanism causing the apparent
anisotropy in Figure 8 could have a wide range
of spatial scales from near-microscopic to tens of
kilometers and have equivalent effect on MT
responses. We view it as more conservative to
present a model with broadscale anisotropy from
separated MT data subsets.

[48] Finally, a test of depth extent of low, eastern
GB resistivity structure in Figure 8 was made by
forcing the inversion to place all structure at depths
<175 km, with the a priori model preserved be-
neath. This inversion (not plotted) showed much
lower resistivity than the unconstrained model
(~1.5 versus 5—-10 ohm-m) crammed into the
narrow 150—175 km depth range under the eastern
GB mainly between Pine Valley and the Tushar
Range. Responses of the two models are compared
in Figure 9 at the l-year site in the Wah Wah
Mountains, where we have the best data to the
longest periods. The fit to ¢, in the constrained
inversion is only marginally worse than the uncon-
strained, so the two models may not be distinguish-
able based on ¢,. However, the constrained model
represents a less realistic, high-contrast alternative
in our view. Thus, there still is a strong suggestion
in the data of low resistivity in the N-S direction
under the eastern Great Basin to depths of at least
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Figure 9. Observed long-period, nominal TE data at
the 1-year occupation in the Wah Wah Range, compared
with computations from the model of Figure 8 (green
dashes) plus a test inversion of where all structure is
constrained to lie in the upper ~175 km (pink dashes).
Also plotted are the responses of the model of Figure 7,
showing that high upper mantle resistivity as inferred
with a TM inversion is incompatible with the TE phase
(blue solid). Note strong upward static offset of
observed py, compared to the 2-D models, argued in
Appendix A to stem mainly from the Pioche-Marysvale
belt under our transect.

200 km. Computations for the model of Figure 7
are shown in Figure 9 too, confirming that the TE
data are incompatible with high upper mantle resis-
tivities due to much lower ¢y, in the T > 1000 s
range.

4. Physical State of the Great Basin—
Colorado Plateau Transition From
Resistivity Structure

[49] Numerous mechanisms can act in the crust and
upper mantle to define electrical resistivity, so
external constraints are needed to reduce non-
uniqueness in the physico-chemical interpretation
[Wannamaker and Hohmann, 1991; Jones, 1992,
1999; Wannamaker, 2000]. Even crude knowledge
of deep temperature, composition and metamor-
phic grade, and geodynamic history may allow us
to choose between competing mechanisms. The
resulting improved picture of physical state in turn
should enable refined geodynamic models for this
enigmatic transition zone.

4.1. Pervasive Low Resistivity of the Deep
Crust

[s0] Low resistivity in the deep crust is inferred in
many active extensional regimes [ Haak and Hutton,
1986; Wannamaker and Hohmann, 1991, Jiracek
et al., 1995]. A first-order interpretation for the
crust of the GB-TZ and the CP is given in Figure
10. Here, layered earth conductivity models as
domain averages for the central GB and eastern
GB-TZ are derived following Wannamaker et al.
[1997a] by 1-D inversion of the TM mode inte-
grated impedance from the respective MT profiles
to periods of 1000 s. Wannamaker et al. [1997a]
showed that the integrated MT responses were
incompatible with a very thin deep crustal layer
of equivalent conductance, but implied instead a
distribution over depth. Added to the plot is the
layered model similarly derived from the integrated
CP curve of Figure Al to 1000 s, which does
appear thin. Finally, geotherms estimated from
surface heat flow are plotted, including stretching
in the GB areas [Lachenbruch and Sass, 1978;
Chapman et al., 1981; Bodell and Chapman,
1982]. Depth to top of conductive lower crust
coincides with temperature of ~500°C in all three
regions, affirming that the conductor lies in the
ductile domain in active regimes and that its top is
thermally controlled [Hyndman et al., 1993].

[s1] Even in the active eastern Great Basin where
Moho level temperatures estimated from surface
heat flow may reach 900°C [Lachenbruch and
Sass, 1978], the electrical resistivity of dry silicate
minerals is too high (~1000 ohm-m) to explain
lower crustal values in the tens of ohm-m or less
such as in Figure 10 [Kariya and Shankland,
1983]. This is a widespread phenomenon and low
resistivity mineral boundary phases usually are
invoked, primarily fluids or graphite [Shankland
and Ander, 1983; Hyndman et al., 1993]. In our
study area, both late Proterozoic and Cenozoic
igneous rocks imply deep crustal f(O,) which
was typically near the quartz-fayalite-magnetite
(QFM) buffer, too high for graphite stability at
current estimated temperatures [Christiansen et al.,
1986; Carmichael, 1991; Van Schmus et al., 1993;
Parkinson and Arculus, 1999; John, 2001], leaving
us to prefer a fluid-based cause for low resistivity.

[52] A fluid must be compatible with composition
and state variables (especially temperature) of the
host rocks. The Proterozoic lower crust appears
dominated by intermediate (Great Basin) to mafic
(Colorado Plateau) metaigneous rocks ranging
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Figure 10. Layered earth conductivity profiles and their interpretation in terms of state of fluids/melting for central
Great Basin (CGB), eastern Great Basin and Transition Zone (GB-TZ), and Colorado Plateau interior (CPI).
Electrical properties are plotted as conductivity to emphasize differences in lower crust of the two regions, and
because conductivity is more linearly proportional to content of conductive grain-boundary phases. These are 1-D
inversions of TM mode response integrated along MT profiles for T < 1000 s, which is roughly equivalent to laying
one long bipole the length of the profile and averaging out the effects of upper crustal heterogeneity within its span.
Slightly modified from Wannamaker et al. [1997a] by incorporation of LIMS data to 1000 s, plus inversion of CPI

data in Figure Al.

from deep crustal granulites to amphibolite, with
greenschist facies at middle and higher levels
[Christiansen et al., 1986; Van Schmus et al.,
1993; Wendlandt et al., 1993; Nelson and Harris,
2001; Crowley et al., 2006], similar to deep con-
tinental crust elsewhere [Rudnick and Fountain,
1995]. In such high-grade metamorphic rocks, H,O
activity at 500—600°C must be <1 so any fluid
cannot be nearly pure water [e.g., Yardley and
Valley, 1997]. However, complex multicomponent
solutes can lower a(H,O) markedly and appear
sufficient to stabilize fluids at these conditions
[Aranovich and Newton, 1997, 1998; Wannamaker,
2000]. Such fluids interconnect relatively well
along mineral boundaries in the ductile regime
[Holness, 1996, 1997], and are highly conductive
[Nesbitt, 1993], requiring only small porosities
(<0.5%) to achieve bulk resistivities <10 ohm-m
with efficient pore geometries [Grant and West,
1965; Wannamaker et al., 1997a].

