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PART A
Geology at Yucca Mountain

INTRODUCTION
Both advocates and critics disagree on the significance and interpretation of critical
geological features which bear on the safety and suitability of Yucca Mountain as a site for
the construction of a high-level radioactive waste repository. Critics believe that there is
sufficient geological evidence to rule the site unsuitable for further investigation. Some
advocates claim that there is insufficient data and that investigations are incomplete, while
others claim that the site is free of major obstacles. Regardless what the advocates say,
specialists blithely continue to expend hundreds of millions of dollars each year to pursue
an incredibly expensive and time-consuming effort to study Yucca Mountain. Little, if
any, effort is spent in the DOE program to synthesize and integrate the information that is
already available. Such studies as have been done (e.g., U. S. Department of Energy, 1988;
Science Applications Intemational Corporation, 1992) have not resulted in the formulation
of cost-effective and focused investigations of potentially hazardous conditions at Yucca
Mountain.
Some attempts to synthesize and coherently interpret existing data within the DOE
have been made (Szymanski, 1987, 1989, and 1992). These attempts have raised serious
technical concerns about the suitability of the Yucca Mountain site. The initial attempt was
dismissed by the DOE (Dudley et al., 1989) and the latter has not been yet considered.
However, some scientists that have reviewed these works agree that the concerns have a
valid technical basis (e.g., Archambeau and Price, 1991). Other scientists have examined
the earlier attempts and have been provided with the latter efforts, but have dismissed the
contents of these reports (NASINRC, 1992).

These dismissals give evidence of

institutional reluctance to consider the possibility that Yucca Mountain is not a site where
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safe disposal of high level nuclear waste may be achieved.
It is recognized by those critical of the siting of the proposed repository at Yucca
Mountain that their concerns are based on a multitude of site-specific observations and
measurements.

The principal documentation for these concerns are reports to the

management of the U. S. Department of Energy by Szymanski (1989 and 1992) and
Archambeau and Price (1991).
During this past year we have expanded our efforts to include both the critical
evaluations of existing geological and geochemical data and the collection of field data and
samples for the purpose of preparing scientific papers for submittal to scientific journals.
Summaries of the reviews of critical evidence are given in the following portions of this
report as are the rationales for future efforts. As part of our first annual report we take this
opportunity to clarify the technical basis of our concerns and summarize the critical
geological field evidence and related information.

A-2

GEODYNAMICS
With regard to the suitability of the Yucca Mountain site to accommodate a high
level nuclear waste repository, potentially disqualifying conditions arise directly or
indirectly from active tectonic processes.

The ultimate cause of these processes is

terrestrial heat which drives plate tectonics and in some instances, such as in the Basin and
Range province, causes rifting of the continental lithosphere. Typically, rifting regions are
characterized by a conductive heat flow of 80-120 mW/m 2 , about twice the average for
stable continental regions. In these geothermal settings transport of heat through the crust,
in addition to involving the conductive mechanism, also involves the advective (molten
rock) and convective (aqueous and gaseous phases) heat transfer mechanisms. For most of
the Basin and Range province the conductive heat flow is typically 80-100mW/M2 ; locally,
it may be as high as 120mW/ni 2 (Sass et al., 1981). Such high flux of thermal energy poses
unique problems for repository siting anywhere within the Basin and Range province.
In terms of heat flow the shallow crust at Yucca Mountain represents a small-scale
anomaly (less than 10 km in length) of low conductive heat flow (40 mW/M2 ) within a
local background of 85 mW/rn2 (Sass et al., 1987). Importantly, the Yucca Mountain heat
flow anomaly seems to be a transient phenomenon. This is suggested by the fact that the
paleogeothermal gradient, reconstructed based on the oxygen isotopic signatures of young
calcite/opal-CT/sepiolite veins, is about 340 C/km (Whelan and Stuckless, 1992). This
reconstructed gradient is approximately 50 percent higher than the contemporary
geothermal gradients measured by Sass et al. (1987). Most of the veins that have been used
in paleogeothermal reconstructions carry U/Th ages of <400 ka (Szabo and Kyser, 1985).
Szymanski (1989) pointed out that, similar to the contemporary geothermal field,
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the present-day strain and hydrologic field at Yucca Mountain cannot be regarded as a
permanent feature. The Yucca Mountain geodynamic system appears as a non-equilibrium
dissipative system which, for geologic time spans, fluctuates between high- and low-energy
states. This non-equilibrium thermodynamic behavior seems to be facilitated by highenergy flux from the unstable upper mantle.
A small-scale anomaly (less than 20 km in length) in compressional velocity of the
crust and upper mantle has been revealed by seismic tomography between western Yucca
Mountain and Crater Flat (Evans and Smith, 1992).

In the uppermost mantle the

compressional velocity is about 2 percent lower than the laterally-averaged background.
Because the background velocity itself is representative of a mantle region within which
incipient/partial melting occurs, the anomalously low velocities indicate that, beneath
western Yucca Mountain and Crater Flat, the degree of mantle melting is greater than
elsewhere.
The mantle low-velocity anomaly presumably reflects magma source regions for the
Quaternary basaltic cones in Crater Flat and at Lathrop Wells. The latter cone is situated
only 15 km away from the proposed repository site and is the youngest of the locallyknown magmatic centers in the Yucca Mountain region. Two separate Lathrop Wells lava
flows have been dated by Turin and Champion (1991) at 144 ±35 ka and 183 ±21 ka
(arithmetic means of' 0 ArP9Ar ages), and 119 ±1 1 ka and 141 ±1s0 ka (combined weighted
means of K/Ar and Ar/Ar ages). Wells et al. (1990) inferred that three additional events
occurred within the past 20 ka based on soil stratigraphy of eolian sand and silt containing
tephra.
In the crust, beneath western Yucca Mountain and Crater Flat, the compressional
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velocity is about 1 or 2 percent lower than the laterally-averaged background.

The

corresponding low-velocity anomaly cannot be uniquely attributed to incipient or partial
melting of the crust, however, this anomaly may be regarded as indicating that a degree of
mantle-induced heating is greater than elsewhere.

This, together with the inferred

asymmetry of mantle-induced heating, virtually assures that Yucca Mountain is underlain
by a deep-seated geothermal system. In that regard, Sass et al. (1983) state:
... heat flow is likely to vary between about 30 and 70 mWM2 (.75 to 1.7 HFU)
within the very small area. This in turn suggests very shallow ( in the range of 2.5
to 5 km) heat sources and sinks as the cause of the variation. The most likely
sources and sinks would be hydrologic... From the present series of measurements,
it seems clear that various fluids are moving about in the unsaturated zone, that
water is moving in a very complicated manner within the saturated zone to depths
on the order of 1 km, and that in the Paleozoic rocks beneath the tuffs, there is also a
complex hydrothermal circulation system.
Mantle dynamics have been invoked to explain aberrant crustal strains measured by
a large-aperture (60 km E-W, 150 km N-S) array of strain meters operated in the NTS
region in 1970-1971 (Smith and Kind, 1972). The southernmost element of the array was
located at Yucca Mountain. The array "detected a pulsating strain field that increased over
a period of six weeks and decayed over a shorter interval of time" (Smith and Kind, 1972).
The maximum regional variation in strain consisted of an extension of 1.3 x 10-5 in a
N480 W direction and a compression of 5.8 x 106 in the orthogonal direction. Following
this episode the rate of strain accumulation abruptly changed polarity. Extension during
the strain episode was oriented in the same direction as the axis of minimum compressive
stress determined by a variety of methods (Stock et al., 1985). The crustal strain was not
associated with either unusual earthquake activity or with known fault displacement.
Smith and Kind (1972), therefore, explained the secular strain in terms of crustal response
to mantle processes.
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Transient crustal deformation is also evidenced by re-leveling surveys along a line
from Las Vegas to Tonopah, NV, a line that crosses southern Yucca Mountain and Crater
Flat. Data from three surveys, from 1910 to 1984, show 25.5 ± 3.5 cm of subsidence of
Crater Flat relative to Yucca Mountain and Bare Mountain in 75 years (Gilmore and Carr,
unpublished data, cited by the National Research Council, 1992, p. 106). The subsidence
rate, over 3 mm/year, is greater than can have been sustained over the long term.
Long-term strain rates estimated from paleoseismicity are orders of magnitude
lower than the transient strain rates determined from geodetic leveling and strain meter
data. Of the several Quaternary faults in the Yucca Mountain area, the Windy Wash fault
in eastern Crater Flat has the most detailed displacement-chronology.

The apparent

vertical offset of Pliocene basalts dated at 2.5-3.7 Ma is 40 meters (Ramelli et al., 1991),
yielding an apparent vertical slip rate of about .01 mm/year. Four episodes of displacement
over the past 270 ka have been documented, the youngest displaced stratum being an eolian
silt dated by thermo-luminescence methods at 3.0-6.5 ka, (Whitney et al., 1986). Holocene
offset has also been documented on the Solitario Canyon and Black Cone faults using
radiocarbon accelerator mass spectrometry methods (Ramelli et al., 1991).
Paleoseismic activity at Yucca Mountain has evidently been accompanied by
concurrent rupture of multiple faults and local eruption of basaltic ash. Evidence cited by
Ramelli et al. (1991) includes: "the high degree of fault interconnection, similarities in
scarp morphology, similarities in ages and amounts of recent offset along multiple faults,
and presence of basaltic ash within vertical fractures formed in fault-filling carbonate
exposed in trenches across four faults." The four faults cited are the Bow Ridge, Solitario
Canyon, Windy Wash, and Fatique Wash faults. Because the ash-filled fissure in the
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Windy Wash fault cuts all surficial strata except the youngest, a Holocene silt, the ash
probably came from an eruption of the Lathrop Well volcanic center, the youngest basaltic
cone in the area. The distributive faulting evidenced at Yucca Mountain has a significant
implication as to the maximum earthquake potential. DePolo et al. (1991) documented the
distribution of surface ruptures caused by 11 historic earthquakes in the Basin and Range
province. All nine events that ruptured multiple geometric or structural segments had
magnitudes of 6.8 and greater.
Paleoseismic events at Yucca Mountain have been in the same magnitude range as
historic normal-faulting earthquakes in the Basin and Range province that have produced
very large outflows of crustal fluids (0.5 km 3 and 0.3 km3 respectively for the 1959 Hebgen
Lake and 1983 Borah Peak events; Wood and King, 1992). For both events, the outflow
was equivalent to the earthquake-induced volumetric strain accumulated to a depth of 5
km. The outflow from such an event at Yucca Mountain would appear to be sufficient to
inundate the vadose zone, presently 0.5 km deep, or at least flood the proposed repository,
0.3 km deep.
The phenomenon of large outflow from the source regions of normal-faulting events
helps to explain the as-yet-poorly-understood

hydrologic

processes involved in

mineralization of the crust in an extensional environment.. The observation that PlioQuaternary alkali-earth zeolitization of the ignimbrites at Yucca Mountain, both within and
below the vadose zone, occurs in aureoles around faults and fractures provides strong basis
to consider a possible role of tectonism in inducing a variety of fluid flows. Further, the
epigenetic zeolitization is distinctly polygenetic, as indicated by geochemical and
geochronologic analyses of drillhole cores, and therefore is most likely related to episodic
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tectonism (Szymanski, 1992). Likewise, the wide range in ages of vein calcites is
indicative of recurrent flow of aqueous solutions through faults and fractures.
To explain the large outflows cited by Wood and King (1992) for major normalfaulting earthquakes, water must be drawn into fractures to a depth of at least 5 km during
strain accumulation in the source region. It has been inferred by Szymanski (1989) that the
upper crust at Yucca Mountain, south of northernmost drill hole USW G-2, is presently in
an advanced stage of strain accumulation. The steep potentiometric gradient, between drill
holes G-2 and G-1, marks the northern margin of the pre-seismic strain field. The region
between G-2 and G-I also marks the northern margin of the Yucca Mountain heat-flow
anomaly. Deep in the saturated zone of G-2, the conductive heat flow is 71 mW/m2 ;
elsewhere in the phreatic and vadose zones at Yucca Mountain, it is anomalously-low (Sass
et al., 1987). It seems likely that the anomalously-low heat flow and water table are related
to the same transient phenomenon.
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GEOLOGICAL FIELD RELATIONS AND OBSERVATIONS
Critical geological field observations have been compiled by Szymanski (1992) and
also by Hill (1993).

This section will summarize the observations, discussions, and

conclusions of Szymanski (1992) -and discuss how these are variously regarded by
advocates and critics of Yucca Mountain.

Volcanism
Of the several elementary geological field observations that can be made at Yucca
Mountain, recent volcanism seems to be the one that most readily can be recognized by
both trained geologists and others with an appreciation and knowledge of the nuclear
regulatory requirements for assuring public and environmental safety.

Four partially-

eroded volcanoes in Crater Flat, immediately to the west of Yucca Mountain, and one
clearly-visible uneroded volcano, the Lathrop Wells cinder cone in southern Yucca
Mountain, are all examples of this younger volcanism. Besides these volcanoes there is
other, less obvious, evidence of basaltic volcanic activity. This activity is expressed in the
existence of basalt flows and fissure vents in southeastern Crater Flat and in a basaltic dike
in the upper reaches of Solitario Canyon, immediately adjacent to the western edge of the
proposed repository. The ultimate origin of basalt is well understood by geologists: it
originates in the mantle of the earth. Basaltic magmas do not necessarily emanate directly
from the mande to the surface, but may reside for a while within the Earth's crust,
differentiating and mixing with melted crustal material and then be erupted to the surface
later in time.
Reported potassium-argon ages for these five volcanos range from about 120 to
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1160 ka. The basaltic flows in southeastern Crater Flat have been dated at about 3.7 Ma
and the basaltic dike at about 10 Ma. Both immediately adjacent to and in the larger region
surrounding Yucca Mountain, basaltic volcanism has occurred episodically throughout the
past 10 million years. The five volcanoes have erupted over Quaternary detritus and thus
were erupted within the time span of the direct regulatory concern.
Direct disruption of a repository site by basaltic volcanism and the effects of
volcanic eruption on surface facilities, however, are not our greatest concern. We regard
basaltic volcanism as direct and unequivocal evidence of deep-seated geologic instability,
but more important: What are hydrologic implications of such instability and how do they
bear on the future performance of the proposed repository?
Within the context of our involvement with the State of Nevada Nuclear Waste
Project Office, we are planning to address these concerns through integration of a two-fold
approach. First, we are in a process of examining the local geologic record with the intent
of determining whether or not it contains clues to past behavioral patterns of the local
hydrologic system (e.g., evidence for post-Timber Mountain alteration

and/or

mineralization would be of critical importance). Second, we have initiated a numerical
simulations program involving a variety of hydro-tectonic interactions. Examples of such
interactions are: 1) seismic pumping, 2) gas-assisted seismic pumping, 3) influence of insitu stresses on fracture aperture and hydraulic conductivity, and 4) intermittent fluid
convection in a deforming, fractured medium.

Throughout this program we hope to

achieve quantitative insight into processes that may have been operating at Yucca
Mountain. This understanding, in turn, may be used to help understand the geologic record
at Yucca Mountain.
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Faulting

Younger faulting has also occurred at Yucca Mountain. Many scientists do not
consider faulting important to long-term disposal of high-level radioactive waste
(NASINRC, 1992; DOE, 1988; SAIC, 1992); others deny its youthfulness (Evernden,
1992).
Major Quaternary faulting has been amply documented at Yucca Mountain (Ramelli
et al., 1991). The spectacular Solitario Canyon fault is located adjacent to the western edge
of the proposed repository immediately to the west of the ridge line of Yucca Mountain and
has documented Quaternary displacement (Scott and Bonk, 1984). Several other faults
with documented Quaternary displacement also exist in Crater Flat as well as on the east
side of Yucca Mountain (Ramelli et al., 1991).
The local "capable" faults are the subject of on-going studies by scientists working
for the U. S. DOE, Yucca Mountain Project. Most of their efforts seem to be directed
toward evaluating the impact of fault-induced vibratory ground motion on surface facilities
and integrity of underground openings. Again, even though vibratory ground motion is an
important aspect of assuring public and environmental safety, our major concern is of a
different nature. Specifically, our interest lies in understanding the impact of local faulting
on the stability of the shallow hydrosphere, as well as on the stability of the underlying and
deep-seated geothermal system. The importance of this subject is not appreciated by many
scientists: A prime example of this is the National Academy of Sciences' (1992) report
"Groundwater at Yucca Mountain: How High Can It Rise?" in which this important issue
is dismissed.
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Brecciation

Brecciation along locally-mapped faults is readily apparent at Yucca Mountain. A.
particularly noteworthy type of brecciation are the so-called "mosaic breccias." In a hand
specimen mosaic breccias consist of angular to subrounded, tuffaceous fragments
embedded in a matrix of calcite and opal. Mosaic breccias are characterized by: 1) their
matrix-supported texture (i.e., individual breccia clasts are not touching); 2) very-large,
volumetric strain (dilation) ranging from several percent to tens of percent; and 3) the
isotropy of the volumetric strain (i.e., the amount of dilation is comparable in all three
mutually perpendicular directions).
Based on textural and compositional characteristics, mosaic breccias are of two
distinct varieties:

1) the so-called crushed-tuff-matrix (CTM) breccias, consisting of

bedrock clasts in a matrix of finely-crushed bedrock and containing little authigenic
cement, and 2) the so-called authigenic-mineral-cemented (AMC) breccias, consisting of
very little finely-crushed bedrock and containing matrix material composed almost entirely
of authigenic cement (Levy and Naeser, 1991).

The CTM breccias contain no plant

remains, whereas the AMC breccias contain abundant root casts.
Less commonly observed are occurrences of breccia in soft, unwelded tuffs. Such
breccias are typically developed as discontinuous dikes up to 0.3 m thick.

They are

particularly numerous and well-developed along the eastern flank of Harper Valley. In all
of the observed cases, the breccia dikes are of GS-texture and contain allogenic and
polymictic clasts. For some breccia dikes compositional clasts are well rounded; for other
dikes, however, these clasts are angular. Breccia dike cement consists mainly of opaline
silica with lesser micritic calcite. A remarkable feature of these breccia dikes are their
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length/width ratio. In one instance, the observed length/width ratio is as small as 5.
A number of observations have been made on the mosaic breccias and breccia dikes
and these provide clues as to the origin of the brecciation. Mosaic breccias and breccia
dikes occur in both Tertiary pyroclastic rock and in Paleozoic carbonate rock so evidently
the eruptive emplacement of pyroclastics, including their cooling and solidification, was
not necessarily a factor involved in the formation of all of these breccias. In light of this
remark, these breccias appear to be epigenetic rather than auto-breccias (i.e., formed syndepositionally with the host tuffs); they do not appear to have formed by shear
fragmentation associated with ordinary fault-slip because they lack shear fabric; and as
previously discussed, they: 1) occur as irregular pods and discontinuous dikes, 2) exhibit
very-large volumetric strain that in places ranges from several percent to tens of percent;
and 3) as a rule they exhibit a volumetric strain that is remarkably isotropic. Since the
Yucca Mountain breccias do not appear to be syn-depositional or shear-fragmentation in
origin, then they must be either "denudation" breccias (i.e., formed through in-filling of
independently formed bedrock openings by erosionally-derived clasts) or "explosion"
breccias (i.e., produced as the result of a large and rapid build-up of fluid/gas pressure).
The true genesis of the Yucca Mountain breccias is suggested by the studies of Levy
and Naeser (1991) who found that the AMC breccias (from both Trench 14 and Busted
Butte) contain fragments of zircon crystals incorporated in authigenic cements.

