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1 INTRODUCTION

Geologic structures (i.e., normal faults) exert two primary controls on basaltic magmatism in the Basin
and Range province. First, they provide the mechanism for crustal extension, producing
decompression-induced partial melting in the mantle. Second, they provide pathways for magma ascent
to the surface. This report analyzes the second of these controls-namely, structural control on locations
of basaltic volcanism.

In the present report, the results of a diverse suite of analyses for fault and dike interaction are
summarized in order to illustrate and describe the controls on fault-dike interaction. Specifically, the
geological record for fault dike interaction in the Yucca Mountain (YM) region (section 2), theoretical
constraints on fault-dike interactions (section 3), analog modeling results (section 4), numerical modeling
results (section 5), in-situ stress controls (section 6), and volcano cone alignments (section 7) are
examined. These results provide the technical basis for incorporating fault and dike interaction into
probability and consequence analyses of igneous activity (i.e., dike intrusion, volcanism) for the proposed
repository site at YM.

The structural pathways for ascent of basaltic magma are of two types (i) new dike fractures that
propagate upwards uninfluenced by pre-existing structure, and (ii) dikes that are partially controlled by
pre-existing fractures or faults that behave as barriers or pathways for magma ascent. Low recurrence
rate basaltic volcanic activity in the Basin and Range Province occurs where magmas are generated by
decompression of fertile mantle during crustal extension (e.g., McKenzie and Bickle, 1988; Rogers et al.,
1995). Ascent of this magma through the crust is enhanced by crustal structures produced by extension.
This correlation between basaltic volcanism and structure occurs across a range of scales, from the
superposition of individual faults and vents to the occurrence of entire volcanic fields at the margins of
extensional basins (Parsons and Thompson, 1991; Conway et al., 1997). Capture of ascending basaltic
dikes by faults is important for volcanic risk assessments because of the potential for lateral diversion of
basalt, thereby producing intrusion or volcanic eruptions laterally offset from the location of magma
generation (Connor et al., 1996). Conceivably, this lateral diversion could have beneficial or adverse
consequences for a specific site by diverting magma away from or towards the site.

There are several possible modes of interaction between a vertically propagating dike (figure 1-la) and
a pre-existing planar weakness such as a fault or fracture zone. The dike may (i) propagate vertically
across the fault plane (figure 1-lb); (ii) intrude the fault plane and use it as a conduit (figure 1-1c);
(iii) use the fault as a pathway for some distance then break out up-dip, to propagate vertically toward
the surface (figure 1-1d); (iv) bifurcate upon intersecting a fault, with the fault capturing one branch of
the dike while the other branch continues to vertically propagate (figure I-le); or (v) terminate beneath
the fault, accommodating horizontal extension by dike widening beneath the fault and fault slip above the
top of the dike (figure 1-1f).

The potential for lateral diversion of magma given that capture has occurred is particularly important to
the performance of the proposed high-level radioactive waste repository at Yucca Mountain, Nevada,
which lies within or along the edge of the active Crater Flat volcanic field, a low-volume basaltic volcanic
field (e.g., Connor and Hill, 1995). The proposed repository site is 10-15 km northeast of the center of
recurrence for volcanism in the Crater Flat volcanic field. The proposed repository site, however, is
within a system of west-dipping normal faults, which might be capable of channeling magma laterally
away from the area of highest recurrence rates in Crater Flat volcanic field towards the repository site.
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Figure 1-1. Schematic models of fault-dike interaction in profile. Ascending magma is represented
by gray pattern and faults are illustrated by thick black lines.

The lateral distance of magma diversion (d) once capture has occurred is a function of the dip (ae) of the
fault and the vertical distance of magma channeling along the fault (h) (see figure 1-2) as defined by the
equation:

d = h / (tan a) (1-1)

For a dike captured by a fault, lateral diversion increases with decreasing fault dip and increasing vertical
distance of magma channeling (figure 1-3).
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Figure 1-2. Lateral diversion distance (d) is defined as a function of the vertical distance of dike
capture by a fault (h), and the dip of the fault (a).
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Figure 1-3. Graphical illustration of the amount of lateral diversion of a dike (d) once dike capture
has occurred given the vertical distance of dike capture (h) and fault dip (a).
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2 INDICATIONS OF FAULT-DIKE
INTERACTION NEAR YUCCA MOUNTAIN

Observations in the YM region indicate there is a strong correlation at the local scale between geologic
structures and basaltic volcanism. These observations include the development of volcanic vent alignments
(Smith et al., 1990; Connor et al., 1997) and occurrence of cinder cones along faults (Connor et al.,
1997). Faults and related structures likely influence magma ascent, at least on local scales, in the YM
region, and this influence should be considered in volcanic hazard analyses of the proposed repository.

The strongest evidence supporting fault-channeling of dikes is the occurrence of basaltic dikes in fault
zones with Miocene tuffs at YM and in the nearby Bullfrog Hills. An approximately 11 Ma basalt dike
in the Solitario Canyon fault (Crowe et al., 1983; Smith et al., 1997) extends along a - 1 km segment
of the fault near the northwestern edge of the proposed repository block. The fault at the surface trends
north 10 east and dips 60-65° west along this part of the fault (Simonds et al., 1995). The stress field
at the time of intrusion was likely dominated by the least principal stress (a3) oriented approximately east-
west (Zoback et al., 1981). The strike trend of the fault is nearly optimal for intrusion during east-west
extension. At the time of dike intrusion, however, the fault may have been steeper than its present dip.
Layering in the tuffs presently dips 10-12° east (Simonds et al., 1995). If this tilt was produced in
association with concomitant tilting of the fault, the original (restored) dip may have been as steep as
70-77° west. Brecciation at the Solitario Canyon dike at Little Prow indicates fault slip after dike
intrusion, consistent with at least a small component of fault activity after intrusion. Similarly, basaltic
dikes in the Bullfrog Hills primarily intruded along pre-existing planes of weakness such as normal faults
and layering (Maldonado and Hausback, 1990). Based on the observations, non-vertical faults clearly have
served as pathways for magma ascent in and near YM.

Although not as definitive as observed dikes within faults, the coincidence of volcanoes with faults and
linear alignments of volcanoes near YM also is consistent with an interpretation that faults may commonly
provide preferential pathways for magma ascent. Two northeast-trending alignments of basaltic volcanoes
parallel the trends of many active normal faults in and surrounding YM. The 11.2 km long Crater Flat
alignment consists of four Quaternary volcanic centers (Stamatakos et al., 1997b). The 4.5 km long
Amargosa alignment consists of three magnetic anomalies interpreted to be three basaltic volcanoes buried
by alluvium (Connor et al., 1997).