[53] Conductivity mechanisms in the deeper, hotter
portions of the GB conductive layers should differ
from the upper portions [Wannamaker et al.,
1997a]. Toward the base of the GB conductors
(near Moho), temperatures are high enough to
permit H,O-undersaturated melting [ Wannamaker,
1986; Clemens and Watkins, 2001]. Hydrous silicic
melts also interconnect well [Laporte, 1994], but
are not as conductive as hypersaline fluids
[Wannamaker, 1986; Gaillard, 2004] and thus
require porosities of several volume percent to
achieve p <10 ohm-m [Wannamaker et al., 1997a].
The integrated model for the CP points to only a
weak conductive layer near the Moho [Wolf and
Cipar, 1993] in keeping with a thin zone of high-
temperature ionic fluids and no melting (Figure 10).
A value of 500°C for layer top is toward the high
end of the global range, but we view this as
consistent with the dominant metaigneous lithology
of the lower crust [ Wannamaker, 2000].
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[s4] The pronounced lower crustal conductor of the
GB and TZ should stem from underplated and
crystallizing basaltic magmas near the base of the
crust generated by recent and ongoing upper man-
tle melting events. These magmas exchange heat
with the lower crust inducing partial melting, and
release fluids upon crystallization. Several volume
percent of H,O-CO,, highly saline brines typically
are exsolved in this process [Frost et al., 1989;
Wannamaker et al., 1997a], providing abundant
conductive fluid. Under pure shear conditions
without melting, lower crustal fluid release is
unlikely because extension cools the crust as ma-
terial rises in the solid state [McKenzie, 1978],
resorbing fluids. Wannamaker et al. [1997a]
showed that retention of the modest inferred fluid
porosity obeyed fluid percolation models for duc-
tile crustal rocks, provided there was ongoing fluid
replenishment by basaltic underplating in the east-
ern Great Basin over the last 5-10 Ma. Mafic
magma fractionation or remelting/hybridization is a
leading hypothesis for production of distinctive
topaz-bearing rhyolites which are common in the
eastern Great Basin [Christiansen et al., 2007].

[ss] The 2-D deep crustal conductor (Figure 7) of
course shows more complex attributes than a
uniform layer. Depth to the top under most of the
eastern GB and TZ is ~15 km as in the integrated
model, but it deepens to near 25 km at the far
western end toward the more quiescent central GB.
The abrupt dip under the southern extension of the
Wasatch Front may represent a particularly coher-
ent and less extended package of Mineral Range-
Tushar Mountains deep crust. We suggest that the
depth to top of the deep conductor can be used as a
proxy for the 500°C isotherm and represents a
possible boundary condition for thermal modeling
of the Transition Zone. This isotherm should close-
ly parallel the brittle-ductile transition, argued by
some to reflect a permeability boundary or change
in mode of fluid interconnection [e.g., Bailey,
1990; Hyndman et al., 1993; Fournier, 1999].
The lower boundary of the conductor, on the other
hand, may be controlled more by compositional
factors than thermal variations. It may be a natural
basalt accumulation zone arising from melt-host
rock buoyancy considerations, or it could reflect a
decrease in fluid interconnection when passing
from feldspar to olivine dominated lithologies
[Mibe et al., 1998]. The conductor is deepest just
inside the CP from the TZ, implying a resistant
lower crustal keel against the active terrane.

[s6] A primary result of our study is the projection
of conductive, thermally active and fluidized lower
crust characteristic of the modern extensional east-
ern Great Basin eastward to the far end of the
elevated Transition Zone at the Colorado Plateau
interior. Given the slight degree of extension quan-
tifiable at the TZ surface, it is clear that the
vertically nonuniform rift scenario summarized in
Figure 3b is more likely to represent TZ tectonism.
Although a correlation with the rift pillow structure
suggested from active and earthquake-source seis-
mology is not guaranteed, the likelihood of signif-
icant basalt being underplated since end of
Miocene time to supply the fluid is consistent with
the seismic models. This would imply enhanced
mantle upwelling and focused melting below the TZ,
perhaps similar to recent models of volcanic conti-
nental margins [Korenaga et al., 2002; Gernigon et
al., 2006]. Because termination of the lower crustal
conductor against the CP appears to explain the
geomagnetic anomalies of Porath [1971] in that
area, it is intriguing to consider that their similar
anomalies running N-S through central Colorado
(Figure 4) have similar cause. That would be
largely cryptic basaltic underplating of the crust
from enhanced upper mantle melting [Boyd and
Sheehan, 2005], despite little extension at the
surface of the northern Rio Grande Rift.

4.2. Structures of the Brittle Crustal
Regime

[57] Numerous dikelike conductors protrude to-
ward the surface from the deep crustal conductor,
especially in the vicinity of the TZ. An expanded
view of this area is given in Figure 11, which also
shows the model derived using the Rodi-Mackie
inversion code demonstrating similarity of the
main structures. Near the west end of Figure 11
is a west-dipping low-resistivity slab surfacing on
the east side of the Mineral Mountains [Nielson et
al., 1986] just west of the Cove Fort geothermal
resource area [Ross and Moore, 1985]. It connects
to the locally intensified deep crustal conductor
from there west to the Wah Wah Range. This is the
same feature modeled and tested by Wannamaker
et al. [1997b] in analysis of the wideband data
from the Cove Fort area westward. It is interpreted
to be a crustal-scale, fluidized fault zone connecting
magmatic fluids of the lower crust with the mete-
oric regime closer to the surface [Newell et al.,
2005; Crossey et al., 2006]. The conductor surfaces
along the apparent feeder zone for a major Qua-
ternary basalt flow extruded 300 ka [Nelson and
Tingey, 1997] along the Cinder Knoll-Red Knoll
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0
GB-CP Transition Rift Faulting Section

Figure 11.