The

separated zircons yielded a wide spectrum of fission-track ages, from 59.7 Ma to as little as
4.8 Ma. Such a wide spectrum indicates that the enclosed zircons originated either from
distinct igneous sources or from a differentially-heated source or sources. Significantly, for
the two breccia specimens examined, fission-track ages are significantly older and
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significantly younger than the K/Ar ages of the host tuffs. The Tiva Canyon member and
the Topopah Spring member of the Paintbrush Tuff are 13 and 13.5 Ma, respectively (K/Ar
dating method).
From the above discussion it is reasonable to conclude that: 1) the age of formation
of some of the AMC breccias postdates both the deuteric alteration of the tuffs and
hydrothermal stages of the Timber Mountain Caldera, and 2) at and/or near Yucca
Mountain there is a source of fairly young zircons, either juvenile or thermally-reset. It is
worth noting that the fission track age of a zircon specimen reflects its so-called "cooling
age;" i.e., the time elapsed since the temperature of the specimen dropped below the
annealing temperature. The annealing temperature for zircons is as high as 240° ±500C
(Hurford, 1986; Harrison et al., 1979), which fact obviously leads to another important
conclusion: at and/or near Yucca Mountain there are rhyolites which were either erupted
or became hydrothermally-altered after the late stages of magmatic and hydrothermal
activity of the Timber Mountain Caldera.
The fission track ages of zircons embedded in the AMC breccia cements were,
however, interpreted differently by the NAS/NRC Panel on Coupled Hydrologic/Tectonic/
Hydrothermal Systems. The Panel (p. 44) stated that:
... within the analytical uncertainty, most of the ages are about 10-12 Ma, or about
the same as those of the dominant volcanic rocks in the region.
However, the primary authors (Levy and Naeser, 1991) of the work stated that:
... there are zircons from multiple sources present. In both samples there are crystals
significantly younger and significantly older than the age of the tuff.
Examination of the fission track data shows a multiply-peaked distribution of ages
in each breccia sample and that the youngest age is 4.8 Ma. In addition, the 90 percent
confidence interval for this age is from 2.3 to 7.3 Ma. Finally, the majority of the twentyA- 14

four most probable ages are actually significantly younger than the age of the host tuffs,
which is given by K/Ar dating as 13 Ma. Therefore, contrary to the Panel's description of
the fission track data, most of the ages are much younger than the host ignimbrites and
provide evidence that hydrothermal activity has occurred at much more recent times than
considered by the Panel.

Calcite-SilicaMineralization
Calcite and opal are widely distributed around Yucca Mountain as calcrete and vein
material (Szymanski, 1992; Hill, 1993). "Calcrete," as used in this report, is a deposit of
calcite and/or silica travertine that is either conformable with a topographic surface (sheet
travertine) or which occurs as strata-like (strataformn) bodies of greater lateral than vertical
extent. Notable localities of calcite/opal calcrete deposits, in the eastern parts of Yucca
Mountain, are at Trench-14 and on both the west and east flanks of Busted Butte. Other
occurrences are in western Crater Flat near the base of Bare Mountain, in several trenches
in eastern Crater Flat, near the mouth of Solitario Canyon west of Yucca Mountain, and in
the southern portions of Yucca Mountain, along the trace of the Stagecoach Road fault.
The abundance of calcite/opal varies within and among the different exposures. Where
calcite and opal completely fill the interstices, the clasts may be either grain-supported
(each clast touches its neighbor clasts), or matrix supported (the clasts are totally separated
from one another and are "floating"). The calcite/opal cement matrix may amount to as
much as 90 percent or more of the volume of the deposit.
Calcite/opal veins are also ubiquitous around Yucca Mountain. These veins range
from a few millimeters in thickness to about I meter. They occur in all of the stratigraphic
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units of the region (including the Ammonia Tanks member of the Timber Mountain Tuff
and overlying unconsolidated Quaternary deposits) and in all of the lithologic rock types
(including welded and unwelded ignimbrites).

Two varieties of veins may be readily

distinguished in hand-specimen: an older variety and a younger variety.
The older variety consists of clearly-hydrothermal veins and impregnations. Such
veins are composed of calcite and multi-colored opals and typically are accompanied by
narrow alteration aureoles. While a hydrothermal origin for these veins is not in dispute,
the appropriate question is: Do these veins represent deuteric mineralization (i.e., formed
in association with the cooling, syn-depositional devitrification and solidification of the
tuffs) or do they represent subsequent epigenetic mineralization?

Another critically

important question is: Are we reasonably certain that all of these hydrothermal veins are
attributable to hydrothermal stages of activity of the Timber Mountain Caldera?
The younger variety of veins consists of white, micritic calcites intercalated with
dense, buff-colored, opaline silica. These veins range in thickness from a few centimeters
to about I meter. They occur in all of the stratigraphic units of the region and also in the
sand ramps of Busted Butte. Importantly, the Busted Butte sand ramps occur above the
Bishop Ash, so it is known that at least some of these calcite-opaline silica veins are
younger than the -700 ka age of the Bishop Ash.

Compositionally, texturally, and

spatially, the younger veins are similar to, and associated with, the calcite/opal calcretes
and this suggests that both deposits may have precipitated from common solutions. The
results of extensive uranium, strontium, oxygen, and carbon isotopic investigations, as
performed by the USGS investigators over the last seven years, confirm that such is indeed
the case.
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A number of U-series age determinations have been performed on the calcite/opal
calcretes and veins. This data has been examined by Szymanski (1992) and the primary
sources for these data are referenced in his report.

The U-series ages for veins and

calcretes seem to fall into four discrete groups: 1) -30 ka, 2) -75 ka, 3) -170 ka, and 4)
-280 ka. The youngest episode of mineralization (30 ka) includes surface calcretes as well
as veins from a depth of more than 300 meters. The second youngest episode (75 ka)
includes calcretes and the two oldest episodes are represented in the subsurface by veins
occurring as deep as 600 meters.
Compositionally and texturally the micritic veins and associated calcretes are
equivalent to the authigenic cements of the AMC breccias.

Furthermore, Whelan and

Stuckless (1990) showed that the isotopic character of carbon and oxygen incorporated in
the breccia cements is equivalent to that incorporated in the calcretes and veins. Clearly, a
single paragenetic assemblage is evident: the breccia cements, micritic veins, and calcretes
all precipitated from similar parent fluids.
Many of the breccia cements, calcretes, and surficial micritic veins contain root
casts (rhizomorphs).

These root casts indicate that, at Yucca Mountain, the surficial

calcites and opals formed at or near the topographic surface.
The origin of the calcite-silica mineralization at Yucca Mountain has been the
subject of much debate. Essentially there is the "pedogenic-supergene" model of origin
and the "hypogene" model of origin. However, these terms have been uncorrectly used and
misunderstood.

Among the Yucca Mountain Project investigators, it is commonly

understood, or implied, that fluids responsible for pedogenic accumulations of calcretes
and/or silcretes are necessarily supergene fluids, or infiltrating rainwater. In other words,
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for these fluids, the intra-formation residence time in either soil or surficial bedrock is very
short, and the depth of their infiltration is very small, no more than a few meters. Such
understanding. however, is erroneous.

Secondary carbonate and opal may accumulate

through a variety of processes to form either calcic-silicic soils or other deposits that
resemble such soils (e.g., Goudie, 1973 and Machette, 1985).
Properly understood, "pedogenic" accumulations of carbonate and/or silica are the
result of deposition at the topographic surface disposition (through evaporation, evapotranspiration, run-off, and/or infiltration) of meteoric fluids regardless

of their

intraformational residence times and histories. These fluids do not have to be supergene;
they may also be hypogene. For example, in many arid and semi-arid regions, calcretes
and silcretes are commonly regarded as having formed by upward movement of calciumor silica-rich fluids from the water table via capillary or by other mechanisms, and then by
ongoing chemical, biochemical, or evaporative mineral precipitation. Examples of such
pedogenic mineral accumulations are common throughout the world (e.g., Summerfield,
1983 and Carlisle, 1983).
In the case of the calcite-silica mineral assemblage the issue is not whether this
assemblage is "pedogenic."

Rather. the issue is: Are the fluids responsible for this

assemblage. hypogene or supergene?
In the supergene model, calcium and/or silica, either introduced at the topographic
surface by rainfall and airborne dust or released as the result of various weathering
processes, are dissolved in upper soil horizons, transported through these horizons, and
then precipitated at depth. In contrast, the hypogene model relies on subsurface fluids,
typically deep-seated.

For such deep-seated fluids, dissolved calcium and/or silica is

derived through leaching of rocks through which the fluids have moved. Precipitation of
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calcium carbonate and opaline silica is then the result of a combination of several factors,
such as evaporation and/or evapo-transpiration, reduction in fluid temperature, reduction in
CO 2 partial pressure, and/or a change in fluid pH.
Critics and advocates of Yucca Mountain being the potential site of a high-level
nuclear waste repository are sharply divided as to the character of the fluids out of which
the breccia cement-vein-calcrete paragenetic assemblages precipitated.

Of course, the

advocates maintain that the supergene-pedogenic model applies. In contrast, the critics
keep insisting that, in view of the geodynamic setting of Yucca Mountain, the hypogene
alternative needs to be seriously considered.

Far from being an esoteric concern, the

ultimate outcome of the hypogene-supergene debate will determine the future use of Yucca
Mountain as the site for the permanent disposal of high-level nuclear waste.

A- 19

METASOMATISM
As our contribution to a satisfactory resolution of the supergene-hypogene dilemma,
we have developed, and have begun pursuing, a promising approach.

There are two

aspects to this approach, namely: 1) broadening the scope of the controversial paragenetic
assemblage, and 2) strengthening genetic linkages between individual elements of this
assemblage.
To gain a reliable genetic reference it is necessary to broaden the controversial
breccia cement-vein-calcrete assemblage to include an affiliated element whose origin
(supergene or hypogene) may be unequivocally established. We believe that this element
is the alkaline earth metasomatism of the local alkalic tuffs.

Undoubtably, this

metasomatism reflects either the ascent or descent of parent fluids for the controversial
assemblage. It can be reasonably expected that various characteristics of the corresponding
alteration products contain a key to knowing with certainty the operational mode (ascent or
descent) of these fluids. In this regard, particularly promising are the following lines of
inquiry: 1) spatial distribution of the alteration products; 2) volume of the affected tuffs,
and geochernical mass balance calculations; 3) geochemical characteristics of the alteration
products such as HREE abundances relative to LREE, relative abundance of ' 7Sr, trace
element concentrations, etc.; 4) mineralogic characteristics of the alteration products (i.e.,
presence of calcic zeolites such as heulandite, erionite, stellerite, laumontite, etc.); and 5)
geochronologic characteristics of the alteration products, mainly K/Ar ages of the calcic
zeolites.
It is also necessary to further strengthen the genetic linkage between the reference
element (metasomatism) and the controversial elements (breccia cement, vein, and
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calcrete). Although this linkage is already sufficiently strong, we believe that it is prudent
to implement three lines of inquiry:

1) the REE signature (chondrite-normalized

abundance pattern) for each of the elements of the metasomatic assemblage; 2) the isotopic
character of strontium incorporated in the alkaline earth alteration products; and 3) the
isotopic character of carbon incorporated in both the calcic zeolites and the
metasomatically-altered whole rock.
Within the context of the adopted approach the chemical alteration of the tuffs is
fundamental to the interpretation of the events that have transpired at Yucca Mountain. To
this end we have begun to examine rigorously and in detail, using the already available and
extensive geochemical data, the character of the altered tuffs. Two preliminary reports
have been prepared, (Livingston, 1992 and 1993). The first was presented to the Las Vegas
sub-section of the Association of Engineering Geologists, and later became a part of the
third quarterly report submitted by TRAC to the Nuclear Waste Project Office. The second
was submitted as the TRAC's fourth quarterly report.
During initial stages of our review of the major-element geochemistry, we have
noted that, at Yucca Mountain, most of the whole rock samples are different from glass in
their chemistry which argues that most of the tuffs have been altered. This alteration has
caused a decrease in the abundance of silica, soda, and potash and an increase in the
abundance of lime and magnesia of the altered rocks.
Recognizing the chemical alteration of the tuffs, Broxton et al. (1986) state:
Zeolitic tuffs at Yucca Mountain formed by diagenetic alteration of rhyolitic vitric
tuffs. Despite their similar starting compositions, these tuffs developed
compositions that vary both vertically and laterally. Widespread chemical
variations were the result of open-system chemical diagenesis in which chemical
components of the tuffs were mobilized and redistributed by groundwaters.
Alkalies, alkaline earths, and silica were the most mobile elements during
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diagenesis.
This statement contains the terms "diagenetic alteration" and "diagenesis." In the context
of the known history of the Yucca Mountain site, however, the term "diagenetic alteration"
is inappropriate and misleading.

At this site the process of diagenetic alteration was

completed upon the solidification and compaction of the volcanic glass and upon the
completion of isochemical devitrification of the welded tuffs. Any chemical alteration
must be regarded as both epigenetic and metasomatic with respect to these processes. This
is so because: 1)the chemical solutions which bring about the chemical change must have
acquired their chemical character frm sources other than the rocks which are being
changed in their chemical composition and hence the alteration process must be regarded
as metasomatic in character, and 2) these changes must have occurred after the
solidification and devitrification of the tuffs, and hence the alteration is epigenetic in
nature.
During the course of our review we have confirmed the previous conclusion of
Broxton et al. (1986) that the initial chemical composition of the tuffs is best represented
by the present-day chemical compositions of volcanic glass (112 analyses). By comparing
these compositions with Broxton et al.'s results of 63 whole rock and 436 clinoptilolite
chemical analyses we have learned that several chemically-diverse solutions have caused
the epigenetic alteration of the tuffs. Two major types of alteration haye occurred, one of
which is alkali-rich and calcic-poor and the other of which is calcic-rich and alkali-poor.
Two end members of the alkali-rich alteration can be recognized, one of which is potashrich and soda-poor and the other of which is soda-rich and potash-poor. The chemical
compositions of clinoptilolites display three modes in the population distribution. All three
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modes, however, are greater in calcium concentrations than the glass. This indicates that
several fluids of diverse chemical character caused the alkaline earth metasomatism. As
such, it seems unlikely that this metasomatism occurred at the same time, and it must be
presumed that the alteration is polygenetic.
We also have examined the mineralogy (Bish and Chipera, 1989), clinoptilolite
chemistry (Broxton et al., 1986), and potassium argon ages (WoldeGabriel, 1991) for
borehole USW G-1 (Livingston, 1992). With regard to the mineralogy, we recognized the
zoning with depth of the silica phases (quartz, tridymite, and cristobalite; in order of
decreasing crystal chemical ordering) noted by Bish and Chipera (1989).

This zoning

shows decreasing abundances of cristobalite and tridymite relative to quartz in deeper
levels of the welded devitrified zones. We also recognized the zoning of the zeolites with
the relative order and increasing depth: clinoptilolite, mordenite, and analcime, as was
noted by the original authors. In addition, we recognized a zone within the densely-welded
devitrified Topopah Spring member (about 900 to 1,000 feet deep) that has an association
of calcite with low abundances of cristobalite and tridymite relative to an increased
abundance of quartz. No doubt this represents a localized alteration event that is epigenetic
with respect to the lithification of the ignimbrites.

Another possible epigenetic event

occurred in the older tuffs (about 5400 to 5700 feet deep) and is represented by the
occurrence of clinoptilolite and mordenite within a zone (below about 4000 feet) that is
otherwise dominated by analcime as the major alteration phase. These two observations
are regarded as supportive of the earlier inferred polygenetic character of the alteration at
Yucca Mountain. In addition, these observations indicate that the over-printing alteration
events are spatially discrete, such as would be expected for altering solutions sporadically
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invading the bedrock along faults and fractures.
Regarding the clinoptilolite chemistry in borehole USW G-1, the single analysis
from the Topopah Spring member .(1286 feet) is very high in lime and very low in
magnesia, soda, and potash, while but 50 feet deeper in the tuffaceous beds of Calico Hills,
clinoptilolites are high in soda and potash and low in both lime and magnesia. Deeper in
the section, clinoptilolites from the flow breccia (between 3500 and 4000 feet) are high in
soda and low in lime, magnesia, and potash. Thus, it is confirmed that clinoptilolites are
both chemically and spatially diverse with a strong possibility of being chronologically
distinct.
Our review of the potassium-argon data from borehole USW G-1 (WoldeGabriel,
1991) leads us to interesting possibilities with regard to the age of the zeolitic alteration.
The reported apparent ages of cinoptilolites are: 1) 10.62 Ma for the Bull Frog member
(3288.5 feet), 2) 6.95 Ma (2190.8 feet) and 5.39 Ma (1819 feet) for the Prow Pass member
of the Crater Flat Tuff, and 3) 2.23 and 1.99 Ma (2 analyses) for the Calico Hills formation
(1561 feet). WoldeGabriel (1991) also reported potassium-argon ages of 14.94 and 15.88
Ma for illite/smectite (3940 feet). Interestingly, Bish (1989) reports a potassium-argon age
for illite/smectite (5637 feet) of 10.9 Ma. This age is nearly identical to the oldest zeolite
age and occurs at the same depth as the anomalous occurrence of clinoptilolite and
mordenite, deep within the analcime zone. Because the oldest zeolite ages agree with the
youngest illite/smectite ages, we believe that the zeolitic phases may be equally as good for
geochronologic purposes as the illite/smectite phases. Zeolites have not usually been used
in geochronologic studies and firm conclusions must await further results and testing. At
face value, however, these apparent ages tend to confirm our earlier conclusions that the
metasomatism is epigenetic, polygenetic, and may have continued episodically over an
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extended period of time.
All together, WoldeGabriel (1991) reported the results of twenty two analyses of
samples of clinoptilolite from six boreholes. Corresponding samples were taken from: 1)
the Topopah Spring member of the Paintbrush Tuff (one sample), 2) the Calico Hills
formation (5 samples), and 3) the three members of the Crater Flat Tuff (11 samples). The
clinoptilolite samples from the 13.5 Ma old Crater Flat Tuff range in apparent age from
10.50 to about 2.47 Ma, and the 13.1 Ma old Topopah Spring member of the Paintbrush
Tuff contains clinoptilolites with an age of 4.22 ±0.13 Ma. The results indicate that the
clinoptilolites were formed, or their ages altered, over a long period of time.