Ground magnetic data surrounding the northernmost volcano in the Crater Flat alignment (i.e., Northern
Cone) indicates a strong north-south structural grain beneath the Crater Flat alluvium (Connor et al.,
1997), suggesting Northern Cone erupted along a north-trending normal fault. The 0.1 Ma Lathrop Wells
volcano in southern YM occurs along or near the projected intersection of three normal faults. Together,
coincidence of basaltic volcanoes and faults coupled with observations of dikes that have intruded faults
at YM and the Bullfrog Hills strongly indicate that faults control magma ascent and therefore positions
of volcanic eruptions in the YM region.
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3 THEORETICAL CONSIDERATIONS

Propagating dike fractures, like other hydraulic fractures, typically form perpendicular to the least
principal stress, because a fracture with this orientation requires the least amount of magma pressure to
open (Stevens, 1911; Anderson, 1938). Because of energy considerations, favorably oriented pre-existing
faults or extension fractures will serve as pathways for magma instead of the propagation of a new dike
fracture. If a pre-existing fault or extension fracture has no tensile strength, the fault or fracture is likely
to dilate (e.g., capture magma) if the dike fluid pressure (Pd) exceeds the effective normal stress (result
of principal stresses and pore fluid pressure Pf) resolved on that fracture (Daneshy, 1974; Delaney et al.,
1986; Reches and Fink, 1988; Jolly and Sanderson, 1997).

The likelihood of dike dilation and capture at its intersection with a cohesionless fracture or fault is
controlled by (i) the stress tensor, defined by the magnitude of the maximum, intermediate, and minimum
compressive stresses (al, a2 , a3); (ii) orientation of the pre-existing fracture in the stress field; (iii) Pd;
(iv) Pf; and (v) coefficient of friction across the second fracture ([t). If the intersected fault or fracture
has a low coefficient of friction (i.e., the two faces could easily slide past one another), a crack may be
arrested by transferring horizontal extension by dike-fracture dilation into fault slip (Weertman, 1980).
If an active extension fracture (i.e., perpendicular to a3) intersects a second fracture with a similar
orientation, the likelihood of dilation of the second fracture is proportionally dependent on its orientation
with respect to 03; capture is more likely for fractures nearly perpendicular to u3 (Warpinski and Teufel,
1987). The pressure needed to dilate a fracture thus increases as its angle relative to u3 decreases.

The magnitude of differential stress is also an important factor. In a setting with low differential stress,
the normal-to-r 3 direction represents a smaller advantage in terms of driving pressure requirements over
crack propagation in other directions. Hence, low differential stress allows vertically propagating
magmatic dikes to be captured (redirected) by faults or fracture zones with a broader range of
orientations. These qualitative relationships have been verified by extensive theoretical and experimental
work on interaction between hydrofractures and pre-existing joints (e.g., Daneshy, 1974; Weertman,
1980; Abe et al., 1985; Warpinski and Teufel, 1987).
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4 ANALYTICAL MODELING

Analytical models summarized in this section explore the interaction between faults and dikes, for
constraining the conditions under which dikes will dilate faults and use them as conduits toward the
surface. Based on the observations in the preceding sections, models of dike-fault interaction must address
the roles of rock properties, depth, regional stress field and fault geometry. First, however, it is necessary
to evaluate whether stresses at the tip of a propagating dike are sufficient to dilate a pre-existing fracture.

4.1 CRACK TIP CONSIDERATIONS

An analytical model of a simple elliptical dike, patterned after Pollard's (1973) model of a
pressurized, two-dimensional (2D) elliptical hole in a stressed elastic solid was applied to model stresses
at the dike tip (Connor et al., 1994; McDuffie et al., 1994). Results of these stress calculations indicate
sufficient tensile stress occurs around the tip of a 4,000-meter-long elliptical crack to open a pre-existing
fracture of nearly any orientation. In a normal-faulting stress regime defined by vertical al, fractures with
dips as shallow as a fraction of a degree intersecting the crack tip have tensile stress across them.
Theoretically the crack tip could open these shallowly dipping fractures and magma could flow into them.
Most of the curvature in the ellipse, representative of the crack tip, takes place over a very small region.
An ellipse with an aspect ratio of 4000:1 resembles two nearly parallel lines with very tight curves
connecting them at the ends. Tensile tangential stress, which can open fractures, occurs only at the tips
of the ellipse. Although stress at the dike-fracture tip is great enough to open any plane of weakness,
within about 1.5 mm of the fracture tip the tangential stress is compressional and thus unfavorable for
fracture dilation. Thus, whether a dike continues to propagate vertically or follows a pre-existing
weakness, such as a dipping fault plane, depends on additional criteria as discussed below.

4.2 GEOMETRIC CONSIDERATIONS

4.2.1 Model Constraints

The analytical model used to calculate dike-fault interaction consists of a static, elastic approach
that compares the stress state of a vertical dike propagating by fracturing rock with the stress state of a
nonvertical dike that is propagating by opening a pre-existing fault plane. This model addresses the
conditions under which magma ascending from depth along a vertically propagating dike is likely to be
redirected by a pre-existing structure such as a fault. One criterion for the dilation of a pre-existing
structure by magma is that a dike must have sufficient driving pressure to overcome the resolved normal
stress across a fracture (Delaney et al., 1986). Assuming that a dike will follow a single path, then the
path that is in the normal-to-u3 direction by definition has the smallest normal stress for magma pressure
to overcome resulting in dike intrusion. Of interest here is the threshold between breaking rock in the
normal-to-a3 direction to form a new dike fracture, versus dilating a pre-existing cohesionless fracture
(e.g., fault) that is not optimally oriented.

The undeformed rock is assumed to be uniform and homogeneous. Linear-elastic brittle behavior
is assumed, implying that at some tensile stress (i.e., uniaxial tensile strength SO) an unconfined sample
of rock will fail by extension fracture. Connor et al. (1994) and McDuffie et al. (1994) assumed that pore
fluid pressure in the undeformed rock is not a significant factor. Although not necessarily realistic, this
assumption is unlikely to effect the result because of high dike fluid pressure which in the model appears
to be sufficient to propagate a new dike fracture.
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Assuming extension fracturing, the normal stress needed to open a dike fracture to some
arbitrary aperture (adLke), is the sum of the uniaxial tensile strength (S.), the normal stress, which is the
resolved stress component acting normal to the plane of interest (an, with a. for fault and and for dike),
and the additional normal stress required to dilate the dike fracture to some specified aperture (add),

defined by the following equation:

G dike So + and + 0 dd (4-1)

A similar expression can be derived to estimate stress necessary to separate the walls of a fault.
The fault is modeled as a plane of weakness, dipping at some angle. Because the tensile strength of the
fault plane may be enhanced by mineral precipitation or recrystallization, tensile strength is modeled as
some fraction x of the rock tensile strength, where 0 < x < 1 (i.e., 0 for a fault with no tensile strength
and 1 for a fault along which the tensile strength of fault equals tensile strength of host rock). If the fault
plane has annealed to the extent that is has greater strength than the tensile strength of undeformed rock,
it is assumed that the propagating dike will not intrude the fault plane.

The total stress (afault) needed to open a fault or fracture plane to the same aperture (adf) as the
dike fracture described above is:

Ofault = XS 0 + ° f + (Ydf (4-2)

In order for a dike to follow a dipping fault zone, rather than continue to propagate vertically,
the following relationship must be true,

Ofault < adike (4-3)

The dike fracture is assumed to be optimally oriented in the stress field, that is, normal to a3.
Therefore an for the vertical dike is equal to a3. In contrast, the suboptimally oriented fault has a larger
resolved normal stress that must be overcome for dike intrusion to occur. This increased normal stress
is affected by decreased tensile strength of the fault, so that a fault with no tensile strength may be
favored over breaking a new fracture through pristine rock even though the normal stress across the fault
is larger than a3.