40 km

Focused view of resistivity structure of the Transition Zone highlighting steep conductive “fault zone”

structure interpreted within and near Transition Zone. These zones probably are conductive due to fluids, but perhaps
also somewhat to fluid-remobilized carbonaceous material (graphite). Landmarks include Mineral Range (MN),
Cinder Knoll (ck), Cove Fort (cf), Tushar Mountains (TS), Sevier Valley (sv), Paunsagunt fault zone (pa) of Grass
Valley, Fish Lake (fl) graben, and Thousand Lake Mountain (tl). This inversion is similar to Figure 8 except that we
allowed TM mode data to 150 s to resolve uppermost mantle in this area. Also, we compare results from our 2-D
inversion code (top) with that of Rodi and Mackie [2001] to demonstrate robustness of the main structures. Note color
scale is adjusted slightly from Figure 8. Added to the top panel are the A and B quality earthquake epicenters of
Arabasz et al. [2007] for a 25 km wide swath along our profile.

area. It may provide the elevated magmatic He’
concentrations in the Cove Fort thermal waters
[Kennedy and van Soest, 2006, 2007], although
the precise shallow hydrology is obscure.

[ss] The effect of such features on MT data is
primarily in the TM mode, in particular causing
abrupt lateral transitions in ¢y, even at longer
periods (10—100 s). Such a step is visible in the
TM pseudosections of Figure 5 and is reproduced
well by the predicted model responses (Figure 7).
The crustal-scale, steep conducting elements con-
nect electrical currents induced in conductive upper
crustal zones such as the grabens or older sedi-
mentary sections, with the large-scale lower crustal
conductor. They have shown up in numerous prior
MT surveys [e.g., Park et al., 1991; Wannamaker

et al., 1991, 2002], and a significant increase in
misfit is generated if the conductive elements are
deliberately disconnected in test inversion runs.
Wannamaker et al. [1997b] plotted several sound-
ings spanning the Cinder Knoll-Cove Fort conduc-
tor showing in detail the abrupt response behavior
and the increased data misfit when broken. Perhaps
a companion conductor is that which comes up
under Wah Wah Valley, thus bounding a coherent
segment of the upper crust from the Mineral Range
through the San Francisco Range (Figure 7).

[s9] Several high-angle conductive planes dip con-
centrically inward toward the central TZ and con-
nect with the lower crustal conductive layer at that
location (Figure 11). These features fit similar
abrupt behavior in ¢, at middle periods. Given
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that incipient active extension is taking place in the
TZ, we include interpretive normal faulting vectors
with the presumed fluidized fault planes although
the degree of slip is most likely small. The clearest
plane in the TZ is that dipping steeply up to the
west and connecting to the floor of N-S trending
Sevier Valley. It is associated with the largest step
in @y, in the central TZ, and in fact a narrow phase
high is seen extending from middle to short periods
under the valley. Along strike ~20 km to the north
lies the Monroe-Joseph Hot Springs system [Kilty
et al., 1979], although we are not aware of sam-
pling for He® there. Surface dip of the Sevier
rangefront fault is westward [Stokes, 1986]; we
suggest it may be antithetic to the crustal zone we
have imaged. The steep conductor does not connect
to recently described intense alunite alteration of the
Whitehorse mine ~3 km to the east [Rockwell et al.,
2006], which generates a narrow band of low pyx
(Figure 5) but does not imply structure to depth.
Another steep conductor appears to connect with the
base of the Fish Lake graben, and the easternmost
plane surfaces near the base of the eastern topo-
graphic scarp of the TZ just east of the Fremont/
Thousand Lake fault zone [Bailey et al., 2007,
Schelling et al., 2007].

[¢o] The nested geometry of the interpreted fault
zones resembles synthetic normal detachments
formed in continuum deformation models by Nagel
and Buck [2004, 2007]. The modeling pertained to
early stages of continental margin formation where
rifting is symmetric but may be highly nonuniform
vertically, with much greater extension in the
uppermost mantle than in most of the crust [Davis
and Kuznir, 2004; Kuznir et al., 2005]. Such rifting
occurs in a three-layer rheological geometry with
relatively strong, brittle upper crust on a low-
viscosity (weak) deeper crustal channel, all under-
lain by a stronger subdomain of mainly the upper
mantle (the “jelly sandwich™ strength model,
reviewed by Thatcher and Pollitz [2008]). A cor-
relation of stronger brittle crust with high resistiv-
ity is borne out by observed seismicity along our
transect, which we have added to Figure 11. Where
brittle upper crust overlies a deeply extending
subdomain of low viscosity, normal faults instead
tend to alternate in dip and strongly asymmetric
deformation develops [Nagel and Buck, 2004,
2007]. As a zone of intense magmatic intrusion
and hydrothermal fluid release, the deep crustal
conductor of Figure 11 may represent the “jelly,”
consistent with possible enhanced mantle upwell-
ing and fusion enabled by nonuniform extension

versus depth. The domains of greatest fluid con-
centration will be those most prone to diffusion
creep rheology in the dominantly feldspathic li-
thology, making for a very weak deep crust [Tullis
et al., 1996]. The uppermost mantle, and perhaps
crystallized mafic underplate, would be stronger
due to mafic/ultramafic mineralogy and its melt
and H,O depleted state.

[e1] At the western end of the profile, the models
of Figures 7 and 8 show two quasi-horizontal
bodies of lower resistivity in the upper crust under
the Wah Wah and Mountain Home Ranges. These
are the regularized inversion equivalents of graph-
itized Paleozoic sediments interpreted to be under-
thrust beneath the Canyon Range and Pavant
overthrust sheets of the Sevier orogenic era, as
forward modeled by Wannamaker et al. [1997b].
They are distinct from the other upper crustal
conductors in that they do not clearly connect to the
regional low resistivity of the lower crust. In partic-
ular, the western package is resolved into two close
pieces and separated by a prominent resistor between
Mountain Home Range and Pine Valley from the
Wah Wah conductor, as shown by Wannamaker et
al. [1997b]. Possibly, a more finely discretized
inversion emphasizing just the western district
shorter-period data could simulate more of the
details of the earlier forward modeling effort.

