
3 REGIONAL TECTONIC MODEL

Yucca Mountain can be placed into a regional scenario of continental scale extensional deformation that
first involves a form of core complex (regional low-angle) extension, which then evolves into a wide rift
style (deep planar faults) (Buck 1991) as heat flux into the middle and upper crust decreases and regional
depth to effective brittle-ductile transition increases (Figure 3-1). The linked listric fault pattern of Yucca
Mountain formed during a core complex phase of regional deformation [Middle to Late Miocene (14 -
5 million years ago)] and has been little affected by the wide rift style of deformation that has
predominated regionally over the last 5 million years. Fortymile Wash is, however, on trend with a major
basin and range bounding fault, and this area may be influenced by deformation associated with a deep
planar fault.

3.1 MODELS OF LOW-ANGLE EXTENSIONAL DETACHMENT
Alternative conceptual models of low-angle detachment faulting (Figure 3-2) vary primarily in

distribution of shear strain below the brittle part of the middle and upper crust (Lister et al., 1991).
Deformation by faulting in the shallow, brittle crust is similar between models. The general model
proposed by Wernicke (1985) seems most appropriate to explain the Late Tertiary tectonic evolution of
the Yucca Mountain region. Regional hangingwall deformation is by distributed simple shear, while large
magnitude extension is accomplished by slip along a uniformly dipping, fairly discrete, low-angle fault
surface (Figure 3-3). An important feature of this model is the amount of uplift experienced by the core
complex region of the detachment system. These regions are uplifted isostatically due to thinning of
mantle lithosphere with respect to mantle asthenosphere, perhaps with some contribution from thermal
expansion (Royden and Keen, 1980). Uplift of the core complex essentially isolates the imbricate fault
system on the breakaway side of the uplift (Figures 3-3 and 3-4), and movement on the uplifted part of
the detachment stops (Wernicke, 1985 and 1990).

3.2 STRUCTURAL POSITION OF YUCCA MOUNTAIN

Deformation style and magnitude of the Yucca Mountain fault system is dominantly controlled
by structural position within the regional detachment system. Yucca Mountain is interpreted to be situated
in the less-extended (• = 10 percent) breakaway position of a core complex model with regional
extensional deformation directed approximately along the line of section shown in Figure 3-5. The system
includes Yucca Mountain, Crater Flat Valley, Bare Mountain, Bullfrog Hills, and the larger fault-bounded
mountain blocks of the Death Valley area.

Bare Mountain is interpreted as the uplifted core complex sector of the system. In the regional
model developed here, the Bare Mountain fault is interpreted as having formed by late-stage discontinuous
failure of a locally over-strained core complex. The eastern flank of the highly uplifted region, the present
location of Bare Mountain, is disrupted by a relatively high-angle fault. An interesting modification to
the general model of regional extension is required by the Bare Mountain bounding fault. High-angle fault
disruption of the core complex area is not explicitly included in Wernicke's model.

Crater Flat Valley is interpreted as a sedimentary basin formed initially in the hangingwall of
the Yucca Mountain sector of the detachment system. The valley now occupies a position in the
hangingwall of the Bare Mountain fault. Isostatic subsidence adjacent to Bare Mountain may account for
preservation of the basin, and is inferred to have caused a low-amplitude, local downward deflection of
the detachment surface below Crater Flat Valley.
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IFigure 3-1. Conceptual models of crustal scale continental extension. Q. = regional heat flow. From
Buck (1991).
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Figure 3-2. Conceptual models of regional low-angle extensional detachment. From Lister et al.
(1991).
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Figure 3-5. Geologic map of Yucca Mountain-Bare Mountain-Bullfrog H1ills detachment system.|
FWFZ = Fortyinile Wash Fault Zone; CFV=Crater Flat Volcanics; YM=Yucca Mountain;
BM =Bare Mountain; BH =Bullfrog Hills. F25-1 and F5-1 are Felderhoff exploration boreholes.
Approximate location of AV-1 reflections seismic line is shown. From Cornwall (1972).|
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A region of large magnitude extension is developed west of Yucca Mountain in the Bullfrog
Hills area (Maldonado, 1990). The Bullfrog Hills formed within the highly-extended (100-200 percent)
sector of the system (imbricate range of Wernicke), and now occupies a position within or directly
adjacent to the core complex range.