4.2.2 Results

Connor et al. (1994) and McDuffie et al. (1994) studied the threshold conditions for intrusion
along a fault versus new dike formation and established critical dip and depth relationships based on
different rock types. Their analytical results indicate that the ability of a fault or fault zone to redirect
ascending magma depends on the depth at which the fault zone is intersected and the dip of the fault zone
(figure 4-1). Their calculations suggest that only high-angle faults ( > 40-50°) are capable of dike capture
at depths exceeding 1 km. At depths of 10 km, faults dipping at angles less than 700 are not likely to
provide low energy pathways to the surface compared to vertical dike propagation.

Because of the relatively steep dip of faults capable of capturing and redirecting magma, lateral
transport of dikes in fault zones is relatively small (see Eq. 1-1). For example, a fault dipping at 70° that
is intersected by a dike at 10 km and bringing it all the way to the surface will result in lateral transport
of - 3.6 km. At depths less than 1 km, intermediate- to low-angle faults are also capable of capturing
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Figure 4-1. Summary diagram from analytical modeling of fault-dike interaction (after Connor
et al., 1993; McDuffie et al., 1994) illustrating theoretical thresholds between vertical dike
propagation versus intrusion along the fault. Area below curves represent dip and depth values for
which vertical dike propagation (figure 1-lb) is expected instead of intrusion along the fault (figure
1-ic). Area above curves (steeper or shallower depths) indicate expected fault intrusion. Curves
labelled 1, 2, and 3 represent threshold values for three rock types with tensile strengths of 1, 5,
and 10 MPa, densities of 2,700, 3,000, and 3,300 kg/m3, and Poisson's ratios of 0.2, 0.3, and 0.33,
respectively.

dikes. Again, however, lateral transport is rather limited; a dike intersecting a fault dipping 300 at a depth
of 1 km will result in lateral offset of only 1.7 km. Thus, although unlikely, magma could be captured
by a steep dike at 10 km depth and recaptured by a low-angle fault at 1 km depth. Total lateral offset of
a dike captured in this extreme case yields an upper bound of 5 km of lateral diversion.
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5 NUMERICAL MODELING RESULTS

Dynamic analysis of the interaction of a vertically propagating dike with a pre-existing fault was
simulated using the DYNA3D explicit finite element code (see appendix A). Models were run to evaluate
the potential for capture of a vertically propagating dike by a fault dipping at 300, 50°, and 70°
intersected at depths of 1, 2, and 5 km. The dike in each model was modeled as a magma-driven
extension fracture defined using contact elements that require a threshold tensile stress to cause failure
by fracture dilation. The fault in each model was simulated by two smooth surfaces with no tensile
strength. Frictional resistance to sliding, however, was applied to prevent fault slip under static loading
conditions.

The simulations indicate that the magma pressure (Pf) can propagate the dike fracture by applying
pressure normal to the fracture surface. The pressure required to open the vertical dike fracture is
determined in part by the compressibility of the rock and in part by the overburden stress. The magnitude
of the tensile strength of the rock (at least up to 20 MPa) seems to have little impact on the propagation
of the dike fracture. The displacement of the dike wall is sensitive primarily to the compressibility of the
host rock, the dike pressure, and the horizontal stress gradient in the host rock developed by the dike
expansion.

The distance between the magma pressure head and the crack tip, called the crack tip length, decreases
with increasing depth. At 1 km depth this distance is on the order of 450 m, but at 5 km depth the crack
tip length is less than 50 m. When crack tip length is short, magma pressure is able to open the fault
before the crack tip can progress beyond the point where the dike intersects the fault, thereby increasing
the likelihood of magma intruding the fault zone. When the crack tip length is long, results of the
simulations are consistent with published theoretical studies. Theoretical studies (see section 4.1)
concluded that the crack tip stresses, although able to locally dilate a fault plane, were unlikely to produce
intrusion along the fault because of the large distance between the crack tip and the dike pressure head
(see appendix A).

Based on the calculations at 1 km and 2 km depths, the general trend is that dikes will propagate past
faults with dips below a critical value, and open the faults with dips steeper than the critical dip value
(figure 5-1). Based on these calculations, the critical dip value for fault-dike interaction at a depth of 1
km is near 500 and at 2 km the critical dip value is near 700 degrees. At 5 km depth, the 50° and 700
faults dilated while the simulated vertical dike fracture remained closed, but the fault openings were less
than half the width of the faults opened at 1 and 2 km depth. In addition, the 5-km-deep faults narrowed
to less than 0.1 m width a short distance from the dike, a width perhaps too narrow to support magma
flow. Therefore, based on the dynamic analyses, 5-km-deep faults dipping at 500 and 700 are both
intermediate cases between vertical dike propagation and fault intrusion. Under these circumstances,
subtle variations of fault strength and rock strength may cause short-distance fault channeling rather than
simple vertical dike propagation or fault capture.
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6 IN SITU STRESS AND FAULT-DIKE
INTERACTION AT YUCCA MOUNTAIN

The ability of any fault or fracture to dilate during magma injection is directly related to the normal stress
acting across the fracture. Assuming cohesionless faults, the relative tendency for a fault of a given
orientation to dilate in a given stress state (i.e., dilation tendency), can be expressed by comparing the
normal stress acting across the fault with the differential stress. Ferrill et al. (1995) define the dilation
tendency of a surface as:

Td = (1 - an) / (a1 - 03) (6-1)

where an is the stress normal to a fault or fracture.

Through dilation tendency analysis, the magnitude of an is determined for surfaces of all orientations
within a given stress state and then normalized by comparison with the differential stress. Thus,
dilation-tendency analysis is a tool for assessing the relative potential for fracture dilation based on the
resolved normal stress.

Faults with Td greater than some threshold value, such as 0.8, are considered to have a high dilation
tendency. In the YM region, a, is vertical, a2 is horizontal and oriented 0280, and a3 is horizontal and
oriented 2980. The relative magnitudes of effective stresses (after correction for assumed hydrostatic pore
fluid pressure) at a depth of 5 km are estimated to be 90:65:25 (Morris et al., 1996). As a result of this
stress pattern, steeply dipping north to northeast-trending faults have a greater dilation tendency than
faults of other orientations (figure 6-1). Areas with higher concentrations of high dilation-tendency faults,
therefore, may be more likely to be the sites of volcanic activity. Such high dilation-tendency faults may
serve as conduits for magmas ascending periodically through the crust over prolonged periods of time,
resulting in the formation of cinder cone alignments (Conway et al., 1997).