The

geochronological significance of these results is in need of further scrutiny. The oldest
zeolite ages, about 10 Ma, are very similar to the illite/smectite ages reported by Bish
(1989) and Aronson and Bish (1987). The latter -11 Ma ages are younger than the -15 Ma
illite/smectite ages reported by WoldeGabriel (1991). The older ages represent a prePaintbrush argillization of the Lithic Ridge Tuff, and the younger corresponding ages may
represent argillic over-printing caused by the Timber Mountain hydrothermal episode.
In summary, a review of major element geochemistry, as undertaken by Livingston
(1992 and 1993), leads to the following three conclusions.

First, the tuffs of Yucca

Mountain contain abundant evidence of having experienced alkaline-earth, zeolitic
alteration. With respect to the deuteric solidification and devitrification, this alteration is
both metasomatic and epigenetic.

Second, the apparent K/Ar ages of epigenetic

.clinoptilolites range from about 10.5 Ma to as little as 2.0 Ma. This wide spectrum of the
radiometric ages suggests that the alkaline earth metasomatism is polygenetic and may
have been developed episodically and over an extended period of time. Third, the alkalineA - 25

earth metasomatism contains a key to the satisfactory understanding of long-term behavior
patterns of the Yucca Mountain hydro-tectonic system.

In this regard, the enigmatic

metasomatism may be telling us that the accepted hydrologic conventions are
inappropriate.

Is it possible that, responding to a variety of tectonic processes and

disturbances, this hydro-tectonic system has exhibited erratic and diverse behavior during
the past, including discharge of upwelling fluids at the topographic surface?
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ISOTOPE GEOCHEMISTRY
As their contribution to resolving the supergene-hypogene dilemma at Yucca
Mountain, USGS scientists have demonstrated that the isotopic characteristics of uranium,
carbon, strontium, and oxygen, inferred to have been incorporated and/or dissolved in
parent fluids of the calcite-silica deposits, differ from those contained in contemporary
fluids immediately below the water table (representative fluid-sampling depth is about 1.0
km; e.g., Stuckless et al., 1991; Evernden, 1992).

Many scientists, including the

NAS1NRC Panel, have regarded these isotopic discords as negating the hypogene origin of
the micritic veins, isotopically-equivalent calcretes, and authigenic breccia cements. These
same scientists have therefore concluded that the controversial paragenetic assemblage
must be of supergene-pedogenic origin.
Although we accept the noted isotopic discords without reservation, we strongly
disagree with the conclusions drawn by the USGS and NASINRC scientists. To begin
with, we note that to reach their conclusion, it is essential to introduce an important
assumption or premise. This assumption is: during the last 1-2 million years the isotopic
characteristics (i.e., 234U/23fU, 81 3 C, 7SrI8Sr, and 8130 ratios) of the Yucca Mountain
crustal fluids were both time- and depth-invariant and, consequently, parent fluids for, any
hypogene deposits should have been isotopically similar to those currently observed within
0.5-1.5 km of the topographic surface. For this assumption to be true a multitude of factors
which control the isotopic characteristics of shallow crustal fluids (i.e., fluid circulation
depth, fluid fluxes, conditions of isotopic exchange reactions, etc.) must have remained
time- and space-invariant during the last 1-2 million-year time span. Such geochemical
tranquility, however, may only be associated with a hydrologic system for which both the
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hydraulic conductivity structure and the boundary conditions are time-invariant. In other
words, this hypothetical hydrological system behaves as an unperturbed equilibrium or
linear dynamic system. For the Yucca Mountain hydrologic system, however, the principal
issue that is being addressed, using the isotopic data, is whether or not the above attributes
are indeed present (Szymanski, 1989). The assumption that the major premise is true is
equivalent to both the hydraulic conductivity structure and the boundary conditions
remaining time-invariant and, consequently, the corresponding position of the water table
must have also remained time-invariant. Because it does not make sense to investigate a
changing water table by assuming that it remains time-invariant, we are left with little
choice but to reject the USGSINAS conclusions and their approach.
Although sceptical of the approach pursued by the advocates, we remain convinced
that the isotopic geochemistry of the controversial paragenetic assemblage is fundamental
to the interpretation of the events that have transpired at Yucca Mountain. To this end we
have begun to rigorously examine, the already-available and extensive isotopic data. This
data pertains to: 1)the micritic veins, 2) the affiliated calcretes and breccia cements, and 3)
the products of alkaline-earth metasomatism. In this regard, a preliminary report is in
preparation and will be submitted to the Nuclear Waste Project Office as part of a
forthcoming quarterly report.

A condensed summary of this report is given in the

following portions of this annual report.
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Isotopes Of Uranium
General
The isotopic character of uranium incorporated in various calcareous deposits, both
at Yucca Mountain and from the larger surrounding area, are well known based on the
results of such studies as those of Szabo et al. (1981), Szabo and O'Malley (1986), Szabo
and Kyser (1985), and Winograd et al. (1985). Two important data sets have been
developed, namely: 1) the U/Th ages of the micritic veins and the affiliated calcretes, and
2) the present-day values of the 234U/2 38U ratio for both the controversial calcite-silica
deposits and calcitic veins whose hypogene origin in known with certainty. The latter
veins are referred to as "travertine" veins, and occur in the Amargosa Desert, Nevada,
region (including Devil's Hole), and also around Travertine Point, California.
With specific regard to the supergene-hypogene controversy, the uranium isotopic
data is important because it may be used to test the following hypothesis:

IfL-L

controversial calcite-silica deposits are of hypogene origin, then it should be expected that:
I) the isotopic character of uranium incorporated in these deposits is similar to that
incorporated in appropriate hvpogene analogs, and 2) the U/Th chronology of the
precipitation of these deposits should be correlative with the chronology of local tectonic
and magmatic activity.

The subsequent two sections present the relevant data and a

discussion of how they relate to the set-forth hypothesis.

Values of the 2 'U/ 238 U Ratio

As shown in Figure 1,the isotopic character of uranium incorporated in the micritic
veins and the. affiliated calcretes is characterized by values of the 2mU/238U ratio ranging
from 1.0 to seldom more than 1.5. Based on this observation, what may be inferred with
regard to the origin (supergene-pedogenic or hypogene) of these deposits? In arriving at
the desired inference, there are two approaches that may be followed.
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One approach is to try to obtain an estimate of value of the 234U/23OU ratio for the
parent fluids of the controversial deposits. This is feasible, but only for a deposit behaving
as a closed system. For a deposit submerged in a fluid saturated with respect to CaCO3 , the
assumption of closed system behavior seems appropriate. In this setting vulnerable 2mU
atoms, which are contained in a previously precipitated part of a travertine vein, are
shielded by continuous precipitation of CaCO3.

In the vadose zone, however, the

circumstances are markedly different. In this setting radiogenic 234U atoms are not armored
by ongoing deposition of calcium carbonate and are exposed to leaching by rainwater.
Intermittent flushing by infiltrating rainwater may lead to preferential removal of some
2mU atoms, resulting in the lowering of the actual value of the 234U/238 U ratio. This may
occur because, relative to parent 238U atoms, radiogenic 234U atoms are more vulnerable to
leaching. This relative vulnerability is a consequence of the 23U -> 234U, which involves
alpha particle emission (Osmond and Cowart, 1982). The ejection of alpha particles has
the effect of damaging the crystal lattice around the parent 23mU atom. The resulting
daughter nuclide 2mU occupies the radiation-damaged site which, consequently, is more
susecptible to chemical leaching.
Even in the case of a deposit that demonstrates the desired closed system behavior,
knowledge regarding the isotopic character of uranium dissolved in the parent fluid is still
of questionable value. This is particularly true for low values of 2mU/238U. Such low
values are characteristic of both supergene infiltrating fluids and upwelling hypogene fluids
(Osmond and Cowart, 1982).
Another approach is to isotopically compare the controversial deposits with a
reference deposit of known hypogene origin. With regard to the deposits at Yucca
Mountain, the desired comparative analyses may be performed using as a reference the
hypogene deposits (travertine veins) from Devil's Hole (DH), Amargosa Basin, and
Furnace Creek Wash. These deposits are of particular importance because they are known
to occur both in the vadose zone and below the water table.
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The isotopic comparative analyses of the controversial deposits are shown in
Figures I and 2. From these figures it may be observed that, with respect to the isotopes of
uranium, the vadose zone calcites (both the controversial deposits and the unquestionable
hypogene deposits) exhibit the expected open system behavior. This is indicated by two
independent lines of evidence. First, for a few samples of the controversial deposits, the
present-day values of the 23Thl/2mU ratio exceed asymptotic secular equilibrium values
(Figure 2a). Such abnormally high ratios indicate that some vulnerable 234U atoms were
selectively mobilized. Second, in the case of hypogene veins from the vadose zone, the
present-day values of the 234U/238U ratio are consistently lower than the corresponding
values from the phreatic zone (Figure 2b). The discrepancy, in the relative concentrations
of vulnerable 234U atoms, can be attributed to the leaching influences of rainwater and the
resulting open system behavior of the vadose zone veins.
From Figures 1 and 2b, it may be further observed that the present-day values of the
234Uf23U ratio, from the controversial veins and calcites, are indistinguishable from those

of the travertine veins at Furnace Creek Wash. At both localities, however, the calcite
deposits yield consistently lower values of 234U/238U ratio than those of the submerged
Devil's Hole vein. In light of this observation, the isotopic incompatibility noted by
Stuckless et al. (1991), between the isotopic characters of uranium incorporated in the DH2 deposit and in the controversial deposits at Yucca Mountain reveals its true nature.
Rather than indicating the supergene-pedogenic origin of the controversial deposits, the
incompatibility most likely indicates the open system behavior of these deposits.

In

contrast to the conclusions drawn by the NAS/NRC Panel, therefore, the 2mU/23PU ratios
may not be used to rule out the hypogene origin of the Yucca Mountain veins and calcretes.

Apparent U/Th Ages

The results of the U/Th age analyses reveal that the controversial veins and calcretes
were developed in association with at least five discrete episodes at Yucca Mountain. As
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shown in Figure 3, the mean apparent Uflh ages of these episodes are 30 ka, 75 ka, 170 ka,
280 ka, and more than 400 ka. At and near the topographic surface, only four generations
of the controversial deposits are evident. The development of the fifth generation (mean
U/Th age of 170 ka) appears to have been restricted to the lower regions of the
contemporary vadose zone.
Given the inferred open system behavior of the vadose zone calcites, one may be
tempted to reject the U/Tb ages of the controversial veins and calcretes as completely
erroneous and/or irrelevant. However, this is not necessarily the case because selective
mobilization of some 234U atoms has the effect of diminishing the 234UP 3 U ratio while, at
the same time, enhancing the 23W34U ratio. In other words, the partial mobilization of
234U atoms renders U/Th ages positively biased, or too old. This effect is clearly illustrated

by the results of 14C and U/Th geochronological studies performed by Schlesinger (1985).
These results show that, for coexisting carbonates from the Eagle Mountain area of Mojave
Desert, the U/Th ages are consistently older than the corresponding 'IC ages. The observed
discrepancies, however, are not alarmingly great. For -20 ka-old carbonates, they amount
to about 30 percent. Given that, in the case of the controversial Yucca Mountain deposits,
equally substantial error bars accompany the apparent U/Th ages and potential errors of
even several tens of percent do not justify complete rejection of these ages.
With regard to the reliability of the U/Tb ages, it is worth noting that, at Yucca
Mountain, both the direct field observations and the UfTh ages provide analogous histories
for the deposition of the local calcretes.

At Busted Butte, three distinct depositional

episodes can be seen; near the base of, within, and above the local sand ramps (Hill, 1993).
Although the youngest age limit for the formation of these sand ramps is unknown, we are
reasonably certain that the sand ramps are younger than the underlying Bishop Ash (-700
ka). The U/Th ages of the controversial veins and calcretes reveal four generations of these
deposits (30 ka, 75 ka, 170 ka, and 280 ka), subsequent to the deposition of Bishop Ash.
However, only three episodes are evident at and near the topographic surface; the fourth
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episode (170 ka) is evident only in the lower region of the vadose zone. Agreement in the
number (3) of depositional episodes of the local calcretes, from the direct field observations
and the U/Th data, suggests that a correlation may exist, but absolute dating of the
travertine at Busted Butte (now under way) is needed before this speculation is confirmed.
Also with regard to the supergene-hypogene controversy, it is important to note that
the results of radiometric dating of igneous rock/activity and the precipitation of the
calcite-silica deposits strongly suggest that the chronologies of both processes are
correlative in number of episodes and timings of individual episodes. As shown in Figure
4, average K/Ar and 4'Ar/39Ar laser fusion ages for samples of local basaltic flows and
cinders are in fairly satisfactory agreement with average U/Th ages of the micritic veins
and the affiliated calcretes. All five of the recognized igneous episodes of the past one
million years seem to have been accompanied by contemporaneous episodes of the
precipitation of the controversial calcite-silica deposits.

This observation provides

additional support for the hypogene hypothesis.

Conclusions
In summary, based on the U-series isotopic data alone, support for the supergenepedogenic origin of the controversial veins and calcretes, as advocated by the NASINRC
and USGS scientists, cannot be confirmed. Far from proving such origin, the U-series data
instead may be interpreted as favoring a hypogene model. The fact that the development of
the deposits seems to be synchronous with the episodes of igneous activity is particularly
noteworthy.

For both of these processes (igneous activity and calcite-silica

mineralization), the cause-effect relationship is well established. Further support for the
hypogene origin of the controversial calcite-silica deposits is suggested by the
correspondence of the 2 34U? 8 U ratios from these deposits with the corresponding ratios
from the travertine veins of Furnace Creek Wash.
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Figure 4. The interpreted chronology of igneous activity and precipitation of the controversial veins and
calcretes, Yucca Mountain.

Isotopes Of Carbon
Non- Uniqueness of Carbon Isotopic Signatures
As far as a resolution of the supergene-hypogene controversy is concerned, the
results of carbon isotopic analyses do not yield a unique answer. There are two factors
which complicate the situation. First, the isotopic character of carbon, either dissolved in a
fluid or incorporated in a solid, is not an unequivocal indicator of the origin of this carbon.
In particular this is true for carbon that is only slightly depleted in

13C,

where

corresponding values of the 813C ratio range from -3.0 to about -10.0 per milDB. There are
at least three different ways in which such carbon may originate:

1) from an igneous

source (Faure, 1986); 2) through intermixing of biogenically-derived carbon with carbon
from an inorganic source (Hoefs, 1987); and 3) through diffusional

13C enrichment

of a

biogenically-derived carbon. The result of this multiplicity of origin for moderately-light
carbon is that supergene-pedogenic carbonates are indistinguishable from hypogene
carbonates.

For supergene-pedogenic carbonates, for example, Talma and Netterberg

(1983) gave S13C values ranging from about +4.0 to -8.5 per milpB; for hypogenepedogenic carbonates, the same authors gave values ranging from 0 to -5.5 per miIFDB.
Furthermore, for travertine (hypogene) deposits, the range of the 813 C ratio is inclusive of
both of the preceding pedogenic ranges. Turi (1986), for example, notes that this range is
from -10.0 to as much as +12.0 per milI... Based solely on the isotopic character of
carbon, the origin of pedogenic carbonates is equivocal.
Second, the 813C value incorporated in a solid (e.g., calcite) is not a reliable
indicator of the isotopic character of carbon dissolved in the corresponding parent fluid.
To obtain an estimate for the fluid, based on the carbon isotopic content of the
corresponding solid, it is necessary to assume: 1) precipitation conditions of the solid
(mainly the crystallization temperature which controls the value of the fractionation factor),
2) rates of precipitation which govern whether carbon isotopic fractionation occurs as an
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equilibrium or disequilibrium process, and 3) the degree of fluid C0 2-degassing which
controls the degree of diffusional enrichment in 13C in the fluid relative to the pristine
(original) state of this fluid.
For isotopes of carbon the temperature-induced CaCO3 <-

HCO 3 fractionation

effects are fairly small. For example, in the case of equilibrium fractionation at a
temperature of less than I00°C, these effects are less than 3.0 per milpDB (Hoefs, 1987) and
for disequilibrium fractionation, these effects are almost non-existent. Usdowski et al.
-(1979), for example, demonstrated that the kinetic fractionation effects (associated with
high rates of CaCO3 precipitation) cause '3C enrichment in solid CaCO3 (relative to HCO3
in solution) to be very small, less than 1.0 per milDB. From this information it may be
inferred that potential uncertainties associated with estimates of the 813C ratio in a parent
fluid based on the corresponding value of a precipitant are fairly small.
In the case of the diffusional 13C enrichment, however, the potential uncertainties
are much greater. Although these uncertainties do not involve fluids directly at the
precipitation site of a solid, they do involve the pristine state of these fluids. For carbon
isotopic considerations of the origin of a fluid (supergene-pedogenic or hypogene) the
pristine state of these fluids is of principle interest.
Typically, precipitation of calcite is accompanied by a progressive degassing of C02
from a parent solution.

During C0 2-degassing, lighter

12C02

molecules escape

preferentially and the solution becomes progressively enriched in heavier 13CO2 molecules.
Therefore, depending upon the degree of C0 2-degassing, a fluid which in the pristine state
carries a fixed value of the 813C ratio may deposit a solid whose values of the 813C ratio are
considerably heavier. This effect is clearly illustrated by the results of White et al. (1990)
for travertines and associated hydrothermal veins at Long Valley. In this case, the isotopic
character of carbon incorporated in the surficial travertines (higher degree of C02degassing) is characterized by values of the 8VC ratio ranging from -0.7 to +3.5 per miIDB.
For deeper hydrothermal veins, however, where there is lower degree of C0 2-degassing,
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the degree of the diffusional 13C enrichment is lower and the resulting calcites carry values
of the &13C ratio ranging from -3.0 to -7.0 per milpDB. Similar effects are evident in the
results of carbon isotopic studies of surficial calcareous deposits from the Amargosa Basin
(Hay et al., 1986). The Amargosa Basin deposits are developed as two distinct facies; the
Tpa and Tld calcites represent proximal parts of the spring-fed depositional basin, while the
Tpl calcites and dolomites represent the corresponding distal parts. From Figures Sa and
5b, it may be observed that, as the proximal facies grade to become the distal facies, values
of the 5'3 C ratio increase progressively from -3.0 (proximal facies) to about +3.0 per
milpDB (distal facies).

The 8'3 C vs. lithofacies gradient most likely represents the

progressive CO2 degassing and the resulting diffusional enrichment in 13C.