4.3. Physical State of the Upper Mantle

From Resistivity

[62] Our interpretation of the state of the Great
Basin—Colorado Plateau upper mantle from its
resistivity including possible anisotropy is summa-
rized in Figure 12, also incorporating the main
crustal features just discussed. Upper mantle resis-
tivities in the east-west direction under the eastern
Great Basin in the 75—175 km depth range are of
order 100 ohm-m (Figure 7). With oxidation state
not far from QFM [Christiansen et al., 1986; Wood
and Virgo, 1989; John, 2001; McCammon, 2005],
these are compatible with dry olivine-dominated
mineralogy at T =~ 1400°C [Duba and Constable,
1993; Constable, 2006]. A temperature of 1400°C
is within the accepted global range of the average
current mantle adiabat (ACMA, T, ~ 1350°C), and
argued to be the prevailing temperature profile for
the GB and deeper CP on the basis of regional P-
and S-wave tomography [Goes and van der Lee,
2002; Kelley et al., 2006; Herzberg et al., 2007].
Hence, despite the inference from presence of the
lower crustal conductor of melt generated in the
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Figure 12. Schematic interpretation of physical state and terrane geometry across the Great Basin—Colorado
Plateau transition emphasizing tectonics of the present day. A thick, competent CP lithosphere has persisted to the
east since Precambrian time. Across an abrupt transition toward the Great Basin, concentrated mantle upwelling
engenders fusion and melt focusing in N-S trending fissures toward the Moho. Basaltic melt ponding in lowermost
crust induces crustal partial melting, exchange of heat, and exsolution of solute-rich magmatic fluids. Weakened
lower crust may tend to flow westward to make space, and provide a boundary condition for nested detachment
formation across the brittle upper half of the crust. Underlying the Tushar Mountains may be a remnant of Yavapai
lower crust of an elongate N-S segment of Pioche-Marysvale plutonic rocks, locally impeding the flow process.
Depending on style of interaction with deep east-moving asthenosphere, peridotite source may cycle through the melt
zone plating residuum against CP keel, or upwell more symmetrically under the TZ.

upper mantle, there appears to be effectively no  Kendall, 1994] and alignment of young volcanics
melt interconnection in the east-west direction. fed by asthenospheric upwelling [Nelson and
) . . Tingey, 1997] (Figure 2e¢). Melt focusing planes
[e3] Inverting the nominal TE mode data required aregn)(;rmal tg) (dir%ctions )of maximum e%(tgnsion
care because of the need to curtail finite strike [Holtzman et al., 2003; Spiegelman, 2003], and
effects, but we believe the data point firmly to with appropriate.,non-Néwf()) niga 0 rhec’)logy ca’m be
lower N-S resistivity in the GB upper mantle even . . e

. . . steeply oriented along strike of the rifting and
if precise depth and. contrast are more e!uswe. focus toward a central axis [Katz et al., 2006]. In
The lower N-8 resistivity suggests significant Figure 12 we refer to this region as asthenosphere,

interconnected melt in that direction, consistent realizine that it mav be a region of both upwelled
with north-south SKS fast trends in western Utah . e Y &l pwWe
juvenile mantle and old lithosphere partially

[Sheehan et al., 1997, Walker et al., 2004; cf.
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melted. Additionally, steep melt sheeting may be
induced by simple shear stresses on the margins of
diapiric, partially melted upwellings [Holtzman
and Kohlstedt, 2007], such as could be the case
especially along the TZ-CP boundary.

[64] Alternate conduction mechanisms such as hy-
dration of aligned olivine have been proposed to
Karato, 1990; Lizarralde et al., 1995; Evans et al.,
2005; Wannamaker, 2005]. However, recent lab
data demonstrate that initial assumptions about
hydrous solid state charge carriers are incorrect,
and uncertainties exist about feasible measurement
temperatures and grain boundary water effects [Poe
et al., 2005; Yoshino et al., 2006, 2008; Wang et
al., 2006]; these issues make this mechanism a less
likely explanation in our view. Therefore, since
either north-south aligned olivine a axes or melt
fissuring could induce north-south SKS fast
directions [Kendall, 1994; Vauchez et al., 2000;
Holtzman et al., 2003; Katz et al., 2006], resis-
tivity anisotropy may be reducing geophysical
ambiguity and arguing for melt to at least con-
tribute. TE mode MT responses tend to be
broader laterally than TM, and increased east-
west aperture to our transect would be especially
useful in bounding the western margin of the
deep anisotropy, as well as possible increases in
deep conductivity to the far east associated with
the northern Rio Grande Rift extension. To
resolve north-south properties better in the upper
75 km or so under the eastern GB-TZ, 3-D MT
coverage would be necessary.

[6s] In more detail in Figures 7 and 8, the most
pronounced stretches of low resistivity in the deep
crust are under the easternmost Great Basin (Wah
Wabh to Mineral Ranges) and the TZ (Sevier Valley
to Thousand Late Mountain). These appear directly
underlain by relatively high upper mantle resistiv-
ity in the east-west direction, but low resistivity in
the north-south directions in corresponding areas.
The east-west high resistivity thus located suggests
melt depletion of the upper mantle source regions
to supply the underplating of the lower crust,
leaving a more refractory and drained mantle state
on the mineral grain scale. Presumably there are
still aligned melt fissures in this volume preserving
the low north-south resistivity. This is conjectural,
and it would be worth extended MT profiling
westward across the Great Basin to see if correla-
tion between anisotropic upper mantle and rela-
tively intense underplating is consistent.

[e6] If T = 1400—1450°C in the 100—250 km
depth interval based on the E-W resistivity values

above is plausible, then the deeply extending, low
N-S resistivity in the upper mantle of the GB and
TZ probably represents a hydrous alkalic melt of
lowered melting point [cf. Bureau and Keppler,
1999; Asimow et al., 2004]. Less likely would be
dry melt in a high-temperature upwelling (plume
material) with T, significantly greater than ACMA
(1600°C at 200 km) [White and McKenzie, 1989].
Deep fluids and alkalis could derive from former
oceanic crust of the foundered Farallon plate
[Humphreys et al., 2003; Smith et al., 2004; Usui
etal.,2006] or be residual to Precambrian lithospheric
formation [Thompson et al., 1997; Wannamaker et al.,
2000].