A lower-hemisphere equal angle stereographic projection of dilation tendency and fault poles indicates
that, in the YM region, faults trending approximately 355-065° with dips 60-90° have high dilation
tendency ( > 80 percent of maximum Td; figure 6-1). Steeply dipping faults with high dilation tendency
in the YM region (figure 3-3 in Stamatakos et al., 1997a) include many faults in and around the YM
block, such as the Solitario Canyon fault, which bounds the repository along its western side, the Ghost
Dance fault, which bisects the repository from north to south, and the Bow Ridge fault, located east of
the repository site. Some of these faults, such as the Solitario Canyon fault, likely extend to detachment
faults at depths of 5-12 km (Ferrill et al., 1996b). Therefore, these faults have the potential to serve as
low-energy pathways for magma transport to the surface. The distribution of faults with a relatively high
potential for acting as magma conduits can be inferred from geologic mapping.

Two balanced cross-sections across Bare Mountain, Crater Flat, and YM illustrate alternative
interpretations of subsurface faulting at YM (figure 6-2). In the first model (Ferrill et al., 1996b; Ofoegbu
and Ferrill, 1996), steep YM faults at the surface have decreasing dip with depth, and at a depth of about
6 km sole into a gently westward dipping detachment. The geometry of this model is the most reasonable
for obtaining a balanced restored cross section of the upper crustal section. In the alternative model
(Ofoegbu and Ferrill, 1996; Ferrill et al., 1996b), faults remain steep, or steepen with depth, until they
intersect a subhorizontal detachment near the brittle-ductile transition at a depth of about 12 km.
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Figure 6-1. Dilation tendency plot for the Yucca Mountain area in present day stress field (stress
field from Ferrill et al., 1996b and Morris et al., 1996).

Both shallow and moderately deep detachment models may influence basaltic magmatic activity in two
ways. Steep fault segments, regardless of detachment depth, may serve as conduits for magma ascent in
the shallow crust, if these faults provide relatively low-energy pathways to the surface (McDuffie et al.,
1994; Jolly and Sanderson, 1997). The deep detachment model provides potentially longer pathways, and
therefore potentially larger lateral distances of magma transfer from the magma source position. However,
the deep detachment model also predicts steeper fault dips, thereby limiting the distance of lateral dike
diversion possible by intrusion along faults.
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system in which all faults merge at a common detachment at about 12 km depth.
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7 VOLCANO ALIGNMENTS

Given the theoretical, analytical, and experimental considerations of fault channeling of magma, several
alternative geometric models can be developed to explain volcano alignment in the YM region
(figure 7-1). These models are end-member cases and combinations of these features also are possible.

In the first model, volcano alignment is simply the result of dike capture along a steeply dipping fault
with eruptions localized along the surface trace of the fault (figure 7-la). If dikes break out from the fault
at some depth controlled by near surface stresses, volcanoes will be offset into the hangingwall from the
surface trace of the host fault. In the San Francisco volcanic field, numerous Quaternary basaltic cinder
cones and fissure vents occur along the surface trace of the Mesa Butte fault, indicating that the fault has
repeatedly served as a conduit for basaltic magma to the surface (Conway et al., 1997).

In the second model, volcano alignment results from regular lateral variations in fault dip (figure 7- lb).
Volcanoes may rest atop or near the surface trace of the fault where the fault dips steeply, but volcanoes
are further from the surface trace of the fault where the fault dips less steeply. Decrease in fault dip raises
the resolved normal stress, thereby increasing the fluid pressure (Pd) necessary for fault dilation, favoring
ascent by vertical fracture propagation and reducing the likelihood of long-distance channeling along the
fault. Breakout of the magma into the hangingwall carries the magma further away from the fault plane
which can be described as breakout offset. Breakout offset may explain the volcano alignment in Crater
Flat, where the alignment is not coincident with any known faults but oblique to the Bare Mountain fault.
Structural (e.g., Monsen et al., 1992; Ferrill et al., 1996a) and unpublished geophysical data suggest the
Bare Mountain fault changes dip from about 450 in northern Crater Flat near Tram Ridge to nearly 700
in southern Crater Flat near Steve's Pass. This lateral variation in fault dip corresponds to a southward
increase in the amount of extension in the basin (e.g., Scott, 1990; Ferrill et al., 1996a; Stamatakos et
al., 1997b) and may be consistent with the breakout offset model. Black Cone and Northern Cone are
6-7 km east of the northern Bare Mountain fault, where fault dip is relatively shallow (Ferrill et al.,
1996a, 1997). In contrast, the two Little Cones are 2 km east of the surface trace of the Southern Bare
Mountain fault, where fault dip is steepest (Ferrill et al., 1996a, 1997). Red Cone is intermediate between
Black Cone and the Little Cones along a segment of the Bare Mountain fault where the dip is
intermediate.

In the third model, volcano alignment arises from an en echelon branching array geometry (figure 7-ic).
At the surface, the master fault is represented by a series of en echelon faults with orientations oblique
to the overall strike of the master fault dike at depth. Volcano alignments may form along one or more
of the en echelon branches and therefore, oblique to the trend of the master fault at depth. This en
echelon relationship, for example, could explain the relationship of the prominent north trending local
structures at Northern Cone, defined by ground magnetic surveying (Connor et al., 1997), to the overall
northeast trend of the Crater Flat volcano alignment.
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a) Cones afigned* ng fault trace LIP

b) Cones offset from fault with lateral variation in fault dip

c) Cones along an en echelon array

Figure 7-1. Conceptual block diagrams of potential structural control on volcanism
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8 CONCLUSIONS

Analyses of fault-magma interactions based on geological considerations, theoretical and analog modeling
results, in-situ stress, and three-dimensional (3D) geometric constraints suggest the following six
conclusions.

* Intrusion of dikes along faults, coincidence of basaltic volcanoes with surface positions of faults,
and alignments of basaltic volcanoes parallel to trends of major faults suggest that fault
channeling of magma may have occurred in the YM region. Most prominently, a 60-65°-
dipping segment of the Solitario Canyon fault at Little Prow was intruded by a basaltic dike at
about 11 Ma, in marked similarity to intrusion of basaltic dikes along moderately dipping faults
in volcanic tuffs of the Bullfrog Hills. These occurrences indicate a strong tendency for dike
channeling along non-vertical faults in and around YM.

* The distance of lateral diversion of basaltic dikes by magma channeling along faults depends
on the dip of the fault and depth range of magma channeling along the fault. Gentler dips and
greater vertical distances of magma channeling lead to larger lateral diversions. The likelihood
of magma channeling along a fault, however, decreases with decreasing fault dip.

* Analytical models indicate that at shallow depths (e.g., < 0.1 to 1 km), moderate to low angle
faults may be able to capture dikes. The depth of crossover between vertical dike propagation
and dike capture depends on the strength of the host rock, with increasing rock tensile strength
favoring dike capture by faults versus vertical dike propagation.

* Numerical modeling generally supports results of analytical modeling, however, intermediate
cases were produced numerically in which the dike both intruded the 50-70° fault, and
continued to propagate vertically.

* Dilation-tendency analysis incorporates fundamental relationships and produces an approach for
modeling lateral or 3D variations in structural geometry, unlike 2D analytical and numerical
solutions. Dilation-tendency analysis of YM faults indicates that several faults in and around the
proposed repository block are in high-dilation-tendency orientations and thus are nearly
optimally oriented for dike capture. These high dilation tendency faults include the Solitario
Canyon fault, the Ghost Dance fault, and the Bow Ridge fault.