Surfxiial Veins and Calcretes
Numerous carbon isotopic analyses have been performed on the controversial
surficial veins and calcretes (Whelan and Stuckless, 1990; Quade and Cerling, 1990).
These results reveal that the veins and calcretes contain a moderately-light carbon, 813 C _ 3.0 to -8.0 per milpDB (Figure 6). It may be inferred that, in a pristine state (i.e., prior to
near-surface C0 2-degassing and the resulting '3 C diffusional enrichment), the parent fluids
for these deposits were carrying values of the V3C grear or equal to about -10 or -11 per
milpDB. For ambient temperature of ISC, the equilibrium CaCO3

<-

HCO 3 fractionation

factor is equal to about 1.75 per milpB.

What may be inferred about the origin (supergene or hvpogene) of a fluid carrying
the -1I

e lpDB values of the 813C ratio? In this regard, the only certain inference is

that such fluid did not acquire the dissolved carbon solely from an inorganic source of
carbon which, at Yucca Mountain, is represented by the early Paleozoic carbonates. For a
hypothetical fluid equilibrated with marine limestones, the expected value of the 813C ratio
falls within a limited range from +4.0 to no less than -2.0 per milmB. This expectation
indicates that, if the parent fluids for the deposits in question had contained some carbon
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dissolved from marine limestones, these fluids must have been intermixed with fluids that
have acquired their dissolved carbon from an isotopically-light source, namely, a biogenic
and/or deep-seated igneous source of CO 2 gas. Based on the inferred isotopic character of
the dissolved carbon alone, however, it is not possible to state unequivocally which one (or
both) of the two sources provided the isotopically-light carbon.
On the one hand, one may presume that the source of "light" carbon was a locallyproduced biogenic CO2 . For this gas, an estimate of value of the &o3C ratio may be made
based on the results of a botanical survey; these results show that, for Yucca Mountain, the
representative proportion of plants having the C-3 metabolic pathway is -85% (Quade et
al., 1989). Therefore for CO 2,,as) produced by local biogenic activity, the representative
value of the 6'3C ratio is -24.0 per milPDB. Dissolution of this CO 2 should yield fluids with
8' 3C values of about -15.0 per milpDD (for 150C, the HCO 3 <-CO°2)

equilibrium

fractionation factor is -9 per rniliDB). For this inference, some degree of confidence may
be derived from the fact that, at Yucca Mountain, shallow interstitial fluids from the vadose
zone carry values of the 8 13C ratio ranging from -20.0 to as low as -26.0 per milpDB (Yang,
1989).
On the other hand, it is equally appropriate to consider that the source of the
isotopically "light" carbon is CO2 gas from an igneous source. Typically, in the pristine
state (i.e., prior to near-surface CO 2 degassing and the resulting

13C

diffusional

enrichment), hydrothermal fluids (which contain dissolved igneous C0 2) carry values of
5'3 C as low as about -10 or -12 per milpDB (Hoefs, 1987; Faure, 1986). The low relative
concentrations of 13C may be explained by assuming (conservatively) that igneous CO2<pS)9
with a 813C value ranging from -5.0 to about -8.0 per miliDB, was dissolved at a
temperature of about 200'C. For this temperature, the HCO 3 <- CO02,,) fractionation
factor is about -4.0 per milpDB. In a low pressure environment (near the topographic
surface), escape of CO 2 from ascending solutions is typically accompanied by diffusional
13C

enrichment and a resulting progressive increase in the 6'3C ratio. The calcites, formed
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under such non-equilibrium conditions, would carry the observed range of the 813C ratio
from -9.0 (low degree of the diffusional
the diffusional

1 3C

13 C enrichment)

to -3.0 per milpDB (high degree of

enrichment).

Subsurface Veins
The results of the analyses have also revealed that, at Yucca Mountain, the isotopic
character of carbon incorporated in the calcitic veins (both sparry and micritic) displays a
clear bi-modal distribution (Whelan and Stuckless 1991, 1992).

Specifically, calcites

collected from within the upper 1 km of the stratigraphic section have 61 3C values ranging
from -3.0 to about -9.5 per milpDB, whereas calcites sampled from within the 0.5-1.8 km
depth interval have heavier values of the 5' 3C ratio ranging from -2.0 to about +5.0 per
milpD3 (Figure 7).

The bi-modality of 813C ratios, and the fact that the controversial veins carry light
carbon, was taken as evidence for the supergene-pedogenic origin of these veins (Whelan
and Stuckless, 1992; Evernden, 1992). Prior to accepting this conclusion, however, it is
prudent to examine the underlying assumption. The assumption is that there are only two
sources of circulating carbon at Yucca Mountain, a biogenic source, supplying
isotopically-light carbon, and an inorganic source (underlying Paleozoic carbonates) which
supply isotopically-heavy carbon. In actuality, however, carbon could originate from three
different sources in magmatically-active regions (Faure, 1986; Hoefs, 1987):

the two

sources identified above and a third deep-seated igneous source. Depending upon the C0 2dissolution temperature, the latter source may yield fluids for which the isotopic character
of dissolved carbon ranges from light to intermediate to heavy.
While searching for a correct explanation of the noted bi-modality of the 613C ratio,
it is helpful to recognize that, for many magmatically-active regions, the isotopic character
of carbon incorporated in hydrothermal calcites varies considerably and can often exhibit a
range of 6'3 C values similar to the combined range of values at Yucca Mountain (from
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-10.0 to about +5.0 per milpOB; Figure 7). Hoefs (1987) explained the wide range of

8(3C

values by pointing out that, in magmatically-active regions, hydrothermal fluids may
acquire dissolved carbon from two different sources: marine limestones and an igneous
C0 2 -gas source. During certain episodes of hydrothermal activity the associated fluids
acquire their dissolved carbon largely from marine limestones and these fluids typically are
enriched in 13C and carry values of the 613C ratio of -0 ± 2.0 per milpDB. During other
periods of hydrothermal activity, however, a deep-seated igneous source of carbon
becomes important and in this case, the associated fluids acquire carbon predominantly
through dissolution of igneous CO2. Typically, such fluids are depleted in 13C and carry
513C values ranging from -3.0 to as little as -10.0 per milpB (Faure, 1986).
Some support for Hoefs' interpretation may come from Yucca Mountain. Both the
13C-enriched (sparry) and the 13C-depleted (micritic) calcitic veins seem to be spatially
associated with calcites yielding elevated fluid inclusions homogenization temperatures.
This is indicated by a comparison of the depth distributions of:

1) fluid inclusion

homogenization temperatures, and 2) 8'3 C ratios from spatially-equivalent samples. From
Figure 8, it may be observed that, for the northwestern segment of Yucca Mountain
(boreholes USW G-2, G-3, and GU-3), 13C-enriched veins are spatially associated with
fluid inclusion homogenization temperatures ranging from 940 to about 2400 C. Similarly,
some of the shallower and '3C-depleted calcites also seem to be associated with calcites
yielding high homogenization temperatures. These temperatures range from 1010 to as
much as 227TC.

Conclusions
In summary, based on the carbon isotopic data alone, we are not able to find firm
support for the supergene-pedogenic origin of the micritic veins and the affiliated calcretes,
as advocated by USGS scientists. Far from proving such an origin, the carbon isotopic data
are readily explainable within the context of a hypogene model. Furthermore, the fact that
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the controversial veins are spatially associated with calcites yielding high fluid inclusion
homogenization temperatures may be regarded as favoring the hypogene origin.
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Figure . Comparison' of fluid inclusion homogenization temperatures with S1 3 C values. All data are from the
northwestern sector of Yucca Mountain (boreholes USW G-2, G-3, and GU-3).

Isotopes Of Strontium

Relative Uniquenessof Strontium Isotopic Signature
As far as a resolution of the supergene-hypogene dilemma is concerned, the isotopic
character of strontium incorporated in the controversial paragenetic assemblage (i. e., the
alkaline earth alteration products, the micritic veins, the breccia cements, and the calcretes)
is particularly noteworthy. This is so because of two well known isotopic properties of
strontium. These properties make it feasible to know and/or calculate the isotopic character
of strontium dissolved in the corresponding fluid phase, and to infer the corresponding
depth of circulation for this fluid phase. These attributes are the result of the absence of
strontium fractionation effects and the isotopic uniqueness of strontium incorporated in the
local reservoirs of strontium.
With regard to fractionation effects, it is well known that during common
geochernical reactions strontium isotopes do not fractionate (Faure, 1986). Consequently,
the isotopic character of strontium initially incorporated in a solid compound is identical to
that dissolved in the corresponding parent fluid. Furthermore, for most carbonates the insitu production of radiogenic "7Sr is negligible and thus, the actual value of the 57Sr/A6Sr
ratio represents the corresponding initial value. This is so because 17Rb atoms, which are
parent atoms for ' 7Sr, are too large to be incorporated in the calcite lattice. The oversized
97Rb atoms are excluded from this lattice and, consequently, the in-situ 87Rb -> 87Sr
production is small or nil (Rankama, 1954).
With regard to the depth of fluid circulation it is important to recognize that three
lithostratigraphic units which may serve as reservoirs for strontium at and around Yucca
Mountain. These are:

1) the Tertiary ignimbritic complex; 2) the Paleozoic carbonate

complex; and 3) the Precambrian basement.

The isotopic character of strontium

incorporated in these three complexes is markedly different.

Specifically, for the

Precambrian basement, values of the VSr/I 6Sr ratio range from about 0.7120 to as much as
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0.7360 or greater (Faure, 1986); for the overlying Paleozoic carbonates, the

17Sr/I 6Sr

ratios

range from about 0.7082 to 0.7099 (Peterman, 1990); and for the Tertiary ignimbrites, the
unaltered (and initial) values of the 8'SrI"Sr ratio are inferred to be lower than about
0.7080. With respect to the latter values, equally-low relative concentrations of radiogenic
87Sr

are commonly found in association with young rhyolites and compositionally

equivalent granites (Faure, 1986). For example, the estimated value of the 87SrI'6Sr ratio
for rhyolitic magma from the Yellowstone area was reported as 0.7094 by Leeman et al.
(1977); for Quaternary rhyolites from the Long Valley Caldera values ranged from 0.7060
to 0.7074 (Goff et al., 1990); and for southeastern-California granites, 7SrI' 6Sr values have
been reported at about 0.7070 (Kiestler and Peterman, 1973)..
The greater enhancement of strontium ratio from the Precambrian basement, relative
to the overlying lithostratigraphic complexes, allows for inferences to be drawn with regard
to depth of circulation of fluids which were involved in both the alkaline earth
metasomatism and the precipitation of micritic veins and calcretes. Fluids involved in
shallow circulations (i.e., the Tertiary ignimbrites and underlying Paleozoic carbonates)
may be expected to yield both the alteration products and the calcitic veins whose values of
the 87Sr/I 6Sr ratio are low, less than 0.7080. For fluids involved in deeper circulation,
however, (i.e., the Precambrian basement) the corresponding isotopic values may be
expected to be definitively higher, in excess of 0.7120.
Concentrationsof Strontium, Whole Rock
A review of the strontium concentration data reveals that, in addition to lime and
magnesia metasomatism, the Yucca Mountain tuffs display evidence of having been
subjected to a spatially-discrete strontium metasomatism. This is indicated by two lines of
evidence. First, for unaltered alkali tuffs the expected total abundance of strontium is
uniform and low, typically much less than 100 ppm (Faure, 1986). This expectation has
been confirmed by the results of chemical analyses of samples of Yucca Mountain glass.
Specifically, Peterman et al. (1991) have reported that, for the unaltered lower vitrophyre
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of the Topopah Spring member, the representative concentration of strontium is as low as
19 + 6 ppm. This is a mean value derived from six samples of fresh vitrophyre from three
different boreholes. From Figures 9a and 9b, it may be observed that, in the present-day
state, the tuffs contain surprisingly large concentrations of strontium.

These

concentrations, however, are highly erratic and range from 10 to as much as 700 ppm
indicating that epigenetic, spatially-discrete enrichment of total strontium has occurred.
This enrichment is best expressed through a normalized plot of trace element analyses (five
samples) from the altered lower vitrophyre of the Topopah Spring member (Figure 10). It
may be observed that, relative to the devitrified interior of the Topopah Spring ash-flow
sheet, the altered vitrophyre exhibits substantial gains in both calcium and strontium.
Second, for a given stratigraphic unit, average concentrations of strontium do not
remain constant but instead vary laterally.

The lateral variability of the average

concentration of strontium may be illustrated by examining these concentrations for the
Topopah Spring member at three different locations.

In the southern end of Yucca

Mountain (near Highway 95), the average concentrations are uniformly-low, approximately
25 ppm, Figures 9a, b. At the northern end, however, the corresponding concentrations are
decisively higher. These concentrations range from 50 ppm, for the northwestern segment
(boreholes USW G-1 and G-2), to 190 ppm for the southeastern segment (borehole UE25a#l) (Figures I la, b).
The fact that the tuffs have been epigenetically-enriched in strontium at Yucca
Mountain bears directly on interpretations of the origin of strontium incorporated in the
controversial veins and calcretes. Specifically, this fact introduces the possibility that both
the strontium enrichment of the tuffs and the emplacement of the veins and calcretes are
linked to a common process. In view of this possibility, and without demonstrating that
both of the effects are unrelated, the strontium-enriched tuffs may not be regarded as a
source of strontium which is incorporated in the controversial deposits.
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'Sr/ 86Sr Ratios, Whok Rock
A review of strontium isotopic data (8 7Sr/96Sr ratios) reveals that the strontium
metasomatism developed sequentially in response to two distinct allogenic fluids, each
having distinct strontium isotopic characteristics.

This is indicated by the depth

distributions of values of the 97 Sr/I6Sr ratio for whole-rock samples of the tuffs (Figures
12a, b).

For deeper tuffs (altered during the Timber Mountain hydrothermal

metamorphism) the present-day values of the 87Sr/I6Sr ratio are low, generally slightly less
than 0.7100 and the corresponding initial ratios range from 0.7083 to no more than 0.71 01
(Peterman, 1990). These initial ratios were calculated assuming that the present-day values
reflect both the relative concentration of 87Sr acquired from solution and the 87Sr produced
in-situ through decay of 87Rb. It was further assumed that the 87Sr produced in-situ has
been accumulating for about 13 million years (the age of emplacement of the host rock).
Because the actual timing of the whole-rock alteration (9.5-I Ma) does not differ
appreciably from the assumed age of strontium introduction, the calculated initial values of
the

57Sr/96Sr

ratio, from 0.7081 to 0.7101, may be regarded as accurately reflecting the

isotopic character of strontium dissolved in the Timber Mountain hydrothermal fluids. For
the tuffs altered in association with the alkaline earth metasomatism, however, the presentday values of the 87 SrI6Sr ratio are decisively higher. They range from 0.7095 to as much
as 0.7202 and the corresponding initial ratios range from 0.7104 to 0.7129 (Peterman,
1990; Peterman et al., 1991); (Figures I la, b). These ratios were calculated by erroneously
assuming that the "Sr produced in-situ was accumulating for about 13 Ma years and,
therefore, are too low. For fluids responsible for the alteration of the lower vitrophyre of
the Topopah Spring member in borehole UE-25a#1, an estimate of the 87SrI' 6Sr ratio was
reported by Peterman et al. (1991). The reported value is 0.7119 ±0.0002, and was said to
be identical to that from samples of purified alteration minerals from the altered zone in
borehole UE-25a#1. Although too low (because of the erroneously assumed age for the
introduction of strontium), the 0.7119 value may be regarded as conservatively
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representative of relative concentrations of 87Sr dissolved in fluids involved in the alkaline
earth metasomatism.
The strontium (whole-rock) isotopic data (whole-rock) identify an important
problem: What is the origin of fluids responsible for the alkaline earth metasomatism and
what is a source of the corresponding and highly-radiogenic strontium?
It seems likely that the abnormal enrichment in ' 7Sr post-dates the Timber Mountain
hydrothermal metamorphism and is related to alkaline earth metasomatism (Livingston,
1993).

The evidence for alkaline-earth metasomatism (calcium, magnesium, and

strontium) cannot be dismissed lightly as being supergene-pedogenic in origin because it
involves millions of tons of rock at Yucca Mountain.

Furthermore, it is difficult to

postulate that the source of the alkaline earth elements is dust derived from Paleozoic
carbonates, which elements have been dissolved and carried into the interior of Yucca
Mountain by infiltrating rainwater. The difficulty is to explain the alteration of tuffs with
the strontium isotopic ratio (87SrI6Sr) of more than 0.7120 as caused by rainwater that has
dissolved wind-blown dust with the strontium isotopic ratio of 0.709.
"Sr/ 8 6Sr Ratios, Micritic Veins, and Calcretes
The results of the strontium isotopic analyses further reveal that the relativey-high
strontium ratios (17Sr/6Sr

0.7125) characterize the controversial veins and the affiliated

calcretes at Yucca Mountain. For surficial veins and calcretes, 87SrI6Sr ratios range from
0.7112 to as much as 0.7130; for the micritic veins, from a depth of up to 500 m, the
corresponding range is from 0.7110 to 0.7127 (Figures 13a, b).
With the supergene-hypogene controversy in mind it is worth noting that: 1) the
isotopic character of strontium incorporated in the Devil's Hole (DH-2) deposit is
characterized by 87SrI5 6Sr values ranging from 0.7123 to about 0.7128 (Marshall et al.,
1990), and 2) the bi-modality of the &13C ratios, noted earlier is clearly reflected through
spatially-corresponding bi-modality of the 87Sr/86Sr ratios (Figure 14).

The apparent
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equivalency of the "Sr/86Sr ratios allows for considering the possibility that both the DH-2
deposit and the controversial veins and calcretes at Yucca Mountain were precipitated from
fluids that have acquired their dissolved strontium from the Precambrian basement (the
only known primary reservoir of sufficiently radiogenic strontium). In addition to being
involved in the precipitation of the micritic veins and calcretes, such hypothetical and
deep-seated fluids could have also been involved in alkaline earth metasomatism, including
the ' 7Sr aspects of this metasomatism.
The spatially-equivalent Yucca Mountain calcites concurrently:

1) contain high

fluid inclusion homogenization temperatures; 2) are depleted in 13C, 3) are enriched in "Sr;
and 4) are temporally correlative with local episodes of magmatic activity. This evidence
further strengthens the possibility formulated earlier concerning the igneous origin of
carbon incorporated in the controversial veins and calcretes. During their residence in the
deep subsurface (say more than 5.0 km), the hypothetical fluids could have acquired their
dissolved light carbon through the correspondingly high temperature dissolution of igneous
CO 2 in addition to acquiring the highly radiogenic strontium.
The above remarks indicate that the hypogene hypothesis offers a resolution of the
dilemma regarding the origin of the controversial paragenetic assemblage. This hypothesis
accounts for all of the isotopic data and observations thus far considered.