The large fault-block ranges of Wernicke's model exist to the west of the line of section, that
is, Grapevine-Funeral and Cottonwood-Panamint ranges, etc., now within the greater Death Valley fault
system. The evolutionary role of this part of the regional core complex model is not considered in this
study. Nonetheless, deformation within the Death Valley region is an important neotectonic consideration,
and is discussed in the following section on regional tectonic implications.

Conceptual sequential development of the region is modeled by pulling a slab of brittle upper
crust off of an underlying ductile region (Figure 3-6). A footwall breaking sequence of listric normal
faults propagates into the Yucca Mountain area, as far eastward as Fortymile Wash. Uplift and high-angle
faulting of the east flank of the core complex area, including Bare Mountain, isolates the breakaway zone
containing Yucca Mountain and causes cessation of large magnitude extensional deformation. Isostatic
compensation associated with formation of the Bare Mountain fault causes a small additional amount of
uplift of Bare Mountain, and concomitant subsidence of adjacent Crater Flat Valley (Figure 3-7).

3.3 REGIONAL TECTONIC IMPLICATIONS

Yucca Mountain is located in a structurally complex region with a recent geologic history of
large superposed displacements of mountain-scale crustal blocks and associated large volume magmatic
and volcanic processes. The Yucca Mountain area is in the structurally transitional, northwest-southeast
trending, Walker Lane belt (Carr 1984), and sits in an area of intersection with a northeast-southwest
directed seismo-tectonic/magmatic trend, referred to here as the Pahranagat-St. Georges trend (Figure 3-
8). This trend of seismicity is coincident with the prominent topographic discontinuity between the
northern and southern parts of the Great Basin region. The arc of southern Great Basin earthquake
seismicity is actually the composite of these linear trends. Furthermore, Yucca Mountain is situated
directly adjacent to the rapidly extending Death Valley fault system (Wernicke, 1988). The pattern of
large normal faults in the Death Valley area is roughly parallel with that of Yucca Mountain, and the
extension direction in the Death Valley corridor is coincident with that determined for Yucca Mountain
by Scott (1990).

The geometry and magnitude of contemporary crustal scale deformation of the southern Great
Basin region is determined by analysis of various space geodetic surveys (Gordon and Stein, 1992) and
earthquake seismic moment tensors (Patton and Zandt, 1991). The detailed geometry, or exact structural
partitioning of the total displacement field, is not defined. However, distribution of recent deformation
is indicated by the correlation of earthquake seismicity patterns with major zones of faulting (Figure 3-8).
Smith et al. (1985) present estimates of integrated, regional extensional deformation rates and directions
(Figure 3-9). Orientations of in situ stress components determined from earthquake moment tensors
(Figure 3-10) are generally consistent with the deformation vectors determined by geodetic methods
(Patton and Zandt, 1991). Further compartmentalization of deformation rates by Smith et al. (1989)
shows a large discordance in both rate and direction between the Walker Lane region and the Death
Valley area (Figure 3-11). The 2.9 mm/yr (millimeters/year) shown for the Walker Lane trend is
consistent with regionally integrated extension (profile AA' in Figure 3-9). The considerably higher east-
west rate shown for the Mojave/Death Valley area is somewhat more problematic as it is due to inclusion
of the large magnitude (8.3) Owens Valley event (Smith et al., 1989).
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Figure 3-6. Schematic regional tectonic development of Yucca Mountain, modified after Wernicke|
(1981 and 1985) to a footwall-breaking sequence. BH = Bullfrog Hfills, BM = Bare Mountain, YM