[67] Estimates of effective melt fraction in the N-S
direction of the upper mantle depend on intercon-
nection geometry plus the temperature and com-
position of the melt phase. An end-member texture
of steep melt sheets is highly efficient so that bulk
conductivity is just the product of melt conductiv-
ity and porosity ignoring the solid state olivine
[Grant and West, 1965]. At ~1400°C, an alkaline
melt may be only ~0.04 ohm-m [Roberts and
Tyburczy, 1999], and probably even less with
dissolved water. Thus bulk resistivity of 5 ohm-m
could result from porosity well under 1%. Howev-
er, this is a minimal porosity based on adopting the
smooth model of Figure 8 and assuming that
porosity is not tortuous. We do not attempt to
interpret porosity within the MELTS model frame-
work [Roberts and Tyburczy, 1999; Park, 2004]
due to uncertainty in abundance of alkali-rich and
other incompatible components [Wannamaker et
al., 2000].

[68] A resistive Colorado Plateau upper mantle
extends to depths of ~150 km and is a downward
continuation of its tectonically inactive lithosphere
from what was imaged for the crust. Values of
300—500 ohm-m in places are too high to reflect
ACMA temperatures even in dry lithology, and so
a relatively cool CP lithosphere is implied. Upper-
most mantle earthquakes described by Wong and
Chapman [1990], though rare, are no surprise in
light of this. However, it is counter to some
inferences that the CP lithosphere thickness is well
under 100 km [e.g., Lastowka et al., 2001] or that a
mobile lower crust flowed eastward beneath the CP
from the GB in middle to late Cenozoic time
[McQuarrie and Chase, 2000]. The greatest thick-
ness is adjacent to the TZ, again depicting a keel-
like geometry as with the crust. The geometry is
compatible also with the presence of rare lamproite
magma emplaced during the early Miocene transi-

24 of 38



i Geochemistry 3
" Geophysics ( I
_ ' Geosystems \

WANNAMAKER ET AL.. GREAT BASIN TRANSITION RIFTING

10.1029/2007GC001886

tion from calc-alkaline plutonism to Great Basin
extension, magma that has been interpreted to
originate in highly metasomatized upper mantle
at such depths [Wannamaker et al., 2000]. Unfor-
tunately, it is difficult to constrain lithospheric
depth extent toward the Colorado border at the
edge of the MT data coverage.

4.4. Controls on the Locus of the GB-CP

Transition Zone

[e9] Although each major tectonic event along the
TZ since Precambrian time will have conditioned it
for future deformation, we view the ultimate con-
trol on Transition Zone activity as lying with the
Mojave-Yavapai suturing which runs roughly
along the same trend. The Mojave lithosphere
despite being older than the Yavapai appears to
have been rheologically weaker and accommoda-
tive for the Late Proterozoic rifting which defined
western North America and the Cordilleran Hinge-
line [Lee et al., 2001; Nelson and Harris, 2001].
This is attributed to the Mojave upper mantle
retaining a greater state of melt fertility (less
refractory) and its lower crust being more siliceous
compared to the Yavapai. Subsequently, orogenic
collapse with disappearance of the Farallon plate
and formation of the San Andreas transtensional
system concentrated Great Basin extension in for-
mer Mojave lithosphere up to, and at depth within,
the GB-CP Transition Zone.

[70] The three occurrences of Precambrian base-
ment rocks along the Transition Zone in Utah lie
essentially at its western margin, the Wasatch Front
[Nelson et al., 2002]. Curiously, their isotopic
compositions all are interpreted to reflect formation
or cratonization ages of ~1700 Ma, which is close
to that of the Yavapai province. While three is not a
large sample number, we suggest that the upper
portions of TZ basement may be mostly Yavapai
while the lower may be more Mojave (Figure 12).
The former terrane could have been placed north-
westward over the latter in regional overthrusting
during Proterozoic assembly, shortly after 1700 Ma
[Nelson et al., 2002]. Such a thrust vergence has
been interpreted from field relations for suturing of
Yavapai terrane to the Wyoming craton to the
northeast [Sims and Stein, 2003]. The geometry
may contribute to a cryptic mobilization of weaker
lower crust beneath more competent upper crust in
the TZ. Thus, we interpret strength variations as
being the primary control on the nature of GB-CP
transition deformation, with important modulating

forces perhaps associated with early Pliocene
Pacific Ocean plate reorganizations [cf. Wernicke
and Snow, 1998; Sonder and Jones, 1999;
Hammond and Thatcher, 2004; Flesch et al.,
2007].

[71] The intensity of the lower crustal conductor
under the Transition Zone, plus the high heat flow
and other thermal indicators, implies concentrated
magmatic input not evident in the deformation
immediately above. This points to nonuniform
extension versus depth, bringing up the question
of accommodation space for enhanced rifting.
Since a master simple shear detachment at the
surface [Wernicke, 1985] has remained difficult to
identify, nonuniform deformation may be utilizing
shear zones cryptic to the surface and lying sub-
horizontal deep in the crust. Flow of weakened
lower crust of the TZ westward toward the GB may
be one manifestation of this, similar to the lower
crustal “occlusion” model of Wernicke [1992]. The
deeper root of the western Tushar Mountains may
require some out-of-plane flow component. Con-
centrated magmatism below the TZ could signify
mantle buoyancy and dynamic upwelling to help
elevate the Transition Zone.

4.5. Comparison With Southern Sierra
Nevada and Western Great Basin

[72] Vertically nonuniform extension largely cryp-
tic to the surface also has been interpreted under
and immediately east of the southern Sierra Nevada
of eastern California [Wernicke et al., 1996; Jones
et al., 2004]. Lower crustal flow eastward to the
California Basin and Range plus buoyant upper
mantle support of the elevated Sierra are inferred
on the basis of a nearly flat seismic Moho depth
and from low upper mantle seismic velocities and
low electrical resistivities [Jones et al., 1994; Park
et al., 1996], perhaps exploiting ancestral compres-
sional fabrics [Jones and Phinney, 1998]. Destruc-
tion or delamination of prior upper mantle in the
Pliocene coincident with potassic mafic magma-
tism, westward encroachment of extension, and
Sierran uplift mark establishment of the buoyancy,
representing probable partial melt and depletion of
dense garnet [Ducea and Saleeby, 1998; Farmer et
al., 2002; Jones et al., 2004]. Possible remnants of
old lithosphere under the west margin of the Sierra
have been imaged teleseismically and with MT
[Zandt, 2003; Park, 2004]. The Sierran situation
resembles that of the GB-CP transition in exhibit-
ing distinctly later activity relative to Great Basin
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proper (earliest Pliocene in our case) including
uplift and a migrated phase of younger rifting,
replacement or destruction of mantle lithosphere
through upwelling and melting, a resistive litho-
sphere inboard of the extensional zone, and possi-
ble lower crustal flow toward the previously
extended domain perhaps exploiting early fabric
(Yavapai-Mojave suture for us).