Within the

context of this possibility there is not a single piece of isotopic information that is difficult
to explain or has been left unaccounted for. There is no scientific reason, therefore, to
regard the hypogene hypothesis as either inappropriate or inferior to the supergenepedogenic hypothesis.
The demonstrated attributes of the hypogene hypothesis are in sharp contrast to the
competing supergene hypothesis where a number of isotopic observations are either
difficult to explain or must be regarded as fortuitous. With regard to the "difficult to
explain" category, the most outstanding problems are:

1) the source of the highly-

radiogenic strontium dissolved in parent fluids of the controversial paragenetic assemblage
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(alkaline earth metasomatism, micritic veins, and calcretes), 2) temporal correspondence of
episodes of calcite precipitation with episodes of local magmatic activity; and 3) origin of
the volumetrically-extensive and chemically-diverse alkaline earth metasomatism. With
regard to the "fortuitous" category, the outstanding observations are those pertaining to the
noted isotopic equivalencies, namely: I) the equivalence of the 234Ufl

38U

ratios (reference

deposits are the travertine veins from Travertine Point); 2) the equivalence of the

8'3 C

ratios (reference deposits are the travertine veins from the Long Valley Caldera); and 3) the
equivalence of the 97Sr/86Sr ratios (reference deposit is the DH-2 vein).
Even if both the hypogene hypothesis and the supergene-pedogenic hypothesis are
regarded as being on an equal footing, and considering potentially catastrophic
consequences that may result from a malfunction of the proposed nuclear facility, it is clear
that the hypogene hypothesis must be sincerely considered. This is the area of deepest
concern with regard to the NAS/NRC report.

Conclusions
In summary, based on the strontium isotopic data alone, we are not able to find a
firm support for the supergene-pedogenic origin, of the controversial micritic veins and the
affiliated calcretes. Far from proving such origin the strontium isotopic data are readily
explicable within the context of the hypogene model. The fact that both alkaline earth
metasomatism and the micritic veins and calcretes owe their existence to fluids carrying
equally and highly radiogenic strontium is particularly noteworthy. Further support for the
hypogene origin of the controversial calcite-silica deposits is suggested by the
correspondence of the 87Sr/86Sr ratio from Yucca Mountain with the ratios from the DH-2
travertine vein.
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Isotopes Of Oxygen

Non- Uniqueness of Oxygen Isotopic Signatures
Hypogene-type travertine deposits are typically characterized by a variability in the
isotope of oxygen. Turi (1986), for example, compiled 8'0 values for travertines from the
western United States (California, Wyoming, and Montana) and from south-central Europe
(central and southern Italy, Germany, and Czechoslovakia).

These results show 810

values ranging from 2.0 to as much as 34.0 per milsMow. Even for a single orographic
setting, the oxygen isotopic variability is still significant. Travertines from central Italy
yield a range of 8O80 values, from 16.0 to 32.0 per milsMow, and travertines from
California, show an even greater variability, from 11.0 to as much as 34.0 per milsMOw.
The variability of the 581O of travertines is commonly attributed to a variety of
interactions among three main factors: I) the oxygen isotopic characteristics of parent
fluids, 2) isotopic fractionation effects, and 3) near-surface isotopic modification of parent
fluids by diffusional, evaporative, and diluting mechanisms.
The isotopic composition of ground water in addition to being highly variable at a
time of atmospheric precipitation and reservoir recharge, is also variably modified through
a variety of rock <-> water isotopic exchange reactions. The magnitude of the so-called
"oxygen isotopic shift" is dependent upon a number of factors, and is known to vary from
fairly small (e.g., Clayton and Steiner, 1975; Lamber and Epstein, 1980) to as much as 12.0
per milsMOw (Williams and McKibben, 1989). Furthermore, relative to their pristine (intrareservoir) state, travertine-depositing fluids may undergo additional and highly-variable
isotopic modifications.

During ascent to a discharge point, these fluids may acquire

isotopic inputs which cause them to depart from their pristine (original) state. Intermixing
with infiltrating rainwater, as well as either diffusional or evaporative

180

enrichments, are

the main processes that are responsible for these additional modifications and resulting
isotopic deviations.
The isotopic character of oxygen incorporated in travertine deposits is also known
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to be strongly controlled by fractionation effects. Magnitude of these effects is highly
dependent upon:

1) temperature under which travertine precipitation occurs, and 2)

conditions of the CaCO3 <- H 2 O isotopic fractionation. For equilibrium fractionation, the
temperature dependence of the CaCO3 <- H20 fractionation factor is well known. It is
also well known that, for most travertine deposits, the equilibrium isotopic fractionation is
seldom attained and precipitation of travertines occurs as an isotopic disequilibrium
process instead.

The disequilibrium fractionation effects may cause, relative to the

equilibrium CaCO 3 <- H 2O fractionation factor, the actual fractionation factor to be either
smaller or larger. The observed magnitude of this discrepancy may be as large as ± 5.0 per
milsMOw (e.g., Turi, 1986).

Finally, during residence of a crustal fluid at the topographic surface, both the
oxygen isotopic composition of this fluid and the conditions of the CaCO3

<-

H 20

isotopic fractionation do not remain constant. As sheet-travertine deposits precipitate from
a fluid, they undergo progressive isotopic evolution. As a fluid degasses and evaporates it
becomes increasingly enriched in "80 due to both diffusional and evaporative-enrichment
mechanisms. Concurrently, as the fluid cools, the CaCO 3 <- H 2 0 fractionation factor
becomes progressively larger. Responding to both of these isotopic modifications, the
precipitated sheet-travertine deposits become progressively enriched in 1"0. These isotopic
enrichments are well represented in the Amargosa Basin spring and marsh deposits (Hay et
al., 1986).

From these results (Figures 5a, b), it may be observed that, relative to

calcareous deposits from the proximal parts of the spring-fed depositional basin, the
corresponding distal deposits are progressively enriched in "C), from 16.0-18.0 to a
maximum of 26.0 per 'n-isMow*

From the above discussions, it is evident that the isotopic character of oxygen
incorporated in a moderately heavy deposit

8 2 -14prmilsmow2may not be usedas a

unequivocal indicator of the origin of this deposit. Both the multitude and variability of
factors that control this character virtually assure that each hypothesis, put forth with regard
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to the origin of a deposit, may be contested by the equally valid counter-hypotheses. By its
very nature the oxygen-based genetic interpretation does not have a unique resolution
unless, of course, oxygen isotope gradients are considered. These gradients (i.e., rate of
change of the 6O80 ratio as a function of either depth or lateral distance) may reveal the
conditions of precipitation of the controversial deposits at Yucca Mountain. In turn, these
inferred conditions may be employed to test each one of the competing hypotheses. In that
regard, the following two tests are particularly promising.
On the one hand, a depth distribution of the o180 ratio from calcitic veins (the 5180
vs. depth gradient) may be employed to reconstruct the corresponding rate of the
depthward increase of temperature (i.e., paleogeothermal gradient) under which these veins
were precipitated. If the questionable veins were precipitated via the supergene-pedogenic
mechanism, then these veins should yield values of the paleogeothermal gradient that are
equivalent to contemporary observed values. In contrast, noticeably-higher relative values
of the reconstructed geothermal gradient may be regarded as favoring the competing
hypogene genesis.
On the other hand, a lateral distribution of the 6180 ratios from calcretes (i.e., the
6180 vs. lateral distance gradient) may be employed to ascertain whether or not the isotopic

composition of the corresponding parent fluids were undergoing the expected isotopic
modification or enrichment. For a calcrete with the same age, the presence of a noticeable
isotopic gradient is supportive of the hypogene hypothesis. The absence of such gradient,
however, allows for further considerations of the competing supergene-pedogenic
hypothesis.

Surficial Veins and Calcretes
From the stable isotope data published by Whelan and Stuckless (1990) and by
Quade and Cerling (1990) it is known that the 6810 values of the controversial surficial
veins and calcretes at Yucca Mountain range from 19.0 to about 22.0 per milsmow (Figure
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6). Based on these data, what may reasonably be inferred with regard to the origin of these
deposits (i.e., supergene-pedogenic

or hypogene)?

Considering the substantial

uncertainties that are involved in interpretations of oxygen isotopic data, the frank answer
must be: not too much. Although one can be reasonably certain that the deposits in
question were precipitated at relatively low temperatures it is not possible to: 1) specify a
reliable and fairly narrow (only a few degrees Celsius) range for these temperatures, and 2)
use the inferred temperatures to discriminate one possible origin against the other. To
illustrate this point, the following two examples may be considered.
On the one hand, recognizing that a weighted average value of 8"80, for the local
contemporary atmospheric precipitation, is about -12.0 per milsMOw, (Ingraham et al.,
1990), it can be speculated that the controversial veins and calcretes could have
precipitated from supergene-pedogenic fluids at an ambient temperature of -150 C. For this
temperature and under the conditions of equilibrium isotopic fractionation (the CaC0 3

<-

H 2 0 fractionation factor is -30 per miISMOw), supergene-pedogenic fluids could yield
calcareous deposits with 8"O values of about 18.0 per milsMOw.

Small differences

between the computed and observed values may readily be attributed to, for example, a 180
evaporative-enrichment of the parent fluids.
On the other hand, it is equally feasible to maintain that the supergene-pedogenic
origin is not uniquely evident and that the controversial deposits could have been
precipitated from hypogene-epithermal fluids. Within the context of this speculation it is
reasonable to expect that the deposits could have been precipitated under circumstances
commonly observed in association with near-surface geothermal systems.

Specifically,

epithermal calcites are known to commonly precipitate: 1) from fluids that underwent rock
<-> fluid isotopic exchange reactions and, consequently, exhibit the so-called "oxygen
isotopic shift", 2) from fluids that are undergoing CO2 degassing and, relative to their
pristine state, are slightly enriched in 19O via the diffusional enrichment mechanism, and 3)
under the conditions of disequilibrium isotopic fractionation whereby the actual CaCO3
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<- H 2 0

fractionation factor is both smaller (as much as 6.0 per milsMOw) and higher (as

much as 5.0 per milsMow) than the equilibrium fractionation factor (Turi, 1986). There is
no way to know what significance each of these factors could have played in controlling
the isotopic character of the oxygen incorporated in the Yucca Mountain surficial veins and
calcretes. Based on information presently available, and if these veins and calcretes are of
the epithermal origin, they may have precipitated at a temperature anywhere within a range
from 151C to as much as 551C.
From the above considerations it is evident that the oxygen isotopic data can hardly
be regarded as supportive of supergene-pedogenic origin for the controversial veins and
calcretes at Yucca Mountain. This cautioning remark is somewhat reinforced by noting
that the isotopic character of the incorporated oxygen of these deposits is similar to that
incorporated in calcareous material whose hypogene origin is unquestionable.

The

Amargosa spring-marsh deposits and carbonate gangue associated with the Carlin and
Cortez gold deposits of Nevada are particularly relevant. For the former 5180 values range
from 16.0 to 26.0 per milsMOw (Hay et al., 1986); for the latter, the corresponding range is
from 12.0 to 24.0 per milsMOw (Rye, 1985). Both of these ranges are similar to the 19.022.0 per milsMOw range observed at Yucca Mountain.

Subsurface Calcitic Veins
Calcitic veins are present throughout the entire -2 km of stratigraphic section at
Yucca Mountain. The oxygen isotopic character of these deposits is known from the
isotopic analyses of Whelan and Stuckless (1991).

These analyses reveal that for an

explored depth range of 77m to as much as 1794m,. the calcitic veins occur as two
texturally and isotopically distinct facies (Figures 15 and 16). The first facies consists of
calcitic veins which, in terms of incorporated oxygen, are isotopically-light (810 =_ 4.0 to
12.0 per milsMOw). Sometimes such veins are associated with barite, fluorite, and pyrite
and typically they exhibit a sparry texture. The second facies consists of calcitic veins
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which are distinctly heavier (8180 13.0 to 22.0 per miISMOW).

These veins can be

associated with opal-CT and sepiolite and are micritic in texture.
The bi-modality of both the 8'lo values and calcite textures may reflect the
existence of two chemically- and isotopically-distinct alteration and mineralization
assemblages, as inferred earlier in this text (Figure 16). The Timber Mountain assemblage,
in addition to the alkalic pro-grade zeolitization and illitization (brought about by the 87Sr
depleted fluids with the soda-potash bulk composition) also includes the calcitic veins
which concurrently are depleted in both 87Sr and

18 O, and

enriched in ' 3 C The earlier

deduced hydrothermal origin of this entire assemblage seems to be confirmed by the
paleogeothermal reconstructions of Whelan and Stuckless (1991). Based on the depth
distribution of the 1O-depleted calcites (i.e., the rate of increase of the 8180 ratios as a
function of depth), the reconstructed value of the paleogeothermal gradient is as large as
140° C/km (Figure 17).
In addition to the alkaline-earth zeolitization (brought about by the 97Sr enriched
fluids with the lime-magnesium bulk composition) the subsequent assemblage also
includes the calcitic veins which concurrently are enriched in both 97Sr and "0, and
depleted in 13C. The controversial origin of this assemblage may be further scrutinized by
noting that, in addition to being associated with the abnormal strontium isotopic
characteristics and the alkaline earth metasomnatism, this assemblage seems to be also
associated with an abnormal depth distribution of oxygen isotopes.

The abnormal

character of this distribution becomes apparent by noting that the value of the
paleogeothermal gradient is as large as -34'C/km (Whelan and Stuckless, 1992, Figure
17).
Present-day (contemporary). and spatially corresponding geothermal gradients are
known from downhole measurements (Sass et al., 1987). These geothermal gradients are:
I) UE-25a#1,

dT/dz-220 C/km; 2) USW G-2, dT/dz-24PC/km;

3) USW G-3,

dT/dz-22rC/km; and 4) USW G4, dT/dz-200 C/km. As can clearly be seen from these
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values, the reconstructed paleogeothermal gradient significantly exceeds the contemporary
gradient. The minimum discrepancy is about 50% and by any standard of judgment this is
a significant discrepancy.
A significance of comparing the paleo and contemporary geothermal gradients is
that this discrepancy in value is not consistent, with, or supportive of, a supergenepedogenic origin for the micritic and 180 enriched calcites. Reconstructed paleogeothermal
gradients for supergene calcites ought to be equal to contemporary gradients.

This is

because it is totally unreasonable to associate infiltrating rainwater with a noticeable
warming of rock through which this rainwater percolates. For ascending hypogene fluids,
however, the opposite is true. Even minor heating of rock volumes measured in km3
requires very large amounts of energy and, for natural circumstances, is conceivable only
with the involvement of deep-seated hot or warm fluids.

Conclusions
In summary, based on the oxygen isotopic data alone, we are not able to find firm
support for a supergene-pedogenic origin of the controversial micritic veins and the
affiliated calcretes, as advocated by the USGS and NAS/NRC scientists. Far from proving
such an origin, the oxygen isotopic data may be interpreted as favoring a hypogene origin.
The elevated value of the paleogeothermal gradient, reconstructed based on the rate of
depthward change of the 8o10 ratio from the calcitic veins, is particularly noteworthy.
Further support for the hypogene origin of the controversial calcite-silica deposits is
suggested by the correspondence of 810 values with corresponding values from the
hypogene deposits of the Amargosa Basin and Carlin and Cortez gold deposits of Nevada.
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indicates that te Yucca MoUntain veins were formed exclusively in association with hypogene
geothermal processes; and

Figure 17. Results of paleo-geothermal reconstructions, the Yucca Mountain
calcitic veins. From Whelan and Stuckless (1992).
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Isotope Geochemistry Overall Conclusions
A critical examination of the extensive isotopic data, as presented in the preceding
sections, leads to the following three conclusions. First, the currently available Isotopic
data do not provide any known support for the supergene-pedogenlc origin of the
controversial calcite-opal CT-sepiolite assemblage.

Far from reliably establishing

such an origin, the Isotopic data provide as much as five Independent lines of evidence
against this origin. These five are: 1) the depth distribution of "O80is not in accord with
geothermal conditions that can be reasonably associated with the supergene-pedogenic
mechanism, but instead suggests crystallization of the controversial veins occurred under
elevated geothermal gradients; 2) the isotopic character of the incorporated strontium is not
in accord with infiltrating rainwaters which have Paleozoic carbonate derived dust
dissolved in them; 3) temporally, the controversial

veins may have formed

contemporaneously with periods of local magmatic activity; 4) spatially, the controversial
veins appear to be accompanied by calcites containing fluid inclusion homogenization
temperatures well in excess of the ambient temperature; and 5) spatially and isotopically
(strontium ratio), the controversial veins seem to be associated with alkaline earth
metasomatism where large volumes of rock have been enriched in 97Sr, which enrichment
strongly favors a hypogene origin.
Second, in contrast to the supergene-pedogenic model, the competing hypogene
model is not contradicted by any of the examined Isotopic data. In favor of the
hypogene origin are lines of evidence which Involve a number of Independent
elements. Among these are: 1) the isotopic character of uranium, carbon, strontium, and
oxygen of the controversial deposits is explainable within the context of the postulated
hypogene origin, 2) the isotopic character of incorporated uranium, carbon, strontium, and
oxygen in these deposits is clearly equivalent to hypogene analogs, and 3) crystallization of
the controversial veins seems to be contemporaneous with local magmatism and displays
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paragenetic affinity with the alkaline earth metasomatism.
Finally, within the context of considering a suitability of Yucca Mountain, for
either site characterization or for the development of a high-level nuclear waste
repository, both the calcite-opal CT-sepiolite veins and the affiliated calcretes are of
two-fold significance. First, the fact that the vein-calcite assemblage may be identified at
the topographic surface seems to contribute to a reliable resolution of the dilemma
involving the expected magnitudes of co-seismic or co-magmatic hydrologic effects. In
contrast to assurances given by many scientists, rather than being measured in terms of feet
and meters, these effects seem to be measured in terms of hundreds of meters. Second, the
calcite-opal CT-sepiolite assemblage and the metasomatic alteration products (zeolites)
display a wide range of U/Th and K/Ar ages (from 8.5 Ma to as little as 30 ka). Rather
than being restricted to an isolated and distant-past episode, these processes seem to be
operating on an intermittent basis instead and probably extend to the present. The directly
observed field relationships, the K/Ar ages of metasomatic clinoptilolites, and the U/Th
ages of the calcitic veins all seem to be unanimous in that regard.
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Figure 1. Isotopic character of uranium incorporated in the Yucca Mountain veins and calcretes
and the local travertine veins and associated surficial deposits.
234U/231 U vs.

3TIh 34 U ratios from samples of: a) Yucca Mountain calcretes,
surficial veins, and subsurface veins, and b) travertine veins from Devils Hole, Amargosa Basin,
and Furnace Creek

Figures 2a and2b

Eigure 3. U-series ages from samples of Yucca Mountain calcretes, surficial calcitic veins, and
subsurface calcitic veins.
Figure 4. The interpreted chronology of igneous activity and precipitation of the controversial
veins and calcretes, Yucca Mountain.
Fie a and S.
Explanation of the lithologic notations as employed by Hay et al. (1986). a)
composition of carbonate minerals in bedded claystones and carbonate rocks; b) composition of
calcite and dolomite in caliche breccia.
Figure 6.
deposits.