=Yucca Mountain. See text for further explanation.
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Figure 3-7. Schematic representation of present-day tectonic setting Of Yucca Mountain (YM), after|
footwall uplift by isostatic rebound and the formation of the Bare Mountain (BM) Fault. BH =
Bullfrog H1ills. A small amount of additional footwall uplift is associated directly with development
of the Bare Mountain Fault.
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Fligure 3-8. Major tectonic elements and seismicity of the southwestern United States. Plate motion|
vectors are from Jordan and Minster (1988). =Yucca Mountain. Map of earthquake seismicity
is from Engdahl and Rinehart (1988).
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Figure 3-9. Rates and directions of regional extensional deformation of the Great Basin. From Smith
et al. (1989).
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The extent to which regionally proximal, relatively large magnitude deformation affects, or will
affect Yucca Mountain over the next 10,000 to 100,000 years is not known. Of the 48 mm/yr of
measured total relative movement between the North American and Pacific lithospheric plates (DeMets,
1990; Ward, 1990), approximately 35 mm/yr is accounted for by time-averaged slip along the San
Andreas fault (Gordon and Stein, 1992), leaving 13 mm/yr to be accommodated by deformation of
continental crust. Jordan et al. (1985) have suggested that 8-9 mm/yr is widely distributed across the
Basin and Range region. Savage et al. (1990) and Dokka and Travis (1990) suggest most of the
deformation east of the San Andreas is localized along a Mojave shear zone (distributed throughout the
eastern Mojave Desert) and along the eastern margin of the Sierra Nevada Range. The Mojave shear zone
trends northward into the Death Valley/Furnace Creek fault system, and the eastern margin of the Sierras
block is the west side of the Death Valley fault system. Considerable evidence thus indicates highly
localized transfer of deformation into the Death Valley region.

The Furnace Creek fault zone is sub-parallel, and perhaps conjugate to the San Andreas fault
system and may be the eastern-most extent of inboard propagation of contemporary continental margin
deformation. Eastward migration of Furnace Creek deformation into the Amargosa Valley would create
a pull-apart normal fault configuration similar to that of the Black Mountains-Death Valley system.
Reactivation of the Las Vegas Valley shear zone and the Yucca Mountain fault system (Figure 3-12)
should be considered as a possible result.

The north-south oriented, Belted Range bounding fault trends southward into a complex swarm
of north-south trending normal faults that truncate against or girdle the eastern margin of the Timber
Mountain caldera complex (Figure 3-13). The array of faults along the eastern margin of Timber
Mountain trend southward through the Rainier Mesa and Shoshone Mountain areas, across the Calico
Hills and into Fortymile Wash. There is no evidence that this array of faults constitutes a single
continuous system. However, it is important to consider that the structural relationships between
Fortymile Wash, Amargosa Valley, and a westward extended Las Vegas Valley shear zone are similar
to the active Death Valley system.

Scott's (1990) determination of an overall east-west extension direction for Yucca Mountain is
interesting in this light, because it is based on fault-slip (slickenside) lineations. Slickenside striae can be
interpreted to record primarily the latest movement on the fault surface. Quaternary movement is
documented at Yucca Mountain. Movement patterns compatible with the contemporary regional southern
Great Basin extension direction should indicate more of a northwest directed extension. Instead, the
movement pattern recorded by the fault slip lineations is more consistent with the contemporary east-west
direction determined for the greater Death Valley fault system. Scott (1990) concludes that Quaternary
movement did not leave a slickenside record at Yucca Mountain, and that the slip lineations are relics of
movement that occurred during the Late Miocene [10 to 5 million years ago (ma)].
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4 BRITTLE-DUCTILE TRANSITION AND SEISMICITY