* Total lateral diversion of a dike captured initially by a high-angle fault and then recaptured by
a low-angle fault should be no more than 3-5 km. Lateral diversion by a 60-65°-dipping fault
(e.g., Solitario Canyon Fault) through 12 km of brittle crust would not exceed 6-7 km.
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1 SUMMARY

Computer simulations of dike fracture extension in an elastic media were made to evaluate the hypothesis
that an intersecting fault may redirect an upwardly propagating dike. The key parameters of the study are
the depth of intersection of the dike with the fault and the fault dip angle. The simulations indicate that
the magma can propagate the dike fracture by applying pressure normal to the fracture surface. The
pressure required to open the dike fracture is determined in part by the compressibility of the rock and
in part by the overburden stress. The magnitude of the tensile strength of the rock (at least up to
0.02 GPa) seems to have little influence on the propagation of the dike fracture. The displacement of the
dike wall is sensitive primarily to the compressibility of the host rock, the dike pressure, and the
horizontal stress gradient in the host rock developed by the dike expansion. The distance between the
pressure head and the crack tip, called the crack tip length, decreases with depth. At 1 km depth this
distance is on the order of 450 m while at 5 km depth the crack tip length is less than 50 m. When the
crack tip length is short, the dike pressure is able to open the fault before the crack tip can progress
beyond the point where the dike intersects the fault. When the crack tip length is long, the results of the
simulations are consistent with published theoretical studies. Based on the calculations at 1 km and 2 km
depth, the general trend is that the dike will propagate past faults below a critical dip value, where the
fault remains closed, and opens the faults with dips above the critical dip value, where the dike remains
closed. Based on the calculations the critical dip value for 1 km is near 50 degrees and for 2 km the
critical dip value is near 70 degrees. At 5 km depth, the faults at dips of 50 and 70 degrees opened up
while the dike remained closed, but the fault openings were less than half the width of the open faults
at 1 and 2 km depth. In addition, the faults narrowed to less than 0.1 m width a short distance from the
dike and are unlikely to support magma flow. The pressure that is required to propagate the magma is
about half the overburden pressure at 5 km, which would be insufficient to further open a dipping fault.
Consequently, at depths on the order of 5 km, it is hypothesized that the fault would open slightly, but
would not propagate to any great distance. Thus vertical magma accent would continue when faults
dipping 700 or less were encountered at 5 km.
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2 INTRODUCTION

2.1 HYPOTHESIS TO BE EVALUATED

It is assumed that for a propagating dike that intersects a fault, there is some dip angle of the
fault for a given fault-dike intersection depth that the magma will move up the fault instead of continuing
to propagate the dike fracture.

2.2 SCOPE OF WORK

Based on the work of Connor et al. (1994), which calculated the minimum dip angle of a fault
that would redirect the magma of an upwardly propagating dike, figure 1 shows the curves for tensile
strength of 0.005 GPa. (ho = 50.4 m) and 0.01 GPa (ho = 609 in). The material properties used for
figure 1 were density 3.3 Mg/m 3, Poisson's ratio of 0.33 and tensile strength of 0.01 GPa. In comparison
the proposed simulations used a density of 2.7 Mg/ir 3, Poisson's ratio of 0.25 and tensile strength of
0.01 GPa to give a ho = 588. The difference between the parameters of this study and Connor et al.
(1994) if plotted on figure 1 would be approximately the thickness of one of the curves.

Using the computer code DYNA3D, the simulation of a propagating dike where the path of the
dike crosses a fault was modeled. This report is the result of a parameter study where the parameters of
the study are the depth of the intersection and the dip of the fault as given below.

Depths 1, 2, and 5 km
Dips 30°, 500, and 700

It is desirable that some of the calculations model the entire region between the intersection and
the surface. The depths and dip angles for the calculations were selected to examine the regions bounded
by the ho = 609 in curve in figure 1.

2.3 METHOD OF ANALYSIS

The method of analysis is to simulate the pressure created by the magma in a dike, modeling
the tensile fracturing of the rock, the opening of the dike, and growth of the dike tip using the computer
code DYNA3D. The dike is modeled as two surfaces bonded together with bonds having a tensile
strength of 0.01 GPa. The intersecting fault is modeled as two smooth surfaces with frictional sliding
forces to resist motion on the fault. The coefficient of friction specified was 1.2 which is equal to the
tangent of 50 degrees. The tensile strength across the fault surfaces is zero.

2.3.1 DYNA3D Computer Model

2.3.1.1 Units

DYNA3D will accept any set of consistent units. The following units were used for this study.
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Parameter Units Abbreviation

Distance meters m

Time milliseconds ms

Mass Megagrams Mg

Force Giga-Newton GN

Stress Giga-Pascal GPa

Energy Giga-Joules GJ

Energy Giga-Joules GJ

Density Mg/m3

Velocity m/ms

Acceleration m/(ms)2

2.3.2 DYNA3D Description

DYNA3D (Whirley and Hallquist, 1991) is a explicit finite element code for analyzing the
transient dynamic response of three dimensional solids and structures. The code is developed and
maintained by the Methods Development Group, Mechanical Engineering Department, of the Lawrence
Livermore National Laboratory, Livermore, California.

The basic unit for modeling solids in the DYNA3D computer code is the 8 node continuum
element. The elements used in this study are primarily rectangular brick shapes. Forces applied to the
nodes, stress the element, the behavior of which is determined by the material model designated for the
element. A set of "n by m" elements form a block where n and m are integers. All elements of a block
have the same material properties and a common set of external boundaries. The nodes of the elements
carry global location, displacement, velocity, and acceleration. The elements carry the stresses and
strains. The global model can consist of one or more blocks plus initial conditions, and global boundary
conditions.

Global models consisting of more than one block, must have the blocks connected to each other
such that the stresses and displacements are transmitted between blocks. The blocks are tied together by
slip surfaces that link each node of one block's boundary surface to the boundary surface of an adjacent
block and visa versa. The DYNA3D code has approximately 10 different types of slip surfaces of which
only three are of concern for this study. These are:
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* Tied slip to lock two blocks together. Stresses, strains, displacements and stress waves will
transmit across a tied slip as though the blocks were one. The tied slip is useful for joining
blocks of different shapes, different element size (zoning), or different materials.

* Sliding with separation and friction. This type of slip is useful where the model calls for
frictional slippage and separation of two parts of the model such as the fault. Both the static
and kinetic coefficient of friction are defined as well as the time constant required to adjust
from static to kinetic conditions. For this study, motion along the fault is assumed to be
approximated by the static condition.

* Tied slip with failure. This type of slip is useful where the model calls for separation of the
blocks due to failure of the matrix material such as the dike fracture. The bonds that tie the
nodes of one block to the surface of another have both a tensile strength and shear strength
defined that must be exceeded before the blocks can slip or separate from each other. In
addition, if slippage occurs under shear stresses then frictional forces apply as above. Note
that the path of the fracture is defined by the surface of the blocks. This is referred as break-
slip later in the text.