[73] Several subvertical, crustal-scale conductors
connecting to conductive lower crust also were
imaged in the California Basin and Range by Park
and Wernicke [2003], and interpreted to be major
strike-slip fault zones. Strike slip motion is not
implied in the zones we have imaged in Figure 11,
just probable fluid egress from deep crustal magma
degassing and possible mixing with meteoric
waters. Three major, steep conductive fault zones
connecting to inferred active basaltic magma
underplating also were imaged in a 350 km long,
wideband MT transect across the northwestern
Great Basin by Wannamaker et al. [2006a,
2006b]. The central of these connects with the
Dixie Valley high-temperature geothermal system,
which exhibits an anomaly in mantle He® indica-
tive of recent magmatic input [Kennedy and van
Soest, 2006, 2007]. Situated in the Central Nevada
Seismic Belt [Niemi et al., 2004; Hammond and
Thatcher, 2005], this steep trend is taken to repre-
sent a fundamental fluidized damage zone from
repeated earthquakes including several historic
events of M > 7 [Niemi et al., 2004; Hammond
and Thatcher, 2005; Hammond, 2005]. A second
under central Nevada subcrops at the newly recog-
nized McGinniss Hills geothermal area [Coolbaugh
etal.,2005a,2005b] while the third to the west is not
yet identifiable at the surface. That conductor, with
its pronounced westward dip, may exploit earlier
Mesozoic thrust fabric [Wyid, 2002].

5. Conclusions

[74] Wide-aperture, well-sampled, broadband MT
data sets have a unique potential to provide views
of extensional geodynamic processes over many
length scales, from 100 km in upper mantle melt
source regions to 10 km at Moho levels where
basaltic melts are ponded, emit fluids and reduce
crustal viscosity, to 1 km where the upper half of
the crust is taken apart during rifting. In the Great
Basin—Colorado Plateau transition in Utah, weak
extension at the surface masks intensive magmatic
underplating and fluid exsolution in the lower
crust, every bit as pronounced as the more obvi-

ously active eastern GB. However, surface indica-
tions imply that onset of activity in the Transition
Zone is later than the Great Basin proper, occurring
mainly since end of the Miocene. Crustal-scale
faulting patterns in the TZ are reminiscent of
nested detachments modeled to form in the “jelly
sandwich” model of crustal rheology, where the
magmatically fluidized lower crust is the weak
layer. In concert with other studies in the Great
Basin, steep crustal-scale faults connect a deep,
dominantly magmatic fluid regime with the mete-
oric zone of the upper crust.

[75] The termination of high-conductance lower
crust against the competent CP lithosphere appears
sufficient to explain the anomalies in magneto-
variational data of Porath, Gough, and coworkers,
thus resolving a long-standing ambiguity as to
whether their anomalies had a Moho-level or a
deep upper mantle origin. The upper mantle below
the Great Basin probably has an effective anisot-
ropy with the N-S direction being up to 10 times
more conductive than the E-W. With likely ACMA
temperatures, the physical model depicted is one of
depleted, melt-disconnected peridotite in its E-W
fabric, but with steep melt fissuring directed N-S.
Additional transect coverage of the GB westward is
advocated to confirm that, but it is in keeping with
shear wave splitting directions and extensional
melting models. The boundary to the CP on the
east side of the transition is abrupt, with a resistant
CP keel manifest in both the deep crust and mantle
lithosphere to ~150 km depth. This likely repre-
sents the edge of a suture zone dating to the middle
Proterozoic which has determined the shape of
tectonism since. Strength variations control the
style of deformation across the transition, modu-
lated by various possible forces from the plate
boundary, gravitational potential energy, basal trac-
tion and dynamic mantle upwelling. Specifically, a
crustal-scale overthrust geometry of harder Yava-
pai rocks over weaker, tectonized Mojave rocks
may contribute to the cryptic nature of activity
under the Transition Zone. Nevertheless, along-
strike changes in lower crustal strength exist under
the TZ as evident in the persistence of the Pioche-
Marysvale belt effect there.

[76] Large MT data sets over repeatedly deformed
terrains also present a challenge for implementing
resistivity models of appropriate dimensionality (2-D
versus 3-D) and material properties (isotropic ver-
sus anisotropic). The evident finite strike effects of
the conductive Great Basin alluvial grabens are just
one factor tempering use of the TE mode in 2-D

26 of 38



i Geochemistry 3
" Geophysics ( I
_ ' Geosystems \

WANNAMAKER ET AL.. GREAT BASIN TRANSITION RIFTING

10.1029/2007GC001886

modeling, and even a small amount of offline MT
data was valuable in establishing a structural
framework within which to optimize 2-D model-
ing. We believe it has been safer to start with
inversion of nominal TM mode data to build a
sectional resistivity model, as this accommodates
abrupt response behavior when crossing resistivity
boundaries and recovers larger scale averages of
resistivity well when spanning the anomalies.
Broad-scale comparisons between the modes, in
light of known or probable changes in lithospheric
architecture and tectonic activity, can help one to
bracket 3-D influences and reveal the most robust
structures. Nevertheless, 3-D data coverage and
modeling ultimately will be needed to improve
resolution and reduce ambiguity of certain elements.

Appendix A: Effect of the Pioche-
Marysvale Plutonic Belt

[77] Justifying the basis for using a 2-D interpre-
tation approach is a major component of MT
transect studies. We place the analysis of an ap-
parent important cross-line structure in this appen-
dix to preserve flow of the main text regarding
final cross sections and their tectonic inferences.