Thickness of seismogenic crust in the southern Great Basin region, as defined by the frequency
distribution mode of earthquake seismicity, is approximately 12 to 15 km, with 84 percent of the recorded
microearthquakes occurring in the upper 8 km of the crust (Sibson, 1982). Earthquake seismicity recorded
in the Yucca Mountain area is consistent with this determination, with deeper events clustering around
8 km depth (Figure 4-1). Similarly, estimates of depth to the shallowest of a layered sequence of crustal
brittle-ductile transition zones (Figure 4-2) are in the range of 8 to 12 km (Smith et al., 1989). These
depths are consistent with modeled detachment depths for the linked listric fault system at Yucca
Mountain. Given the uncertainty in definition of deformed hangingwall shapes, and the consequent
probable range of detachment depths, the Yucca Mountain detachment system is considered to coincide
with the upper brittle-ductile transition zone. Below Yucca Mountain, the detachment surface does not
coincide with the contact between the Tertiary volcanic section and underlying Paleozoic and Proterozoic
rocks.

Throughout the Great Basin, deep dip-slip and oblique-slip focal mechanisms are restricted to faults
associated with formation of major mountain ranges and valleys. This style of faulting is consistent with
the wide rift mode of Buck (1991), and is the style of faulting responsible for the gross "basin and range"
physiography for which the region is known.

Doser (1992) concludes that all recorded Great Basin earthquakes in excess of magnitude 6.0 occur on
planar faults with relatively steep dips (> 38 degrees) and that there is little evidence of large earthquakes
on listric faults. Smith et al. combine data on focal depth of major Basin and Range earthquakes with
depth distribution of background seismicity to demonstrate that magnitude 7.0+ events occur on steeply
dipping, planar faults at focal depths of approximately 15 km (Figure 4-3). The Borah Peak, Idaho event
is notable, because the depth-frequency distribution of background seismicity is similar to that recorded
in the Yucca Mountain region. Thus, Borah Peak shows that large dip-slip earthquakes may remain
restricted to the 15km depth range for regions where background seismicity clusters in a substantially
shallower depth range. Dixie Valley seismicity clusters substantially deeper than at Yucca Mountain
(Figure 4-3), and much closer (approx. 13-14km) to the preferred depth range of the large dip-slip events.
These are important considerations when these other events are used to assess likely characteristics of
potential earthquake slip on faults at Yucca Mountain.

The structural basins and fault-bounded mountain ranges that make up the northern Basin and Range
province have a much larger characteristic spacing than the faults that comprise Yucca Mountain. Total
offsets at Yucca Mountain are not at the scale of major mountain range bounding faults, and substantial
curvature of the faults seems probable. Thus, the results of the current modeling study suggest that the
Yucca Mountain fault system extends no deeper than about 6-8km, too shallow to be associated with
seismic events greater than 6.0 to 6.5, as recorded on deep planar faults elsewhere within the Great Basin
region.

The immediate Yucca Mountain area is a relative seismic quiet zone (Gomberg, 1992). However, the
trend of the Belted Range (Kawich Valley) fault system around Timber Mountain and into Fortymile
Wash is reason for concern. The geometry of the Belted Range bounding fault is not known. However,
reflection seismic data have been used convincingly to interpret deep fault geometry below Diamond and
Railroad Valleys, north of Kawich Valley (Effimoff and Pinezich 1986). The existence of seismic data,
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such as oil and gas industry exploration lines within Kawich Valley, has not been determined. Thus, in
the absence of reflection seismic data across Kawich Valley, the Belted Range fault should be considered
as seismically capable in the magnitude 6.0+ range. Based on currently available data, Fortymile Wash
is part of this trend and should also be considered as a seismic risk.
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5 IMPLICATIONS FOR SCENARIO DEVELOPMENT

Scenarios developed for assessment of site and repository performance should be built around a geologic
framework which represents the subsurface geological structures beneath Yucca Mountain as realistically
as possible. That is, structural geometries should be compatible with measured geological data and should
be explainable by reasonable geological histories supported by the rock record. Extensive incorporation
of field geologic data in interactive geometric and kinematic models of faulting can be used to quickly
assess multiple scenarios and alternative models of deformation.

Some general implications for scenario development are immediately apparent and should be considered
in ongoing and future Iterative Performance Assessment (IPA) activities.