Isotopic characters of carbon and oxygen incorporated in the Yucca Mountain surficial

Eigure 7.
(1987).

Isotopic data from Whelan and Stuckless, (1990,1991), White et al., (1990), and Hoefs,

Figure 8. Comparison of fluid inclusions homogenization temperatures with 83C values. All data
are from the northwestern sector of Yucca Mountain (boreholes USW-G-2, G-3, and GU-3).
Figures 9a2andb.

Concentrations of strontium, whole-rock samples of the stratigraphically

equivalent ignimbrites.

Figure10. Major and trace element concentrations, whole-rock ignimbrites from the vadose zone,
borehole UE-25a0l. (from Peterman et al., 1991).
Figures I la and I lb. Isotopic character of strontium and strontium concentrations, whole-rock
samples from: a) boreholes USW G-1 and G-2, and b) borehole UE-25a#l.
Figures 12a and 12b.
Depth comparison-of the 87SrPMSr ratios. Whole-rock samples from: a)
USW G-2 and G-I; and b) UE-25a#1.
Figures 13a and 13b. Isotopic character of strontium incorporated in samples of Yucca
Mountain subsurface veins, calcretes, and surficial veins.
Figure 14. Comparison of the 6Sr/' 6 Sr ratios with the 6"3C ratios, samples of the corresponding
calcitic veins.
Figure I5

Isotopic character of oxygen incorporated in the Yucca Mountain calcitic phases.

Figure 16. The 8'3 C ratios vs. the 8o'O ratios for samples of calcitic phases from the Yucca
Mountain ignimbrites.
Figure 17. Results of paleo-geothermal reconstructions, the Yucca Mountain calcitic veins. From
Whelan and Stuckless (1992).
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PART B - Section I
Extension of In-Situ Stress Test Analysis
to Fractured Media with Reference to
Yucca Mountain Data
J. B. Davies

Extension of In-Situ Stress Test Analysis to Fractured Media
with reference to Yucca Mountain Data
Dr. John Bruce Davies

ABSTRACT
Yucca Mountain is underlain by highly fractured rock containing a deep water
table. Stress tests have been performed in boreholes in-situ and under high head pressures. For a pre-fractured rock system, data analysis must incorporate the effects of
opening and closing of fractures. As the head pressure increases from ambient, the
aperture of the existing dilated fractures increase. The fracture surface area remains
constant until the excess head increases to above a critical pressure, when induced
fractures can open and existing fractures may propagate. These will furnish a larger
rock surface area thereby allowing a more rapid percolation of the water into the rock
matrix. We have extended previous models by specifying a functional dependence of
both existing fracture aperture and induced fracture surface area and volume on the
excess water pressure. Relationships are obtained through the mass conservation laws
and these predictions are used as discriminative graphs, with the most useful being
pressure versus rate of pressure change. Such type-curves are applied to Yucca Mountain data with interpretation in terms of the applicable fracture systems and the critical
pressure. Estimates of the critical pressure are obtained and usually lie in the range of
10 to 30 bars which is appreciably lower than that expected from the lithostatic pressure effects. This implies that large dilational stresses exist at Yucca Mountain.
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INTRODUCTION

The water table below Yucca Mountain is abnormally low compared to its surrounding hydrological environment. No general consensus has developed for an explanation of this abnormal depth of the water table which is of the order of 500 meters.
One explanation is that the subsurface is a deforming fractured medium where dilatation of fractures has increased the storativity and hydraulic conductivity in this region
and thereby depressed the water table. If large regions are subject to dilatational
strains, any earthquake releasing such strains can be expected to alter the in-situ stress
field, the hydraulic conductivity structure and, thus, the depth of the water table.
In order to investigate the state of stress above and below this abnormal water
table, both hydrofracture and slug tests have been performed by injecting water into
boreholes at and near Yucca Mountain. These in-situ stress tests will be analyzed to
discover if existing and induced fractures can open and close under external pressure
heads of water. In order to accomplish this analysis, we develop a simple but
comprehensive model of these borehole and fracture flows. This flow model incorporates pre-existing fractures that readily dilate with increasing water head. New fractures can open above the critical pressure producing induced fracture surfaces, allowing more rapid drainage into the surrounding rock matrix. The model is flexible
enough to incorporate loss of water out of the system through fractures that act as conduits to the external environment.
Drill-hole stress tests are usually performed by charging a small section along the
hole, termed the "packed-off interval", with a head of water under its own and/or
externally applied pressure. When tests are done under high pressures in a pre-
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fractured rock system, it is necessary to extend the usual low-pressure test analysis to
incorporate the effects of opening and closing fractures. Pre-existing fractures may
dilate as soon as the pressure head increases from ambient, with apertures increasing
while the surface area of the fractured system remains essentially constant. When the
head is above the fracture closure pressure or critical pressure, previously induced fractures will open and thereby furnish a larger rock surface area that will allow a more
rapid percolation of the water into the rock matrix, as pointed out by Hayashi and
Haimson (1991).
This situation is mathematically and numerically modeled by developing a formulation that accounts for variable fracture area and volume. To this end, we formulate
the conservation laws of mass, momentum and energy of the borehole-fracture system
and adopt constitutive laws which specify exiting fluxes and fracture properties as a
function of the existing excess pressure head. Only the mass conservation law need be
applied if we assume a functional dependence of the area and aperture of the fracture
systems on the excess pressure head. These assumptions allow us to obtain general
relationships for the rate of change of the excess head in terms of the total rock surface area exposed and the rate of change of the volume of water in the fractured
region.

These model solutions are used to determine discriminative graphs that are typical
of different fracture systems and behaviour. For determining the critical pressure, one
important type-curve is that of head versus rate of head change, as demonstrated previously by Baumgartner and Zoback (1989). The head drop rate is linearly related to the
excess head when it is below the critical pressure and when either no fractures are
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involved or when existing fractures have opened with aperture change linearly dependent on the excess head. However, above this closure pressure, the slope of the curve
increases rapidly, as either induced fractures form or existing fractures propagate.
When the fractures open only a small amount under excess head, then most of the
surplus water is stored in the drill-hole. When the fractures open a large amount under
excess head, then most of the surplus water is stored in the fracture system. If both
these cases have the same exiting flux, i.e. a fixed fracture area, permeability and
porosity, the excess head in the borehole will decrease more rapidly in the first case as
the largest fraction of water is in the borehole. When the existing fractures open
readily under excess head, the storativity of the fracture system is much greater than
that of the drill-hole. Thus, under the condition that the same amount of water drains
out of the system per unit time, the fraction exiting from the drill-hole, and therefore
the pressure head drop rate at that particular head of pressure, will be much smaller
when the fractures dominate storativity.
Type-curves and analyses, based on this modeling, are applied to Yucca Mountain
data from slug tests performed by other investigators. The limited data allows initial
analyses categorizing the observed curves in terms of the synthetic curves for different
fracture systems. Closure pressures are determined, whenever possible, from inspection and non-linear curve fitting. The values of the fracture parameters for representative test data is found by curve matching. Areas, volumes and stiffness of both existing and induced fractures are obtained. The results are compared to previous qualitative arguments based on the same data.
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CONSERVATION LAWS
Any fluid-rock system obeys the conservation laws of mass, momentum and
energy. The interaction of the different components, together with stress-strain relations, are governed by constitutive laws. We shall develop the general equations of
conservation for the simplest system which is composed of a borehole and a fractured
rock system of variable geometry. A stylized representation of such a system is illustrated in Figure 1 and is similar to that used by Hayashi and Haimson (1991). It is
assumed that water can exit the borehole-fracture system either by percolation into the
surrounding rock or by flow out along conduits. The walls of the borehole and fractures are assumed to transmit the fluid into the porous rock matrix. The water is considered to be incompressible, so the density will be removed from all equations.
The conservation of mass under these conditions is given by:
dt (VC + Vp) = Q
dt

(1)

where Vc is the volume of water in the fractures at time t and VP is the volume of
water in the borehole. Q is the rate at which water exits the system either along conduits or by percolation into the rock face from the fractures and the borehole. This
relation assumes no water is injected into the system after the head is allowed to freefall. The volume of water in the borehole is given by the product of the crosssectional area, Ap

= iCRg,

where Rp is the radius of the borehole pipe, times the height

of the column of water. This height is equal to the sum of the excess head, h(t), and
the depth of the borehole below the water table above the test region, which is a constant. Thus, conservation of mass can be written as:
Ap dh(t) + d VC(t) = Q(t)

(2)
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Fjgure . - Conceptual diagram of the borehole-fracture system subject to a head h(t) of
water above the present water table.
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Similarly, momentum conservation gives the relation:
d(3

..- (vcVc + vpVp)

= Qv

(3)

where v. is the velocity of the fluid in the fractured region, vp is the fluid velocity in
the borehole ( i.e. dh/dt ) and v, is the velocity of fluid percolation into the rock
matrix.
The law of conservation of energy can be stated:
d ( Potential Energy + Kinetic Energy + Strain Energy + Crack Energy ) = 0 (4)
dt
where, as 'usual, the density is taken as constant and removed from the relevant equations. As only the excess head above the water table contributes to the potential
energy, this term is:
El = Ap g h 2/2

(5)

The rate of change of kinetic energy of the water throughout the system is:
d
ElaE
= .d-

2vCVc +V

1
2~~~~~~~
Vp+2 Qv

(6)

As the water is deemed incompressible, the strain energy of the water is taken as zero.
The energy of the fractured system is given by Lardner (1974) from dislocation theory:
EC = jayijuinjds

(7)

where S(t) is the area of the fractured surface at time t, aij is the stress on the fractured system at time t and uj is the j component of displacement along the fracture surface with normal ni at time t. This fracture energy equation'can be evaluated, but, for
the present argument, this will not be done as the constitutive relations assumed will
be such that only the conservation of mass will be necessary.
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CONSERVATION OF MASS
In order to examine the effect of the changing excess head, certain simple constitutive relations must be formulated for the storativity volume and the exiting flux.
These will be inserted into the mass conservation law; that is in the equation:
Ap dh(t) + d-Vct) = Q(t)

dt dtc

(2)

We see that the fracture volume is an important property of the system whose value is
the fracture area times the aperture. The surface area of pre-existing fractures is
assumed constant when the excess water head is below the critical pressure, though
their aperture will be a function of the applied head. When the head is greater than
the critical pressure, we assume a constitutive relation whereby the volume and surface
area of induced fractures is a function of the difference between the excess head and
the critical pressure.
The volume of the pre-existing fractured region can be approximated by the product of the fractured area and an effective displacement orthogonal to the surface. We
shall assume that any fractures present below the closure pressure have initial values of
fracture surface area A. and fracture volume V.. Thus, for h(t)< Pc we assume A. is a
constant, and V, = At * D., where the fracture aperture D8 varies with changing head.

As the imposed head increases, we shall expect the aperture of these pre-existing fractures to increase functionally with the applied head, i.e.
De = Do + F(h)

(8)

where Do is the aperture at ambient pressures, F(h) is assumed to be a power-law or
logarithmic function of head h and measures how readily the existing open fractures
dilate under external head. Thus, for h(t) < Pc we obtain the time derivative of
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fracture volume as:
d

dF dh

When the external head is greater than the fracture closure pressure, induced fractures will open which have induced surface area and a finite volume. It will be
assumed, to the first order, that the area of the induced fractured region, Ac, is a function of the head above the critical pressure, Pc Thus, for h(t) > Pc, we assume:
(10)

Ac = G(h-Pc)

where G is a measure of the change of area with excess head. The function G is
expected to be positive definite which may, for example, be a power-law or logarithmic function of the excess head above the critical pressure h-Pc. We will not
assume initial knowledge of these functions, but will advance the analysis as far as
possible without a specific functional form assumed. We shall use a functional dependence of aperture on head, as in the case of pre-existing fractures, but with different
parameters for these initially closed fractures. We take:
(11)

Dc = J(h-Pc)

where the aperture is zero when h = Pc. The function J may be of power-law or logarithmic form, depending on the constitutive relation assumed. Incorporating these constitutive assumptions, for h>Pc, the rate of change of fracture volume is:
+ C[G (U + JdG]) dh

d

dt

dh

dh

dhi

(12)

dt

EXITING WATER FLOWS
Nature displays a wide range of flow phenomena in the subsurface where water
can flow slowly through pores and rapidly along fractures. When water is pumped
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into a well for in-situ stress tests, it can display head rate drops ranging in time from
slow percolation into tight rocks to the most rapid drop possible i.e. free-fall. In freefall no excess head can be determined, implying that the water is exiting the system
through open fractures and/or is flushed out by subsurface flows along open conduits.
We must incorporate these flow characteristics into the functional dependence of

Q, the exiting flux. Consequently, we divide flow in this fractured system of porous
and permeable rocks into two components:
1. Flow into the rock matrix through the fracture and borehole surfaces.
2. Flow along fractures that are open conduits to the external environment.
For the latter case, account must be taken of pre-existing conduits in order to
model the functional form and magnitude of the appropriate exiting flux. Observations
of near free-fall fluid heads have been observed at Yucca Mountain where such
phenomena were encountered in drilling and stress testing, c.f. Healy (1988). However, in this study, we shall examine data that has reasonable decay times for its drop
in excess head. This implies that a finite fracture system is involved and that the exiting flux is dominated by percolation into the surrounding rock matrix. Further work is
expected to extend the analysis to incorporate exiting fluxes dominated by fluid flow
along conduits.
A constitutive relation must be developed for Q, the rate at which water percolates into the rock matrix through the exposed surface area of the borehole and fractured region. From D'Arcy's Law, using the Dupuit approximation, c.f. Bear (1972),
Harr (1991), this is assumed to be proportional to the product of a power-law function
of the head, h(t), and the exposed area, which is the sum of the fracture area and the
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borehole area in the open zone. For this case, the percolation rate is given by:
Q = -khq (Ae + Ac + AO)

(13)

where AO is the surface area of the open "packed-off interval" of the borehole, of
length do, so that AO = 2nRpdo. Here k is a constant which can be determined from
D'Arcy's law and represents the rock wail permeability and porosity.
In order to estimate the expected value of q, we apply Dupuit's approximation to
flow out of a well surrounded by a finite thickness of permeable rock. We note, Harr
(1991), that for cylindrical symmetry, integration of the total flow out of the external
boundary gives q = 1, but we can expect the observed value to vary when asymmetric
fractures are present.

APPLICABLE EQUATIONS
These specific constitutive relations can be incorporated into the equation governing conservation of mass. For h

>

Pc we obtain the general equation:

dt (4P + A
+ EG- + J-])
= khq(A. + G(h-Pc))
dt ~
dh
dhi
dhi

(14)

where A* = AO + A. and is the total surface area through which the fluid percolates
into the rock matrix when no head is applied. This complicated equation reduces, in
the lower pressure regime where h < P., to the simpler equation:
dt (Ap + At d ) = -khqA.

(15)

It is useful to examine the approximate solutions to the above equations for particular types of media and fractures under differing pressure regimes.
CASE 1: Low head, no existing fractures.
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When the head is very low, h -+ 0, and there are no pre-existing fractures, then
At = 0, we have the standard equation, derived from (15):
dh = -khqAO

Ap

dt
which on integration gives, for q > 1:

(16)

log h = (log t)/(l-q) + constant

(17)

which allows us to relate the slope of the log h versus log t plot to the power q as the
head approaches zero. For the case q = 1, we obtain an exponential solution:
h(t) = hceXP

A

|(18)

where hc is a constant which can be determined. In a log h versus log t plot, such an
exponential solution will manifest a slope that rapidly approaches infinity as the pressure head approaches zero. This contrasts, for example, with the case q = 2 where the
asymptotic slope would be -1 and thus much less in magnitude than that of the
exponential solution.
These problems in the log [h] versus log [t] domain can be easily circumvented
by examing curves of log [dh/dt] against log (h], where the value of q can be determined readily. This is the approach we will follow.
CASE 2: Low head, existing fractures tight, i.e. difficult to open.
In this situation, h < Pc, and OFMdh - O.which results in the equation:
=-k
Oh
-lqA. / Ap

(19)

This gives the logarithmic relation:
Log dht = q-Log(h) + Log(-k

/ Ap)

(20)

that is similar to the previous case, but with AO replaced by A= AO + A,, so that the
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head decay rate will be correspondingly greater .due to the larger surface area through
which the fluid can percolate. However, the slope q will be the same as in Case 1, in
which no fractures are present.
CASE 3 : Low head, existing fractures have large area and are loose, i.e. are easy to
open.
The next important subset of solutions occur when the head is low, h < Pa, yet the surface area of the existing fractures greatly exceeds the drill-pipe area, AC :. AP. In
addition, the fractures open easily to increased head, implying dF/dh large. We can
then derive an applicable, though approximate, equation from (15), that is:
dh = -khqA* / (Ap + Au dF )

(21)

Here the numerator is the same as in Case 2, while the denominator shows the effect
of aperture change with excess head on the pre-existing fracture volume. For the simplest linear effect, where F _

,

and y is an arbitrary constant, we see that for large

Acy, this term dominates the Ap term and the rate of drop of excess head is
correspondingly less. In this linear case, there is no head dependence in the denominator, so the slope of the head gradient versus head curve should be q, the same as the
previous cases. When non-linear dependences of F(h) are considered, the denominator
will change with head thereby producing a continuously changing slope in the head
gradient versus head curves.
The amount that existing fractures open under excess head affects the storativity
of the system and we can examine the two extreme cases. When existing fractures
have large area and open easily under excess pressure heads, most of the excess water
is stored in the fracture system, whereas, in the tight case, the largest fraction of the
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water is stored in the borehole. Thus, assuming identical fracture area, porosity and
permeability (k) for both cases, and therefore the same rate of volume loss into the
surrounding rock matrix, the head will drop faster in the tight case as a greater fraction
of borehole water is removed per unit time than in the loose fracture case.
CASE 4: High head, no induced fractures
This implies that the applied head in the slug test was not high enough to create any
induced fracture surfaces, and so the equations valid at low head will also be valid in
this domain.
CASE 5: High head, existing fractures tight and induced fractures have small and
tight apertures.
Here h>Pc, but dF/dh -0

and both dJ/dh and J(h) approach 0, so we can reduce

equation (15) to

dt

(A. + G(h-Pc))
Ap

(20)

Depending on the magnitude and functional form of G on h, the area of induced fractures may increase rapidly above the closure pressure. This implies that the numerator
may increase rapidly with head and so we can expect a sharp break at Pc with
increased slope in the dh versus h curve.
dt
CASE 6: High head, existing fractures loose and of large area, induced fractures tight.
Here h>Pc, but J(h) and dJ/dh approach 0, and A, > Ap, yielding the approximate
equation:
dh

dF

dt = kh(A* + G(h-Pd)I(Ak)dh

(21)

so that, as before, we may get a sharp break at Pc and an increase in slope in the high
B - 14

pressure regime, depending on the parameter values so chosen and the functional
forms of G and F. If G changes more rapidly with excess head than dF/dh, this typecurve will be similar to the previous case. Conversely, when dF/dh is more affected
by excess head than G, the denominator will control the rate of head change.
CASE 7: High head, existing fractures few and tight, induced fractures many.
For this, we return to equation (14) and consider only the terms involving G as these
will dominate at sufficiently high head. Then the high pressure slope will depend intimately on J(h), the amount the induced fractures open with increasing head. If this is
large, at high head, most of the contained water is enclosed in these induced fractures,
so the head in the borehole will drop relatively slowly above the critical pressure.
However, as soon as these fractures close, most of the storativity will be in the
borehole and relatively rapid rates of head drop will occur.