Al. Regional Integrated Impedance

Soundings

[7s] Broadscale averages of the impedance re-
sponse can provide insight to the influence of
structures with scales comparable to transect length
and guide the modeling approach. To distinguish
average characteristics of the GB-TZ and CP
responses, we plot in Figure Al the integrated
impedance soundings derived from the ensembles
of sites to the west and to the east of Thousand
Lake Mountain, where the lower crustal GB-TZ
conductor appears to terminate. For the TM mode,
such an integration of the impedance yields a
single response curve equivalent to an E-field
bipole the entire width of the integration
(~200 km each in this case) [Torres-Verdin and
Bostick, 1992; Wannamaker et al., 1997a]. This
effectively suppresses the influence of crustal struc-
tures with characteristic width less than that of the
integration. Such suppression of heterogeneity is not
guaranteed theoretically for the TE mode, but its
integrated responses will be revealing also.

[79] The eastern GB-TZ integrated responses in
Figure Al show two main features. First, py, and
pxy are nearly isotropic from the short periods to
~1 s; no static shift adjustment was made to either

curve. The short-period value ~80 ohm-m is
similar to that derived for the central GB of
northeastern Nevada [Wannamaker et al., 1997a],
and appears characteristic of the upper ~5 km of
the miogeoclinal Phanerozoic sedimentary section
of the Great Basin with intermixed Cenozoic intru-
sives. Second, beyond ~1 s we have py, > pyx
increasingly, to a factor of ~4.5 for T > 1000 s. In
relation, @, falls below ¢ for 1 <T <1000 s before
returning to values close to ¢y, for T > 1000 s. The
behavior was pointed out with the ensemble of
soundings over the GB-TZ span in Figure 5 and
appears to extend westward at least to the Nevada
border.

[s0] In section A2, we show from long-period MT
stations off-transect that this p, and ¢ divergence
likely results from the relatively resistive, narrow
E-W Pioche-Marysvale plutonic belt underlying
our profile (Figures 2d and A2). Thereby the N-S
electric field becomes inflated toward longer peri-
ods causing the two p, curves to split, reaching a
nearly static limit by ~1000 s. We further argue
that its effect on the TM response should be
minimal. This allows a 2-D inversion emphasizing
the TM mode together with long-period TE phase
and vertical H-field, as elaborated in the main text.

[s1] The integrated responses of the CP sites also
are isotropic in the upper period range (Figure Al).
Absent is the pronounced divergence of p,, over
pyx toward T > 1000 s seen in the GB data; its lack
commences in the MT stations almost immediately
east of Thousand Lake Mountain (Figure 5), con-
firming that the GB-TZ broad anisotropy is caused
by a narrow E-W structure there. A slight drop in
pyx and peak in @y, near T = 100 s on the CP
curves suggest a weak conductor near its Moho.
We do not see such in py, and @, but modeling in
the main text showed that its TE response merges
with the larger mode divergence beyond 300 s. As
noted with Figure 5, inversions will imply that this
large anomaly primarily reflects influence of the
conductive lower crust of the GB and TZ laterally,
and of more conductive GB-TZ upper mantle in the
N-S direction.

A2. East-West Trending Pioche-
Marysvale Belt and Two-Dimensional MT

Interpretation

[s2] A systematic inflation of py, relative to py, for
T in the 1-1000 s period range, accompanied by
Pxy < @y Over similar periods, is characteristic of
the entire GB-TZ profile segment, but not the CP
segment (Figure Al). To identify the cause of the
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Figure Al. Integrated impedance sounding curves
from the data of Figure 5 over the two distinct tectonic
divisions of the study area, the Great Basin—Transition
Zone (top) and the Colorado Plateau interior (bottom)
divided at Thousand Lake Mountain. Error bar heights
are two standard deviations. Computed curves in the
GB-TZ panel are the integrated TM (red) and TE (blue)
responses of the TM mode inversion of Figure 7.
Similarly good fits to the TM data were obtained in the
TM inversions of Figure A2. Computed py, fitting the
inflated integrated py, (green) is from 2-D inversion of
the xy data across sites MS-WW-BC over the Pioche
Marysvale belt (Figure A2).

effect and a way forward for 2-D inversion, four
long-period MT stations were taken off-transect in
the eastern GB. Two are ~50 km to the north in the
Barn Hills and northern Cricket Range, and two are
~50 km to the south off the Wah Wah Range
(Mountain Spring) and in Long Hollow (Figure 1).
With the data of the main transect, these constitute
two, three-station profiles ~100 km long running
N-S separated by ~50 km east-west. The southerly
sites lie south of the Blue Ribbon transverse zone
and the northerly ones lie north of the Cove Fort
zone [Rowley et al., 1998].

[83] Site pseudosections of impedance phases and
Re(K,,) for these sites appear in Figure A2.
Apparent resistivities are not plotted because sub-
stantial site-site static offsets obscure the pertinent
relative variations between stations, but we will
introduce p, to the inversion via the integrated
impedance. For Re(K,,), values of the main line
are those at the yearlong site in the central Wah
Wah Range (WW, west) and the LIMS site on the

west side of the Mineral Range (MN, east). For ¢,
and ¢y, values of the main line are those of the
integrated impedance curves of Figure Al in order
to avoid residual local site complications in the
impedance.

[s4] In viewing these results, we essentially have
turned the mode identification sideways from that
of the main transect. Because they pertain to the
E-field directed E-W along the Pioche-Marysvale
belt, pyx and @y, are analyzed as TE mode while
Pxy and @y, are analyzed as TM. This is viable
because we are considering band-limited quantities
not prone to substantial static effects over the finite
frequency range of the Pioche-Marysvale belt. For
both profiles, ¢y« shows a smooth transition from
lesser peak values in the south to higher peak
values in the north in the 20—-300 s period range.
This is suggestive of a straightforward gradient in
the conductance of the lower crustal conductor
over this distance as far as the TM mode data are
concerned.