The boundaries of a block can also accept a time history of stress, which for this effort is used
to simulate the magma pressure and the propagation of the magma up the dike. Global boundaries are
defined by restraining the displacement of the block surface nodes in the direction normal to the surface.
The free surface is modeled for all of the 1 km and 2 km calculations and some of the 5 km calculations.

2.3.2.1 Assumptions

A plane strain model was assumed for these calculations. Pollard (1987) describes the geometry
of a generalized dike based on numerous studies as being on the order of a few meters thick, several
kilometers in outcrop length, and several kilometers in depth. The displacement of the dike wall is normal
to the orientation of the fracture. Consequently, it seemed a reasonable approximation to model the dike
as a mode 1 blade fracture in plane strain. Creating a 3D model that would give results different from
a plane strain model requires modeling significant variation of the crack geometry in the plane of the
dike. Such variation is speculative and would not contribute to the primary goals of this study.

2.3.2.2 Overburden Stress

There is no convincing data to select one model of overburden stress over another. Under
varying strain conditions within the earth, the horizontal stress may be less than, equal to, or greater than
the vertical stress. The simplest model is the hydrostatic model where the horizontal stresses are equal
to the vertical stress. DYNA3D has a version of this model where the vertical stress at a given point is
computed from the gravity constant times the integrated density from the surface to the point at depth.
Unfortunately, this method does not model the gravity body force and is not a suitable approach for this
problem. To model gravity, the entire model and its coordinate system must be accelerated upward at
980.7 cm/s2. The calculation must then go through a stress relaxation process until the stress state reaches
equilibrium. This may take between 2,000 to 10,000 pseudo time cycles depending on the vertical stress,
which is given by the density times the gravity constant times the depth. The horizontal stress is less than
the vertical stress, being determined by Poisson's ratio.
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2.3.2.3 External Boundary Conditions

The boundaries were chosen to be 2,500 m horizontally distant from the dike. It is assumed that
the restraining boundaries in the horizontal direction are far enough from the dike that they would have
little influence on the displacement of the dike wall. Calculations showed this assumption to be true.

2.3.3 Geometry of Model

The dike lies in the "y,z" plane at "x = 0" with the magma pressure applied in the horizontal
"x" direction. The "y" coordinate is vertical and the gravity body force is in the negative "y" direction.
The surface is at "y = 0." The vertical height of the grid is 2,500 m for all calculations at 1 km,
3,500 m for all the calculations at 2 km and 6500 m for the calculations at 5 km intersection depth. The
horizontal width of all grids is 5,000 m. Except for the fault extension region the grid is close to being
symmetrical about the dike plane. The "x,z" plane at "z = 0" is a plane of symmetry while a fixed
boundary is at "z = -8 m". The pressurized region of the dike is the lower 1,500 m of the grid.

2.3.4 Zone Size

The grid for the calculations was fine zoned for 500 m vertically above and below the
intersection along the dike and 200 m on each side of the dike. By "fine" zone size we mean 20 m X
20 m. Beyond 400 m vertically, the zones increased geometrically by 5 percent to the surface and lower
boundary while the horizontal zone size remained 20 m. In the horizontal direction, a zone size
discontinuity was created at 200 m, where the zone size changed from 20 x 20 m to 30 x 30 m for the
1 km depth, 40 x 40 for the 2 km depth and 50 x 50 for the 5 km depth.

The primary cause of reflected waves back into the dike region is an impedance mismatch
between the fine zoned region and the course zone regions at 200 m horizontal. Experiments showed that
the mass of a zone was more important than the change in zone size in the direction of the wave
propagation. Elimination of the reflections required an increase in the zone mass of less than 5 percent.

2.4 MODELING DIKE PATH AND FAULT

Some coarse zoned calculations demonstrated that the final results were the same whether the
magma was propagated into the region of the intersection or if the dike was opened up below the
intersection by a constant pressure. Since propagation of the magma required the calculation to run for
several weeks or more, a decision was made to obtain the shorter calculation times associated with
simulating simple dike openings.

The dike is modeled in two sections. The first is a section of the dike that runs from the bottom
of the grid to the intersection of the fault. The second section runs from the intersection point to the top
of the grid. The first section is a break slip with the tensile strength set to zero. The dike crack is
assumed to be formed and pressurized, which opens the dike. The second section is a break slip with the
tensile strength set to 0.01 GPa. No magma pressure is applied to this section. On the first section the
dike pressure is ramped up from zero at a rate of 0.01 GPa per second or less. Figure 2 compares the
dike pressure required to open the dike 1.0 meter total width with the overburden pressure along the first
section of the dike. The plot clearly shows that a portion of the pressure (0.2 GPa) is used against the
elasticity of the rock, and a portion is used to expand against horizontal stress. The dike pressure
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increases with depth at O.9e-5 GPa/m, which is equal to the horizontal stress gradient (1/3 of overburden
gradient of 2.65e-5 GPa/m).

The fault is modeled as two adjoining smooth surfaces with a coefficient of friction equal to the
tangent of 500. The fault in the down dip direction ran to 200 m horizontally in all cases. The fault in
the up dip direction ran to 1000 m horizontally for the 30° dip, 600 m horizontally for the 50° dip, and
400 m horizontally for the 700 dip.

2.5 MEDIUM PARAMETERS

2.5.1 Rock Properties

Based on the low stresses involved the host rock was modeled as
the following parameters.

a purely elastic media with

Density 2.7 Mg/m 3

Poisson's ratio 0.25

Young's modulus 48.7 GPa

Bulk modulus 32.5 GPa

Shear modulus 19.5 GPa

Dike tensile strength 0.01 GPa

Fault friction angle 500 (Tan 50° = 1.2)

2.5.2 Dike Shape as a Function Depth

A series of calculations was done where only the dike was modeled, and divided into two
sections, one pressurized and the other unpressurized and bonded with bonds of 0.01 GPa of tensile
strength. The displacement along the dike wall of the pressurized region was fairly constant between 500
and 1,000 m below the pressure head. Below 1,000 m the dike wall displacement was reduced by the
increased overburden pressure. Based on this we modeled the pressurized region of the dike to a depth
of 1,500 m below the pressure head for a given dike pressure. A series of calculations was run to
determine the dike pressure required to displace the dike walls 0.5 m to give a total dike width of 1 m.
The results of this study are shown in figure 2. The pressure required to open the dike is a function of
both the compressibility of the rock and the overburden pressure. The overburden pressure points in
figure 2 give the pressure range from the given depth to 1,500 m below the given depth. The actual dike
pressure needed to open the dike is equal to the overburden pressure at 1 km but increases much less than
the overburden with an increase in depth.

The crack shape between 500 m above the pressure head and 500 in below the pressure head
is shown in figure 3, for four depths. The depth shown was normalized by subtracting the depth where
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the pressure was applied from the depth of the data point. Note that the crack shape at 1 km is
considerably different from the shape at other depths.

Two conclusions were made based on this parameter study

* The crack tip grows beyond the pressurized region and the crack shape is similar to the
cohesive zone model defined by Pollard (1987) and shown in figure 4.