ESTIMATIONS
it is instructive to determine the expected size of the parameters in these equations. The critical pressure varies in rock, ranging from zero upward with many values
found in the 20-50 bar range, i.e. of the order of stress drops during earthquakes in
fluid saturated media. However, in dilatant zones subjected to high fluid pressures,
these closure pressures may be much lower.
The borehole is usually of a diameter of the order of 0.1m giving a value of its
cross-sectional area of Ap
,z 102m2 . The open part of the borehole, through which the
water moves into the rock, is usually between 10n and 100m long. Assuming this
range of interval lengths, then we can expect the surface area of the open test interval

B - 15

to range between 3m 2 < AO

<

30m 2 and so the ratio A/JAp is in the approximate range

of 300 to 3000, and is usually known from the measured experimental data. Minor
changes in the experimental values of borehole radius and area occur if there is a skin
effect i.e. erosion and/or pitting and/or mud effects on the borehole surface.
The total fracture area is composed of initial fracture area and pressure-dependent
fracture area. In regions of the Earth's crust where dilatant fractures abound, we can
expect that the existing fractured area can be much higher than the open borehole area.
Observations of fracture systems produced by high pressure water injection in laboratory samples, indicates that such fracture areas may be orders of magnitude greater
than the borehole area.

THEORETICAL DECAY CURVES
For various values of the critical pressure we solve these equations numerically
in order to determine type-curves that can illustrate the effects of the various parameters. These type-curves can subsequently be compared to experimental data.
Below the critical pressure, we can expect the denominator function dF/dh in
equation (15) to be of prime importance. As the aperture of the existing fractures
increases, we get an attendant increase in storativity of the fractured region. Under
conditions of identical exit fluxes, the greater the fraction of the total stored water in
the fractured region relative to that in the borehole, the less the rate of head drop in
the borehole. In order to comprehend the effect of this aperture change, various functional forms of F. and thus dF/dh, will be assumed. We take F = Vhn where y is an
arbitrary constant and n is a number greater than zero implying that aperture increases
with pressure. If n is less than 1, then dF/dh may decrease with pressure head thereby
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altering the slope of the log [dh/dt] versus log (hi curve. We shall also use logarithmic dependence of F(h) on excess head in order to see this effect. Such a logarithmic dependence has been observed in the closure of rock joints under external pressure, c.f. Goodman (1976), Brown and Scholz (1985,1986). It has also been found
that even a small amount of shear can affect the aperture of fractures due to the effect
on the apertures spatial and frequency distribution caused by the shear displacement,
Vickers et al. (1992).
Above the critical pressure, both G(h) and J(h) will be important as they govern
the area and aperture of the induced fracture region. We can see that as G(h)
increases the area of opened induced fractures will increase and expedite the exiting of
the fluid. Thereby, an increase in the pressure gradient is to be expected above the
critical pressure Pc.

As J(h) increases, the aperture of these induced fractures

increases, thereby increasing the storativity of this fractured region. Thus, the head in
the borehole will drop slower when J(h) is large, as then the greatest fraction of the
water charge is in the induced fractured region.
We wish to garner some comprehension of how the area and aperture of these
induced cracks vary with increasing pressure above the critical value. From the
Griffiths' propagation criterion, we can expect the length of the crack to increase with
increasing head pressure. Also, Hayashi and Sakurai (1989) have argued that the rate
of pressure decay increases with the height of the crack. Thus, we shall assume that
the area function is of the form G = a(h-Pd' with an initial value of m=2 assumed
for illustrative purposes and where a is an arbitrary constant. As in the case of existing cracks and their aperture dependence on pressure, we can expect the aperture of
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the induced fractures to increase with increasing pressure above the critical value.
Thus, we assume J = 0(h-Pd) with values of r of order 1 assumed for numerical
experiments and where

P is an arbitrary

constant.

Incorporating these assumed constitutive relations into the mass conservation relation, gives:
dt= k(

+ a(h-Pc)m ) I (AV + n"h1

+ aP(m+r)(h-P,)m"-l)

(22)

where a=O when h<Pc and A* = AO + At.

NUMERICAL SOLUTIONS
We shall solve equation (22) for various values of the parameters in order to plot
pressure versus time, or, as prevalent in the industry, pressure versus log time, with
time measured in minutes.
These equations are integrated numerically. We obtain graphs of h versus t, plots
of (dh/dt), the rate of head change, versus the head, h, which obviously requires no
integration of the basic equations, and their logarithmic equivalents. We shall examine
these synthetic curves in order to obtain an understanding of the three main effects:
1. the critical pressure, Pc.
2. the aperture change of existing cracks as pressure increases toward the critical pressure, which is controlled by the function F =
3. the aperture and area change of induced cracks as pressure increases above the critical pressure, controlled by the functions I = P(h-PP)

and G = a(h-Pc)m respectively.

We have estimated the expected or typical values of the area terms in this conservation equation. The borehole diameter is about 0.1m so its cross-sectional area will
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be taken as Ap=10 2m 2 . For an open borehole length of about 30 meters, we shall
assume that the surface area of the open test interval is AO=l0m 2 . Assuming an existing crack having the same height as the borehole open area and a length of about 3
meters, we thus assume A,=10Om2 .
We have previously shown that Dupuits' approximation to cylindrically symmetric flow out of a well gives the value q = 1 and this is the theoretical powerlaw we
shall use. Examination of equation (22) shows that the slope of the head rate of
change against head scales with k, the permeability parameter. We use the range of
values of k from 105 to 10-2 as this gives a time for pressure drop from maximum to
zero in the range of 10 to 100 minutes which is similar to that observed in Yucca
Mountain slug tests, Szymanski (1989).
In the following examples, or type-curves, we take an initial head of 500 meters
of water, similar to the heads used at Yucca Mountain, which is equivalent to 50 bars
of pressure. We also assume a critical pressure of 20 bars for these examples as this
is close to the values qualitatively measured in the Yucca Mountain data, Szymanski
(1989).
Example A.
Consider the case where the aperture change of the existing cracks is linear in the
excess pressure, ie. n=-,

which implies that no effect of increasing pressure is

observed below the critical pressure. This is because differentiation of F with h produces a constant, namely yA.. We shall assume for this case that y0.001, which
implies that the existing fractures open lmm for each 1 bar increase in pressure. Thus
the denominator term yA. has the value 0.1, which is a factor of ten larger than the
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Figure 2a - Theoretical graph
of head versus log time. The
initial pressure head of water
in the borehole is 50 bars.
The parameters used in the
model synthesis are:
PC = 20bars, k = 0.0001,
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borehole term, Ap.
For behaviour above the critical pressure, we examine the situation where induced
fractures have small aperture change but appreciable area change with incresing pressure. In the limit we ignore the aperture changes, i.e. ,=0, and assume that the area
obeys G = a(h-P2. We take an initial example of a=10, which implies that the surface area of the induced fracture region, when the pressure is 10 bars above critical, is
about 1000 m 2. This is ten times the area of the existing fracture surface so this term
will eventually dominate the numerator of equation (22).
In Figure 2a, we plot head versus log time, in order for comparison with the insitu stress measurements. There is an appreciable bend in the head decay curve just
above the closure pressure of 20 bars, but it's gradual change of slope hinders an exact
prediction of the critical pressure. In Figure 2b, we plot rate of pressure change
against pressure and we see that a sharp gradient increase occurs at 20 bars, the critical
head. In Figure 2c, we show the synthetic curve for the log of pressure rate versus the
log pressure. The lower part of this curve is dominated by the hq term where q1l in
this case. At Pc a sharp slope change occurs as the induced fractures open up.
Example B.
In Figures 3abc we have dropped a to 1, a factor of one tenth that of Example
A. This implies that the surface areas of the existing fractures and induced fractures
will be of the same order above the critical pressure. All other parameters remain the
same as Example A. We see that no bend is observed at Pc in the pressure versus log
time curve in Figure 3a. However, the curve in Figure 3b is seen to deviate from a
straight line when the pressure exceeds the critical pressure of 20 bars. In Figure 3c
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of head versus log time. The
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Figure 2a.
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we see that the abrupt change in slope at the critical pressure is less than in Example
A. Below the critical pressure, the log [dh/dt] versus log [h] has a slope of 1
reflecting the value of q assumed.
In these two examples, we illustrate the effect of opening induced fracture surfaces above the critical pressure. We can argue from these examples that the ratio of
induced crack surface area to existing surface area decides whether an observable bend
occurs in the head decay curve at the critical pressure.

As this ratio of terms

decreases, we obtain synthetic head decay curves in which there may be no apparent
bend at the critical pressure. However, there is still a sharp break in gradient at the
critical pressure in the corresponding rate of head change versus head as is readily
seen in Figure 3b. We immediately see how much more useful the plots using gradients vs head are compared to head vs log time graphs. The sharp break at h = Pc
manifests much more strongly in the rate plot. From these general principles, we can
see that the effect of changing Pc would be to move the slope change along the curve.
Obviously, if the critical pressure is greater than the maximum excess head, then we
will not expect such a slope change in any of the graphs.
Example C.
We now examine the effect of changing the functional dependence of the aperture
of existing fractures on excess pressure, F(h) . The linear examples, where F(h) = -,
have been shown in Figures 2 and 3. Here the slope of the curves in the log[dh/dt]
versus log [h] graphs below the critical pressure are equal to q which is 1 for this
experiment, and thus the linear case does not affect this slope. If the aperture of these
existing fractures opens more readily with pressure than the linear case, we can expect
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Figure4a - Theoretical graph

of head versus log time. The
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an effect on this log-log slope. When F(h) = -h2, we expect the log [dh/dt] vs log [h]
curve to start with a slope of 1 at lowest pressure and, as this tern takes effect, the
slope drops off to zero, as shown in Figure 4c. All the parameters in Figures 4ab,c
are the same as in Figures 3abc except for n=2. Thus, we see that the effect of opening existing fractures more readily is to increase the storativity of the fracture system
and thereby increase the time for the pressure head to drop to zero, as seen in comparing Figure 4a with Figure 3a.
If the aperture of these existing fractures opens less readily with pressure than the
linear case, we also expect an effect on this log-log slope. We assume that for this
case a power law dependence of aperture on pressure will have the power less than 1,
where we take F(h) = 'lhi, where n < 1. The log [dh/dt] versus log [h] curve will have
a slope that increases with head even below the critical pressure, but this will only
manifest on the type-curves if the existing fracture storativity is comparable to the
borehole storativity, as expected from the theoretical relationship, equation (22).
Example D.
In order to determine the complete effect of induced fractures opening above the
critical pressure, we must take into account that volume as well as area of the the
induced fracture region can increase rapidly with pressure. The effect of aperture
change with head above the critical pressure is modeled by using a non-zero J(h) and
we shall initially assume a powerlaw dependence J(h) = 0(h-PJ-. Just as for the existing fracture system, we shall assume initially a linear relation with r=l for these examples. We shall assume a P of one tenth y, i.e. 0.0001, implying that the aperture will
open only 0.1mm for each bar of pressure above the critical value. In Figure 5abc
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we show examples of graphs from such a situation where all other parameters are the
same as in Figure 2. The 0 term affects the head vs log time curve mainly above the
critical pressure but no change in slope is observed at the critical pressure of 20 bars.
However, the head rate vs head curves are similar to those in Figure 2b,c though the
change in slope at Pc is not as steep.
Figure 6abc show the effect of a larger p term, 0.0005, implying greater
increases of induced fracture volume with pressure than in Figure 5. Again no change
in slope at the critical pressure is observed in the head vs. log time curve. However,
the head rate vs head curves are very different to those in Figure 5bc with a kink at
Pc and with similar slope gradients on either side of the critical pressure.
Figure 7a,bc show the effect of an even larger i term, 0.001, which is the same
value as y, implying greater increases of induced fracture volume with pressure than in
Figure 6. Again no change in slope at the critical pressure is observed in the head vs.
log time curve. The pressure rate versus pressure curve has a more pronounced kink
at the critical pressure than in Figure 5b,c.
This sequence of Figures, 5,6 and 7, shows the effect of an increasing storativity
of the fractures which open above the critical pressure. It takes an increasingly longer
time for the head to drop to the critical pressure in Figure 7a than in Figure 6a and
Figure Sa. Also, if the storativity increases more rapidly than the surface area of the
induced cracks, just above the critical pressure the pressure rate of drop of the
borehole head will momentarily decrease as relatively more water will be stored in and
thus removed from the induced fracture system rather than from the borehole.
These synthetic solutions are representative of the types of curves we can expect
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Eigure Sa - Theoretical graph
of head versus log time. The
initial pressure head of water
in the borehole is 50 bars.
The parameters used are as in
Figure 2 but with P = 0.0001,
r = 1.
This solution
investigates the effect of
aperture changes in the
induced fractures opening
above the critical pressure.
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Eigure 6a - Theoretical graph
of head versus log time. The
initial pressure head of water
in the borehole is 50 bars.
The parameters used are as in
Figure 5a but with 0 five
times the value used in Figure
5.
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Figure 6b - Theoretical graph
of head versus rate of head
change. The parameters used
are as in Figure 6a.
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Eigure a - Theoretidal graph
of head versus log time. The
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The parameters used are as in
Figure Sa but with P ten
times the value used in Figure
5.
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in real data from stress tests in fractured media. They allow us to examine such data
and determine the most likely fracture systems operable in the subsurface.
YUCCA MOUNTAIN DATA
A number of boreholes have been drilled in and near Yucca Mountain, Nevada,
the proposed site for a nuclear waste depository. Healy (1988) has discussed the problems of drilling boreholes in and near Yucca Mountain. He comments:
"At Yucca Mountain, drill crews talked about 'underground rivers', a description
that attempts to explain the large amount of drilling fluids that were lost in the hole
during drilling. Drilling conditions on Yucca Mountain are very unusual. The natural
water table is about 1700 ft. below the surface and when the hole is drilled with standard methods with circulating fluid, no fluid or drill cuttings return to the surface."
Certain of these holes have been subjected to in-situ stress tests utilizing both
hydro-frac and slug tests. This depository site was mainly chosen for its very low
anomalous water table which is of the order of 500 metres below the surface. Thus
the slug tests so performed were under high pressure, of the order of 50 bars, as the
boreholes were usually filled to the top with water at the start of the test. A realistic
analysis necessitates incorporation of the effects of such high water pressures on the
fractured rock system.
The data used was digitized from graphical information published in Szymanski
(1989), which itself was obtained from USGS documents. We are, at present, trying to
obtain the original data from various investigators as we lack information on borehole
size, leakage factors, flow rate, total water volume input as a function of head and
time, televiewer logs and density data etc.
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The original and derived data for representative sections of each hole is displayed
in the Appendix. There are 3 figures for each test; the 'a' figures show the raw data
from the slug test, Szymanski (1989); the 'b' figures show head pressure drop rates
versus excess head, and the 'c' figures show the log [dh/dt] versus log [h] curves.
Because of inherent errors in the digitization process and the lack of accurate data, at
the highest pressures there is often much scatter in the derived gradient values. We
have used simple averaging algorithms for smoothing of the original digitised data in
order to improve the differentiated data.

DATA INTERPRETATION
This interpretation will be mainly qualitative until adequate information is available to make more quantitative predictions. However, where recognisable changes in
slope occur at specific heads, we do obtain a quantitative estimate of the critical pressure. In the following analysis, we examine a few representative sections from various
boreholes. We shall compare the data with synthetic curves in order to determine the
applicable fracture phenomena. Comments on each specific test are included in the
Appendix.
In Table 1, for the selected Yucca Mountain data, we list the estimated values of
the critical pressure determined from the pressure rate versus pressure graphs. The
closure pressures lie mainly in the range of 10 to 30 bars. The depths at which these
tests sampled the in-situ shess were in the range of 500 to 1200 meters which
corresponds to lithostatic gravity pressures in the range of 150 to 360 bars. For a
medium under lithostatic pressure alone, the minimum principle swess is at least 0.25
times the lithostatic pressure.

Thus, for such a medium without non-lithostatic
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pressures, we should observe critical closure pressures in the range of 40 to 90 bars.
Our observed closure pressures are much less than the lithostatic values implying that
other forces must be operating on the medium. These must be dilatational forces
whose stresses must be the difference between the computed lithostatic estimates and
the observed values of closure pressures. From Table 1. we can see that, at Yucca
Mountain, dilatational stresses are estimated to be in the range of 15 to 70 bars, with
most values in the 30 to 40 bar range. Such high dilatational stresses and low closure
pressures indicate that, at Yucca Mountain, the region could be close to failure.
In order to estimate values of the other parameters governing the system, we have
created synthetic solutions that match the observed data for a subset of the tests.
These solutions are displayed in the Appendix under the particular test for comparison
with the observed data curves. We find that the value of k, the porosity-permeability
parameter, is in the range 10 to 104 and is the main parameter affecting how rapidly
the pressure decays to zero. Values of q, the powerlaw parameter affecting the exiting
flow, are observed to be in the range of 0.5 to 2 with most values near 1. The
expected value of q for cylindrically symmetric flow out of a well is I so we are
confident of our estimated values.
The area terms in the model equation are known for the borehole and give an A,,
the open borehole surface area, of about 10 to 50 square meters. Using representative
values from the synthetic solutions matching observed data, estimated areas of existing
fracture surface is of the same order, 10 to 50 m2. Similarly, representative values of
y, the amount the fracture opens under increasing water pressure, are of the order of
103 meters per bar. Thus, under 10 bars of pressure, the existing fractures may open
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about 1 cm and store a total volume of water of about 0.1 to 1 cubic meter. This is in
contrast to the storativity of the 500m borehole which is about 15 cubic meters of
water.
For the induced fractures, we obtain values for ,, the amount that the induced
fractures open under excess pressure above the closure pressure, in the range 104 to
103 meters per bar. These induced fractures are usually stiffer than the existing fractures, i.e. fry. We obtain estimates of the value of a, the multiplier term affecting the
area of induced fracture surface, in the range of 1 to 10. The powerlaw of induced
area as a function of excess head, m, is found to be in the range of 1.5 to 2. Thus, for
a pressure exceeding the closure pressure by 10 bars, we obtain an area of fracture surface on the order of 100 to 1000 square meters. Associated with this area is a volume
storativity in the range of 10-1 to 10 cubic meters.
All these estimated parameter values are well within expected ranges for such a
fractured system. The critical pressure values and estimated dilatational stresses show
how close to failure is the rock-water system. Induced fracture areas imply fracture
lengths up to hundreds of meters long. Such easily opened and long fractures imply
that these are ancient fractures which have been cemented by low-strength materials
which fracture easily under low excess stress.