5.1 DISTRIBUTIVE FAULTING

Considering the linked nature of the listric detachment fault system suggested by this study,
distributive faulting and associated deformation along the fault system is a conceivable scenario. That is,
if slip did occur on the detachment system, it could occur on more than one element of the overlying
linked listric fault system. Hence, fault displacement concerns exist for the fault system at Yucca
Mountain even if seismicity is not a concern for the linked fault system. The concept of distributive
faulting has been suggested previously for the Yucca Mountain area by Ramelli et al. (1988).

5.2 EARTHQUAKE SEISMIC HAZARD

The most important implication for assessment of hazards due to earthquake seismicity is that
efforts in uncertainty reduction must be focused on fault geometry. Large earthquakes are not known to
occur on listric or low-angle detachment faults in the Basin and Range region. Indeed, no instance of
large earthquakes on primarily dip-slip normal fault surfaces with dips less than about 20 degrees is
known (Jackson, 1987). Also, large earthquakes in the Great Basin region occur at focal depths at or
deeper than about 15 km. In general, large extensional mechanism earthquakes occur at the base of the
associated aftershock zone. That is, seismically active faults are known to cut through the seismogenic
upper crust.

The listric detachment fault system at Yucca Mountain, as modeled in this study, lies above the
focal depth of large (magnitude 6.0+) earthquakes in the Basin and Range region. Consequently, seismic
risk should be considered less of a concern for this system than for deeper-seated structures, such as the
Bare Mountain fault system or a possible southward extension of the Belted Range fault into the Fortymile
Wash area.

The Bare Mountain fault is conceptually interpreted by Scott (1990) to be a major structure that
cross-cuts the shallow detachment surface to which the listric faults modeled in this study are
geometrically linked. That is, the Bare Mountain fault, with displacements of known Quaternary age
(Reheis, 1988; Monsen et al., 1990), is a deeper-seated structure extending below the modeled
detachment surface. As such, Bare Mountain should be considered as seismically capable in the 6.0+
range.
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Conservative, realistic scenarios of earthquake seismicity should include both the Bare Mountain
fault and a planar fault model of the east side of Fortymile Wash. A conservative range of magnitudes
is 6.0 to 7.5. A conservative maximum magnitude 7.5, dip or oblique slip event, at a focal depth of 15
km on a fault dipping 60 to 65 degrees is consistent with large-magnitude regional Great Basin seismicity.
Based on the results of this study, the faults that comprise the Yucca Mountain system are not considered
to be capable in this range.

In summary, determination of deep subsurface fault geometry is an important issue for
assessment of the likely seismogenic character of the Yucca Mountain fault system. Based on the
available record of historical Basin and Range seismicity and the results of this modeling study, Adequate
methods are developed to test models of planar and mixed planar-listric faulting for compatibility with
the rock record and for viable developmental sequence.

5.3 VOLCANIC HAZARD

The listric detachment fault model implies no direct deep-seated (below -6.0 km) control of
magmatic pathways by these faults. However, the northeast alignment of basaltic cones in Crater Flat
(Figure 247) pointed out by Crowe (1990) and Smith et al. (1990) suggest that these structures have, in
the past, influenced the locations of surface vents. Based on the results of this study, this influence
extended no deeper than 6 to 8 km.

If the Yucca Mountain fault system does not influence deep seated magma ascent, what, if any,
first-order tectonic structure(s) might exert such influence? It is clear that Crater Flat Valley is a
geologically recent locus of basaltic volcanic eruption, and that Quaternary age eruptions have occurred
along the arcuate fault trends expressed at the surface. The Lathrop Wells cone is on trend with Yucca
Ridge, and both the Solitario Canyon and Stagecoach Road-Paintbrush Canyon faults. Models of the
regional neotectonic state must be developed for integration with the local scale models of Yucca
Mountain. Convincing assessment of volcanic risk will require tightly coupled models of local and
regional scale tectonics.