* The distance above the pressure head to which the crack tip grows is dependent on the depth
of the applied pressure head. This distance from the end of the pressurized zone to the crack
tip is shown in figure 4 as "L." Figure 5 shows a plot of the crack tip length "L" as a
function of depth. At 650 m depth the crack would extend to the surface and at 5 km depth
"L" is approximately 50 m.

2.6 Dike-Fault Interaction Studies

The logic for the order of the dike-fault calculations was as follows: Start with depth 1 km, dip
300. If the dike propagates and the fault remains closed, do the next larger dip for the same depth. If the
dike does not propagate and the fault opens, then do the same dip at the next depth. If both open, do the
next dip at the same depth and the previous dip at the same depth. The order of presentation is with
respect to increasing depth and increasing dip.

2.6.1 Results for Depth 1 km, Dip 30°

The dike opened a total width of 0.52 m at the intersection point and a maximum of
approximately 1 m at depth. Figure 6 shows the grid with horizontal displacement contours after
maximum dike wall displacement. The horizontal displacement has been magnified by a factor of 20 to
better show the dike opening. The fault here appears tightly closed. At 800 m the displacement contours
show the dike half width is 0.11 m. The contours also show that the dike wall displacement is symmetric
about the dike plane at x = 0. Figure 7 shows the displacement along the dike as a function of depth.
A small indentation at the fault intersection can be seen in the upper curve. Figure 8 compares the upper
1,000 m of dike wall displacement for the dike only calculation with the dike-fault calculations. This
shows that the dike-fault dike displacement behaved essentially as if the fault was absent. Figure 9 shows
the fault displacement normal to the dip for both the top and bottom surface of the fault. The appearance
that the fault is very slightly open is more likely due to the combined coarseness of the grid and the
contour algorithm than actual displacement normal to the dip. The magma would bypass the fault and
continue to propagate the dike upward.

2.6.2 Results for Depth 1 km, Dip 500

The grid spacing and initial conditions for these calculations was identical to the previous
calculations. Figure 10 shows the grid with contours of the x displacement at the end of the dike
expansion. The horizontal displacement has been magnified by a factor of 20 to better show the dike
opening. The dike above the intersection with the fault remained unfractured and closed. The fault can
be seen as clearly open up to a horizontal distance greater than 200 m. The displacement contours show
the dike displacement below the intersection is symmetric. Above the intersection, both sides of the dike
path moved in the negative direction. Figure 11 shows the dike displacement as a function of depth. Note
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how both sides of the dike above the intersection follow the expected path of the left hand side of the dike
if it was open. Again the apparent open dike above the intersection is due to the zoning and the contour
algorithm. The tension bonds remained unbroken. Figure 12 compares the half-width displacement of the
dike only calculation with the dike-fault calculation. Below the intersection, the dike behaves as if the
fault was absent. Apparently most of the fault opening is due to horizontal displacement to the left of the
section above the fault. Figure 13 shows the displacement of the fault surfaces normal to the dip angle.
The maximum displacement along the fault is approximately 0.4 m. At 200 m horizontal distance the fault
opening is 0.2 m. The magma would be deflected by the fault and move up the fault.

2.6.3 Results for Depth 2 km, Dip 300

Figure 14 shows the grid with horizontal displacement contours after maximum dike wall
displacement. The horizontal displacement has been magnified by a factor of 20 to better show the dike
opening. The fault here appears tightly closed. At 1,900 m depth the displacement contours show the dike
half width is 0.12 m. The contours also show that the dike wall displacement is close to but not quite
symmetric about the dike plane at x = 0. Figure 15 shows the displacement along the dike as a function
of depth. The dike opened a total of 0.40 m at the intersection point (2,000 m) and a maximum of
approximately 1.1 m at depth. Figure 16 compares the upper 1,000 m of dike wall half-width
displacement for the dike only calculation with the dike-fault calculations. This shows that the dike-fault
dike displacement behaved essentially as if the fault was absent. The displacement within the pressurized
region is different because of a different dike pressure but the displacements within the unpressurized
region is nearly identical. The dike pressure for the dike only calculation was 0.38 GPa while the dike-
fault calculation used a pressure of 0.40 GPa. Figure 17 shows the fault displacement normal to the dip
for both the top and bottom surface of the fault. The appearance that the fault is slightly open is more
likely due to the combined coarseness of the grid and the contour algorithm than actual displacement
normal the dip. The magma would bypass the fault and continue to propagate the dike upward.

2.6.4 Results for Depth 2 km, Dip 50°

The grid spacing and initial conditions for these calculations was identical to the previous
calculations. Figure 18 shows the grid with contours of the x displacement at the end of the dike
expansion. The horizontal displacement has been magnified by a factor of 20 to better show the dike
opening. The dike above the fault intersection point fractured to a depth of 1,800 m and opened to a total
width of 0.1 meters at a depth of 1,900 m. The fault also opened up to a horizontal distance greater than
100 m. The displacement contours show the dike displacement below the intersection is near symmetric.
Figure 19 shows the dike displacement as a function of depth. Above the intersection fault slippage
caused the right side of the dike to move a smaller distance in the positive x direction than the left side
moved in the negative x direction. The dike is clearly open 200 m above the intersection with the total
width at the intersection being 0.35 m. Figure 20 compares the half-width displacement of the dike only
calculation with the dike-fault calculation. The displacement within the pressurized region is different
because a different dike pressure was used for the dike-fault calculation than the dike only calculation as
was described for the 2 km- 30 degree calculation. Again the slippage of the fault caused the dike
displacement above the intersection to be less than the dike only calculation. Figure 21 shows the
displacement of the fault surfaces normal to the dip angle. The maximum displacement along the fault
is approximately 0.12 m at the intersection. At 100 m horizontal distance the fault opening is 0.08 m.
The magma would flow into both the dike and the fault. Because the opening of the vertical dike is wider
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(0.35 m) and extends further (200 m) than the width (0.12 m) and extent (- 100 m) of the opening along
the fault, it is more likely the magma would continue to ascend vertically.

2.6.5 Results for Depth 2 km, Dip 700

This problem took a long time to come to equilibrium with the gravitational body forces because
of slippage along the fault. The dip angle of 700 was much greater than the coefficient of friction on the
fault surface. The results from Depth 1 km, Dip 500 are very similar with this calculation as was
expected, consequently the slippage did not seem to effect the calculational results. Figure 22 shows the
grid at maximum dike displacement with horizontal displacement contours and shows the dike above the
fault closed and unfractured. The horizontal displacement has been magnified by a factor of 20 to better
show the dike opening. The contours show that the dike below the intersection is non-symmetric where
matching contours are offset by more than 100 m. The fault is open and extends past 100 m. Figure 23
shows the dike displacement as a function of depth. The unbroken bonds on the dike above the
intersection caused the right hand side to slip along the fault and move with the left hand side of the dike.
Figure 24 shows the comparison of the dike only displacement with the dike-fault displacement. There
is good agreement between the two except for the region above the fault intersection. Figure 25 shows
the fault displacement as a function of horizontal distance from the dike. The upper curve is the top
surface of the fault, the lower curve is the bottom surface of the fault. The opening of the fault is on the
order of 0.40 m and would support magma flow beyond a 100 m, horizontal distance.