[ss] However, the integrated impedance ¢y, shows
a distinct pinchout at the central sites of each
profile (WW, MN). This corresponds to the infla-
tion of py, over the 1-1000 s period range de-
scribed previously with the main transect, a relative
inflation not occurring in the py, curves of the
southern (LH, MS) or northern (CR, BC) stations
(not plotted). It suggests a local, E-W trending
crustal resistor under the central sites boosting
the N-S electric fields, as suspected. The anomalous
behavior of ¢, at the northern sites is quite strong,
denoting an E-field dropping to such small values
that minor 3D or anisotropic structure may be
imposing some instability there [cf. Wannamaker,
1999, 2005]. Nevertheless, these sites obviously lie
on the conductive side of an E-W boundary. The
longer-period negative anomaly in Re(K,,) under
the western end of the transect (Figure 5) appears,
on the basis of the western three-site profile, to be
local to the transect.

[ss] Figure A2 shows 2-D inversions of the short
profiles using the same a priori model as for the
main transect. To provide apparent resistivity con-
trol, the integrated py, and pyy of Figure Al were
applied to the central sites MN and WW. Our
purposes in the inversion are narrow and we do
not promote many model details. We wish simply
to establish a cause for the broadscale anisotropy
which we believe lies in the crust, and evaluate its
basic ramifications for TM mode inversion of the
main transect and for inclusion of select portions of
the transect TE responses. Included periods are
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Figure A2. Observed and modeled impedance phase and vertical H-field responses for two three-site profiles
running N-S across our main MT transect of Figure 1. North remains the x axis while y is east. The top set of panels
pertains to the eastern short profile, while the bottom set pertains to the western profile. Model panels from left to
right are a priori and starting 1-D section, TE only inversion of pyy and ¢y, and joint inversion emphasizing the TM
mode responses (q)xy, downweighted pyy, @y, and Re(K,y)). Black arrow heads denote long-period limit of data
allowed into inversion for each profile. Sites are labeled Long Hollow (LH), Mineral Range (MN), Cricket Range
(CR), Mountain Spring (MS), Wah Wah Mountains (WW), and Barn Canyon (BC). The Blue Ribbon and Cove Fort
transverse zones are BR and CF.

<1500 s for the eastern profile and <2000 s for the =~ beyond the Moho because profile aperture is only
western to ensure minimal sideswipe by the tran-  ~100 km.

sition to the Colorado Plateau under Thousand
Lake Mountain, although we show calculations to
3000 s to illustrate overall response of the crustal
structures. We do not plot models to depths much

[s7] Inversions of ¢y, only (TE mode in this
orientation) with integrated py, control show that
the Pioche-Marysvale belt probably does not seri-

29 of 38



r ~3 Geochemistry 3
" Geophysics ( |
_ . Geosystems \

WANNAMAKER ET AL.. GREAT BASIN TRANSITION RIFTING

10.1029/2007GC001886

ously bias the TM inversions of the main profile
(Figure A2). Good fits were obtained to the phases
and to integrated p,, at MN and WW, which fell to
~18 ohm-m at T = 2000 s (Figure Al). The
sections show a laterally smooth lower crustal
conductor with similar conductance across south
to north, or perhaps somewhat more conductive to
the north under the more-extended Sevier Desert.
Conductances are similar to those across the GB-
TZ in the TM mode transect inversion of Figure 7.
In part, the higher phase ¢, in the north is
simulated by creating high contrast between upper
and lower crust, rather than a mere decrease in
deep resistivity from the a priori 1-D values.
Further resolution would benefit from parallel
MT station profiling to the north across the amag-
matic lithology to constrain its crustal resistivity
section. Long-period K,, is subdued across the
eastern three-site profile in agreement with a quasi
1-D lower crust. The compact anomaly in K,
under the Wah Wah site is not simulated in this
inversion, indicating a local abrupt boundary that
does not obviously influence the yx data response.

[ss] TM mode inversion of py, and ¢y, in Figure A2
reveals a compact crustal scale resistor under
each line below and slightly south of the central
sites MN and WW. We allowed pyx, @y and
Re(K,,) data downweighted by a factor of four
relative to TM to improve resolution utilizing E-W
current flow. The pinchout in ¢,, under the central
sites is reproduced well and py, reaches ~80 ohm-
m near 1000 s (Figure Al). This is in contrast to
computed py, from the transect TM inversion of
Figure 7, which dips below 20 ohm-m like the TM
before sensing resistive upper mantle (Figure Al).
Anomalous phase due to the resistor appears to fall
below 2—-3° relative to surroundings, representing
its near-static limit. The fit of Re(K,,) under site
WW of the western line is much improved by
formation of the sharp lateral transition of the
inversion model to high conductivity under Barn
Canyon. The fit to py and ¢, is qualitatively good
and could be improved by upweighting its influ-
ence; such models show even tighter lateral bounds
on the resolved crustal resistor although the fit to
Pxy and @y, is degraded somewhat. This suggests to
us that subsidiary E-W shears to the Cove Fort and
Blue Ribbon lineaments may exist within the
Pioche-Marysvale plutonics to further diminish its
effect upon pyx and @y, but still allow high py,.
These are rife in geological mapping of the region
[e.g., Nielson et al., 1986] and the transverse zones
themselves have widths up to 25 km [Rowley,
1998]. Low computed Re(K,,) is achieved for the

eastern model by keeping lower crustal conduc-
tance nearly equal under the flanking sites LH and
CR.

[s9] To conclude, the broad anisotropy in p, across
the GB and TZ developing over the 1-1000 s
period range can be explained by an E-W, crustal-
scale strip of high resistivity only a few tens of
kilometers wide. On geological grounds, we cor-
relate it with the plutonic Pioche-Marysvale belt
bounded on the north and south by the Cove Fort
and Blue Ribbon transverse zones. Its narrow N-S
extent explains the lack of similar anisotropy in the
CP. The resistive Pioche-Marysvale belt locally
disrupts the N-S electric field over the GB and
TZ segment preventing straightforward joint inver-
sion of the TM and TE responses. However,
overall N-S current flow is not strongly affected
as implied by the TM-K,, inversion discussed in
the main text. Because its effect is band-limited
primarily to T < 1000 s, longer-period ¢y, should
be dominated by upper mantle structure and thus
can be used to help resolve N-S directed resistivity
there in inversion of the main transect. The narrow
resistor appears to have a very limited effect on pyy
and ¢y, or may effectively be less resistive E-W
due to subsidiary shearing. Thus 2-D TM inversion
of the main profile should yield a reasonably
accurate cross section provided one accepts that
the deep crustal properties will be a N-S average
over a swath of several tens of kilometer width.
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