For scenario development, the fault surfaces should be considered as conduits for magma.
Dominant fault fabric is aligned approximately perpendicular to regional orientation of least horizontal
compressive stress component. Dikes should be modeled as aligned sub-parallel to dominant north-
northeast fault trends. However, based on currently available data, this fault trend may not influence deep
(> 10km) intrusion and transport of magma. Models of transitional structural fabric need to be developed
to account for lower-middle crust magma movement and storage.
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6 CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

Conclusions drawn from this modeling study in combination with data available from the
literature are:

* The faults underlying Yucca Mountain are elements of a linked, low-angle listric system.
The listric normal faults merge into a sub-horizontal detachment fault, or zone of faulting,
at depths of 6 to 7 km. The detachment fault terminates laterally against the Bare Mountain
fault to the west, and rises structurally to the east, to emerge within or east of Fortymile
Wash.

* The Yucca Mountain fault system is not developed within the known depth range of large-
magnitude historical Basin and Range earthquakes (>M = 6.5-7.5) and thus may not be
susceptible to the magnitude and style of seismicity observed on deep, planar fault systems.

* Distributive displacement may be characteristic of the Yucca Mountain fault system. (
However, the fault system exhibits no clear indication of accommodating significant
contemporary extensional deformation. )

* Ascent and eruption of basaltic magma may be substantially influenced by the Yucca
Mountain fault system only at depths less than about 8-10km.

6.2 RECOMMENDATIONS

Based on the results of this study and review of related data available in the literature, the
following recommendations are made:

* A program of field checking of fault and fault-block dips and distribution and style of faults
and fault zones should be developed. The current round of models indicates that refinement
of hangingwall geometry and the pattern of imbricate faulting will substantially improve
subsequent models. Additionally, field geological data critical to modeling should be verified
in the field.

* A focused review should be conducted of current DOE plans to acquire and interpret
reflection siesmic data. Based on the review, prelicensing guidance to DOE should be
considered to assist in location of appropriate survey lines and field methods, and to indicate
that acquisition and interpretation of reflection seismic data constitutes an essential part of
a necessary and sufficient testing and analysis program for faulting in the Yucca Mountain
area. Appropriate guidance may require a staff technical position. However, comments on
the pertinent study plan(s) may also suffice. The exact form of the guidance should be
determined with DHLWM staff and management. Existing and anticipated DOE study plans
should include surveys in key areas. In particular, reflection seismic surveys may be
necessary for fault definition and analysis in the following areas: (i) Crater Flat Valley,
between Bare Mountain and Yucca Ridge-for definition of the Bare Mountain fault and
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possibly the Solitario Canyon, Fatigue Wash and Windy Wash faults, and for possible |
imaging of dike geometry and fault-dike interaction; (ii) Fortymile Wash from Yucca
Mountain at least as far east as Little Skull Mountain-to determine distribution and
geometry of faulting; (iii) Yucca Mountain-a test survey should be made to determine if I
data can be acquired from directly below Yucca Mountain; (iv) Amargosa Valley directly
south of Yucca Mountain-to determine geometry of faulting at the south end of Yucca
Mountain.

* Examination and interpretation as necessary of existing reflection seismic data (in addition
to the AV-1 line) from other basins in the region for calibration of fault-model shear angles.
Reflection seismic data from other areas around the Basin and Range region may contribute
significantly to calibration of models and to interpretation of data that may be acquired at
or in the vicinity of Yucca Mountain.

* Consider prelicensing guidance to DOE to drill a relatively deep (approximately 4 to 5 km)
borehole in association with the reflection seismic survey program. The borehole would
provide critical velocity control for interpretation of the seismic data, as well as control on I
deeper stratigraphic horizons needed for improved fault modeling.

* Develop a catalog of calibrated simple-shear deformation mechanisms from fault systems of |
various styles throughout the Basin and Range. In particular, planar and listric fault systems
should be calibrated to assist discrimination of these two critical styles. This activity may
be conducted in concert with the examination of reflection data recommeded above. I

* Include an activity in the Tectonics Research Project to determine the feasibility of 3D fault
modeling. True 3D methods will be necessary to account for the total deformation field in I
models of fault shape.

I
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