2.6.6 Results for Depth 5 km, Dip 700

In the modeling at a depth of 5 km, the slippage was so much that the bonds above the dike
broke in shear as one side of the dike settled more than the other side. The calculation was continued to
determine how critical the tensile strength above the fault was for this case. At the time that the magma
pressure began to expand the dike, the effective tensile strength across the dike above the fault
intersection was zero. Figure 26 shows the grid at maximum dike wall displacement with horizontal
displacement contours. The horizontal displacement has been magnified by a factor of 20 to better show
the dike opening. The fault and dike make one continuous open path for the magma. The dike path just
above the fault is closed but fractured. Figure 27 shows the dike displacement with depth. Similar to all
the calculations where the dike terminated at the intersection, the dike path shifted to the left and the fault
slippage at the intersection is apparent in the displacement of the dike walls at that point. The top surface
of the fault moved to the left and the lower surface of the fault moved to the right. Figure 28 shows the
comparison of the dike only displacement with the dike-fault displacement. There is good agreement
between the two except for the region above the fault intersection. Figure 29 shows the fault displacement
normal to the dip as a function of horizontal distance from the dike. The fault opening is greater than 0.2
m at the intersection and 0.1 m wide as far in as 100 m from the dike.

At the intersection, the dike width is 0.05 m. In spite of the dike path failure above the
intersection before the dike pressure was applied, the dike remained closed due to the high overburden
pressure and slippage of the top of the fault to the left. The magma would travel up the fault and the dike
would cease to propagate.
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2.6.7 Results for Depth 5 km, dip 500 Calculation

The slippage along the fault was negligible and unlike the 700 dip calculation, the bonds on the
dike above the fault intersection remained intact. The dike opened up about 20 m above the intersection
with a width of 0.2 m at the intersection. Figure 30 shows the grid at maximum dike wall displacement
with horizontal displacement contours. The horizontal displacement has been magnified by a factor of 20
to better show the dike opening. The fault and dike make one continuous open path for the magma. The
dike path just above the fault is open to 20 m above the intersection and unfractured above that. Figure
31 shows the dike displacement with depth. Similar to all the calculations where the dike terminated at
the intersection, the dike path shifted to the left but remained tightly closed. The dike opening is
approximately 0.2 m at the intersection. Figure 32 shows the comparison of the dike only displacement
with the dike-fault displacement. There is good agreement between the two except for the region above
the fault intersection. Figure 33 shows the fault displacement normal to the dip as a function of horizontal
distance from the dike. The fault opening is approximately 0.2 m at the intersection but tapers down to
0.1 m wide at 60 m from the dike.

The magma would travel up the fault a short distance then freeze in the region where the fault
opening narrows. The dike pressure would then begin to work on the dike again and continue to
propagate upward.
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3 CONCLUSIONS

The deflection of the magma along a intersected fault depends on the size of the fault opening and the
lack of continuation of the dike fracture past the dike-fault intersection. In terms of whether the magma
is deflected by the fault or not, the results from the simulations were very similar to the results from the
analytical study of Connor et al. (1994). At 1 km the curve of Connor et al. (1994) (figure 1) gives the
transition from dike flow to fault flow at a dip of 400. The simulations indicate the transition above fault
dip 30 and below fault dip 500. At 2 km the transition is at fault dip 580. The simulations at 2 km depth
indicate the transition is very close to but above the fault dip 500, since this calculation shows
simultaneous opening along both the fault and the dike above the fault, but below a fault dip of 700. At
5 km, Connor et al. (1994) indicate the transition is at 700. The simulation indicates the transition is
below fault dip 700. The opening of the fault at 500 dip could result in an offset in the dike where the
magma went up the fault a short way, then branched off to a new vertical fracture and continued upward.
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Figure 1-1. Schematic models of fault-dike interaction in profile. Ascending magma is represented
by gray pattern and faults are illustrated by thick black lines.

The lateral distance of magma diversion (d) once capture has occurred is a function of the dip (a) of the
fault and the vertical distance of magma channeling along the fault (h) (see figure 1-2) as defined by the
equation:

d = h / (tan a) (1-1)

For a dike captured by a fault, lateral diversion increases with decreasing fault dip and increasing vertical
distance of magma channeling (figure 1-3).
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Figure 1-2. Lateral diversion distance (d) is defined as a function of the vertical distance of dike
capture by a faul

30

25

E 20

a = 400

15

10

5

0

a=50 0

a = 600

a = 700

a = 80'

0 5 10
h (km)

15 20

Figure 1-3. Graphical illustration of the amount of lateral diversion of a dike (d) once dike capture
has occurred given the vertical distance of dike capture (h) and fault dip (a).
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Figure 4-1. Summary diagram from analytical modeling of fault-dike interaction (after Connor
et al., 1993; McDuffie et al., 1994) illustrating theoretical thresholds between vertical dike
propagation versus intrusion along the fault. Area below curves represent dip and depth values for
which vertical dike propagation (figure 1-lb) is expected instead of intrusion along the fault (figure
1-ic). Area above curves (steeper or shallower depths) indicate expected fault intrusion. Curves
labelled 1, 2, and 3 represent threshold values for three rock types with tensile strengths of 1, 5,
and 10 MPa, densities of 2,700, 3,000, and 3,300 kg/M3, and Poisson's ratios of 0.2, 0.3, and 0.33,
respectively.

dikes. Again, however, lateral transport is rather limited; a dike intersecting a fault dipping 300 at a depth
of 1 km will result in lateral offset of only 1.7 km. Thus, although unlikely, magma could be captured
by a steep dike at 10 km depth and recaptured by a low-angle fault at 1 km depth. Total lateral offset of
a dike captured in this extreme case yields an upper bound of 5 km of lateral diversion.
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Figure 5-1. Summary diagram from analytical modeling of fault-dike interaction (figure 3) with
results of numerical dynamic analyses (appendix A) illustrated using dots.
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Figure 6-1. Dilation tendency plot for the Yucca Mountain area in present day stress field (stress
field from Ferrill et al., 1996b and Morris et al., 1996).

Both shallow and moderately deep detachment models may influence basaltic magmatic activity in two
ways. Steep fault segments, regardless of detachment depth, may serve as conduits for magma ascent in
the shallow crust, if these faults provide relatively low-energy pathways to the surface (McDuffie et al.,
1994; Jolly and Sanderson, 1997). The deep detachment model provides potentially longer pathways, and
therefore potentially larger lateral distances of magma transfer from the magma source position. However,
the deep detachment model also predicts steeper fault dips, thereby limiting the distance of lateral dike
diversion possible by intrusion along faults.
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Figure 6-2. Cross sections through Crater Flat and Bare Mountain showing two alternative
interpretations for fault geometries. a) Moderate detachment beneath Yucca Mountain in which the
detachment fault links with the Bare Mountain fault at about 6 lkm depth. b) Deep detachment
system in which all faults merge at a common detachment at about 12 kIn depth.
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Figure 7-1. Conceptual block diagrams of potential structural control on volcanism
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