CONCLUSIONS
Our results indicate that the critical closure pressure varies in depth and spatial
location over the Yucca Mountain region. The results are consistent with models of a
deforming fractured medium whose hydraulic conductivity is a sensitive function of
in-situ and applied stress.

Yucca Mountain is an anomalous geological and
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hydrological system. It differs from its surrounding environment in possessing a much
deeper water table stored in a highly fractured rock. This fractured system has been
shown to be dilated under in-situ stress, and these dilational stress values have been
estimated above. This dilatation has been considered the cause of the deep water
table, Szymanski (1989), Archambeau and Price (1991). Both changes in in-situ stress
and water pressure can affect the fracture dilatation and hence the water storativity and
the level of the water table. If these open fractures return to the closed fractures of the
rocks to the north of Yucca Mountain, we can expect the water table under Yucca
Mountain to become of the same level as that to the north. This would entail a rise
from the present level of 500 meters to a much shallower one of only 50 meters.
Stock (1985) and U.S.G.S. associates have performed numerous in-situ tests at
Yucca Mountain. Televiewer monitoring of holes showed long fractures parallel to the
borehole that Healy argues were formed during drilling when high drill-fluid pressures
were used. Hydraulic tests were used in order to determine in-situ stress in this rockwater system. They examined head versus time curves for sharp gradient changes and
concluded that these occurred at the minimum principle stress. Prom these results,
Healy (1988) concludes that the "rocks penetrated by the drill hole USWG1 are near a
state of incipient failure" and are "subject to stresses that may be close to their longterm strength". This has been emphasised recently by the earthquake of June 1992 at
Little Skull Mountain, which did serious damage to DOE buildings near the proposed
Yucca Mountain site.
Szymanski, (1989), has examined these slug tests using qualitative fits to the data.
He has claimed that for heads higher than the "closure pressure", induced fractures
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open. For heads less than the "closure pressure", he claims that the fractures will be
closed thereby allowing only slow percolation of water into the rock matrix through
the borehole open surface area. Using representative type-curves for each situation, he
has qualitatively determined the state of stress in the tested formation by examining the
curves of head versus log time. When a change in slope occurs in such curves, he has
argued that this point is the value at which the head is equal to the closure pressure.
When no change in slope -occurs, but there is rapid drop in head at all pressures, he
argues for a "singular point" which is essentially where the closure pressure
approaches zero and fractures are open even under low head.
Both Szymanski and Healy only used the raw data of head versus time to make
an estimate of the critical pressure. Our model with its synthetic results show that
under a wide variety of conditions, no break is observable in this curve of head versus
time even though a finite and reasonable critical pressure is acting. We have used the
more discriminative curves of head versus head rate to determine this critical pressure.
In the straightforward curves which contain change in slopes in the head versus time
data, Szymanski's qualitative measure of closure pressure is very near our determination based on the rapid change in gradient in the head rate versus head data. In the
cases where Szymanski has argued for a "singular point" where no obvious change in
slopes occur in the head decay curve, our analyses indicate that the determination of
closure pressure is available from the pressure rate versus pressure curves. Our estimates of the closure pressure show that the system is close to failure.
Earthquakes can cause rapid changes in near-field stresses and thereby causing
transient fluid flows, Archambeau and Price (1991), with observed extrusion of water
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I

over large areas, Wood and King (1991).

That both USGS scientists and these

independent analyses have shown that the tectonic system at Yucca Mountain is highly
dilated and close to failure should be taken into account in any site evaluation and estimate of earthquake and flooding risk.
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COMPARISON OF TEST ANALYSES
Borehole

Interval

Iith-Pc

Data-Pc

Dil. Stress

USW H-6

649-683

50

23

27

USW H-6

835-869

65

19

46

USW H-6

606-640

45

26

19

USW G-4

792-838

60

16

44

USW G-4

899-915

70

10

60

USW G-4

850-875

65

8

57

USW H-5

949-1010

75

17

58

USW H-5

888-949

70

30

40

USW H-5

1033-52

80

40

40

USW H-4

555-604

40

17

23

USW H-4

735-767

55

17

38

USW H-4

873-892

65

26

39

USW H-4

928-1219

85

10

75

UE-25p#1

600-650

45

29

16

UE-25p#1

974-1044

.75

UE-25b#1

1006-1220

85

UE-25b#1

505-579

40

4

36

UE-25b#f1

820-860

65

7

58

I?

The closure pressure as .1/4 of the lithostatic pressure is labeled "Lith-Pc". The
critical pressure determined by examination of the pressure rate versus pressure data is
labeled "Data-Pc". The estimated dilatational stress is labeled "Dil. Stress".
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HOLE USW G-4: Interval 792-838 meters.
Figure Ba shows the raw data of hole USW G-4, test G-4.1, depth interval 792
to 838 meters, and with a packed-off open test interval of length 46 meters. Szymanski's
qualitative estimate of the pressure at which the change in slope in the raw data occurs is
19 bars, which pressure he terms the "closure pressure" of the induced fractures. Figure
8b, showing dh/dt versus h, has a sharp directional change at about 16 bars corresponding
to the critical pressure and close to Szymanski's value. The Figures, 8a,b,c are similar to
the synthetic curves, shown in Figures 2a,b,c, in which large surface areas but small
apertures of induced fractures are produced when the head exceeds the critical pressure.
However, below 16 bars, the slope of the log dhldt versus log h curve in Figure 8c is
approximately 0.5 and is appreciably less than the expected value of l. We can thus
tentatively infer that, below the critical pressure, the apertures of existing fractures are
opening with increasing head with consequent increase in stored water in the open
fracture volume. Above the critical pressure, the log dh/dt - log h slope is about 3 and the
general pattern is that in which the area of induced fractures created has a greater effect
than the rate of change of volume due to these induced fractures.
p

Figure 8a - Raw data of hole
USW G-4, test G4.1, depth

-

interval 792 to 838 meters,
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and with open test interval of
length 46 meters.
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Figure 8b - Graph of head
versus rate of head change,
derived from raw data shown
in Figure 8a.
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FigureJ& - Theoretical graph
of head versus rate of head
change. The parameters used
are as in Figure 8d.
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HOLE USW G4: Interval 899.915 meters.
Figure 9a shows the raw data of hole USW GA, test G4.2, depth interval 899
to 915 meters, and with test interval of length 16 meters. No change in slope or bend is
observable in this raw data. However, Figure 9b is similar to the synthetic Figure 6b,
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2.0

which curve shape is manifested when induced fractures form above the critical pressure
and are easily opened with rapid volume changes. Examination of the curve in Figure 9c
indicates that the slope of log dh/dt versus log h is approximately 1 in the low pressure
regime. There is a break in slope at about 10 bars in both graphs, Figures 9bc, which we
may estimate as the critical pressure.
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Figure 9a - Raw data of hole
USW G-4, test G4.2, depth
interval 899 to 915 meters,
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derived from raw data shown
in Figure 9a.
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.1

Eigure-9c - Graph of log
head versus log rate of head
change, derived from raw
data shown in Figure 9a.
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Figure 9f - Theoretical graph
of log head versus log rate of
head change. The parameters
used are as in Figure 9d.
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HOLE USW G-4: Interval 850-875 meters.
Figure 10a shows the raw data of hole USW G4, test G-4.3, depth interval
850 to 875 meters, and with test interval of length 25 meters. No change in slope or bend
is observable in this raw data. However, Figures 10b,c are similar to the previous Figures
9b,c with a deviation from a linear trend at about 8 bars. Similar remarks concerning the
induced fractures forming with large volume changes are applicable.
XC

Figure 10a - Raw data of
hole USW G-4, test G4.3,
depth interval 850 to 875
meters, and with open test
interval of length 25 meters.
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Eigure

blb- Graph of head
versus rate of head change,
derived from raw data shown
in Figure lOa.
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Figure Ic - Graph of log
head versus log rate of head
change, derived from raw
data shown in Figure WOa.

Figure 10d - Theoretical
graph of head versus log time,
with model curve designed to
match raw data of Figure lOa.
The initial pressure head of
water in the borehole is 40
bars. The parameters used in
the model synthesis are:
P,= l0bars, k =0.001,
AO = 14m 2 , AP = 0.03m 2 ,
A =30m 2 , q = 1, m = 2,
n = 1, y =0.0007, a= 5,
= 0.0005
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HOLE USW HA4: Interval 555-604 meters.
Figure 1la shows the raw data of hole USW HA, test H-4.1, depth interval
555 to 604 meters, and with open test interval of length 49 meters.

Szymanski's

qualitative estimate of the "closure pressure" at which the change in slope in the raw data
occurs is 17.5 bars. Figure 1lb, showing dh/dt versus h, has a sharp directional change at
about 17 bars corresponding to the critical pressure and close to Szymanski's value. The
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Figures 1la,b,c are similar to the synthetic curves, shown in Figures 2ab,c, in which
large areas of induced fracture surface rather than volume change is produced above the
critical pressure. Below this critical pressure, we can see that the slope of the log dh/dt
versus log h plot increases from about I at the lowest pressure to about 2 at the critical
pressure. This indicates that existing fractures are dilating even under these low pressure
heads.
0oo_

Figure Ila - Raw data of
hole USW H4, test H4.1,
depth interval 555 to 604
meters, and with open test
interval of length 49 meters.
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HOLE USW H-4: Interval 735-767 meters.
Figure 12a shows the raw data of hole USW HA, test H4.2, depth interval
735 to 767 meters, and with open test interval of length 32 meters. No change in slope or
bend is observable in this raw data. However, Figure 12b is similar to the synthetic
Figure 6b, which curve shape is manifested when induced fractures form above the
critical pressure and are easily opened with rapid volume changes. Examination of the
curve in Figure 9c indicates that the slope of log dhldt versus log h is approximately 2 in
the low pressure regime. This implies that existing fractures are dilating as the excess
head pressure increases. There is a break in slope at about 17 bars in both graphs, Figures
12 bc, which we may estimate as the critical pressure.
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liure 12a - Raw data of
hole USW H-4, test H-4.2,
depth interval 735 to 767
meters, and with open test
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derived from raw data shown
in Figure 12a.
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HOLE USW H-4: Interval 873-892 meters.
Figure 13a shows the raw data of hole USW H4, test H-4.3, depth interval
873 to 892 meters, and with open test interval of length 19 meters. No change in slope or
bend is observable in this raw data, but it has an extremely fast drop in head. However,
Figures 13b,c are similar to the synthetic Figures 7b,c with a large change in slope
deviation from a linear trend at about 26 bars. This pattern of behavior is characteristic of
induced fractures that dilate rapidly above the critical value of 26 bars. The low pressure
region has a slope of log dh/dt versus log h of about 2/3 implying that existing fractures
may be changing aperture with head.
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Figure 13a - Raw data of
hole USW H4, test H-4.3,
depth interval 873 to 892
meters, and with open test
interval of length 19 meters.
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Figure 13b - Graph of head

versus rate of head change,
derived from raw data shown
in Figure 13a.
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head versus log rate of head
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HOLE USW H4: Interval 928-1219 meters.
Figure 14a shows the raw data of hole USW H4, test H-4.4, depth interval
928 to 1219 meters, and with a very long open test interval of length 291 meters. No
change in slope or bend is observable in this raw data, and it has an even faster drop in
head than the previous case. However, Figures 14b,c are similar to the synthetic Figures
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7b,c with a deviation from a linear trend at about 10 bars. This pattern of behavior is
characteristic of induced fractures that dilate above the critical value of 10 bars. The low
pressure region has a slope of log dh/dt versus log h of about I between I and 10 bars.

Figure 14a - Raw data of
hole USW H4, test H-4.4,
depth interval 928 to 1219
meters, and with open test
interval of length 291 meters.
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Fiure 14c - Graph of log
head versus log rate of head
change, derived from raw
data shown in Figure l4a.
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HOLE USW H-5: Interval 949-1010 meters.
Figure 15a shows the raw data of hole USW H-5, test H-5.1, depth interval
949 to 1010 meters, and with open test interval of length 61 meters.

Szymanski's

qualitative estimate of the "closure pressure" at which the change in slope in the raw data
occurs is 17.5 bars. Figure 15b, showing dh/dt versus h, has a sharp directional change at
about 17 bars corresponding to the critical pressure and close to Szymanski's value. The
Figures 14a,b,c are similar to the synthetic curves, shown in Figures 2ab,c, in which
large areas of induced fracture surface rather than volume change is produced above the
critical pressure. Below this critical pressure, we can see that the slope of the log dh/dt
versus log h plot is only about 0.3. This indicates that existing fractures are dilating even
under these low pressure heads.
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Figure 15a - Raw data of

hole USW H-5, test H-5.1,
depth interval 949 to 1010
meters, and with open test
interval of length 61 meters. I
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Figure 15b - Graph of head
versus rate of head change,
derived from raw data shown
in Figure 15a.
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HOLE USW H-5: Interval 888-949 meters.
Figure 16a shows the raw data of hole USW H-S, test H-5.2, depth interval
888 to 949 meters, and with open test interval of length 61 meters. This interval is of the
same length and adjacent to but deeper than the previous case. No change in slope or
bend is observable in this raw data, and it has a faster drop in head than the previous case.
However, Figures 16bc are similar to the synthetic Figures 7b,c with a deviation from a
linear trend at about 0.6 times the maximum head, 50 bars, which gives a critical pressure
of about 30 bars. This pattern of behavior is characteristic of induced fractures that dilate
above the critical value of 30 bars. The low pressure region has a slope of log dh/dt
versus log h of about 1.
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Figure 16b - Graph of head
versus rate of head change,
derived from raw data shown
in Figure 16a.

I
FIgure 16 - Graph of log
head versus log rate of head
change, derived from raw
data shown in Figure 16a.
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HOLE USW H-5: Interval 1033-1052 meters.
Figure 17a shows the raw data of hole USW H-5, test H-5.3, depth interval
1033 to 1052 meters, and with open test interval of length 19 meters. No change in slope
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or bend is observable in this raw data, however, Figures 17b,c are similar to the synthetic
Figures 7b,c with a deviation from a linear trend at about 0.8 times the maximum head,
50 bars, which gives a critical pressure of about 40 bars. This pattern of behavior is
characteristic of induced fractures that dilate rapidly above the critical value of 40 bars.
The low pressure region has a slope of log dh/dt versus log h of about 1.
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head versus log rate of head
change, derived from raw
data shown in Figure 17a.
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HOLE USW H-6: Interval 649-683 meters.
Figure I8a shows the raw data of hole USW H-6, test H-6.1, depth interval
649 to 683 meters, and with open test interval of length 34 meters. No change in slope or
bend is observable in this raw data, which has a very long time decay. However, Figures
18b,c are similar to the synthetic Figures 3b,c with a deviation from a linear trend at a
critical pressure of about 23 bars. This pattern of behavior is characteristic of induced
fractures that grow rapidly in area above the critical value. The low pressure region has a
slope of log dhldt versus log h of initially about I but this increases to about 2 just below
the critical pressure. This indicates that the pre-existing fractures are dilating further as
the head increases. Szymanski's qualitative estimate that the critical pressure is higher
than the maximum head achieved in the slug test is doubtful, as our gradient curves
enable the determination of the critical pressure more accurately.
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Figure 18a - Raw data of
hole USW H-6, test H-6.1,
depth interval 649 to 683
meters, and with open test
interval of length 34 meters.
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HOLE USW H-6: Interval 835-869 meters.
Figure 19a shows the raw data of hole USW H-6, test H-6.2, depth interval
835 to 869 meters, and with open test interval of length 34 meters.

Szymanski's

qualitative estimate of the "closure pressure" at which the change in slope in the raw data
occurs is 20 bars. Figure l9b, showing dh/dt versus h, has a sharp directional change at
about 19 bars corresponding to the critical pressure and close to Szymanski's value. The
Figures 19a,b,c are similar to the synthetic curves, shown in Figures 2ab,c, in which
large areas of induced fracture surface rather than volume change is produced above the
critical pressure. Below this critical pressure, we can see that the slope of the log dhldt
versus log h plot is initially less than 1 and then increases with increasing head. This
indicates that existing fractures are dilating even at low heads.
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I9- Graph of head
Figaml%
versus rate of head change,
derived from raw data shown
in Figure 19a.
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change, derived from raw
data shown in Figure 19a.
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HOLE USW H-6: Interval 606-640 meters.
Figure 20a shows the raw data of hole USW H-6, test H-6.3, depth interval
606 to 640 meters, and with open test interval of length 34 meters. This interval is of the
same length but shallower than the previous case.
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No change in slope or bend is

1.5

observable in this raw data, and it has a much faster drop in head than the previous case.
However, Figures 20b,c are similar to the synthetic Figures 6b,c with a deviation from a
linear trend that is difficult to determine. This pattern of behavior is characteristic of
induced fractures that, above the critical pressure, dilate more than they create induced
area. The low pressure region has a slope of log dhldt versus log h of about 1, which
decreases above about 10 bars.

This indicates existing fractures are dilating under

increased pressure heads of water so that the effect of induced fractures opening is not
sufficiently dramatic to cause a radical break in slope at the critical pressure.

A

qualitative estimate of critical pressure is approximately 26 bars.

Figure 20a - Raw data of
hole USW H-6, test H-6.3,
depth interval 606 to 640
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Figure-20b - Graph of head
versus rate of head change,
derived from raw data shown
in Figure 20a.
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HOLE UE25b: Interval 1006-1220 meters.
Figure 21a shows the raw data of hole UE25b, test UE25b.1, depth interval
1006 to 1220 meters, and with long open test interval of length 214 meters. No change in
slope or bend is observable in this raw data, which has a very long time decay. However,
Figures 21bc are similar to the synthetic Figures 3b,c with a deviation from a linear trend
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1.8

at a critical pressure in the range of about 32 to 42 bars. This pattern of behavior is
characteristic of induced fractures that grow rapidly in area above the critical value. The
low pressure region has a slope of log dh/dt versus log h of initially about 3/2 though
there is much scatter in the data. This indicates that the pre-existing fractures are dilating
further as the head increases. Szymanski's estimate that the critical pressure is higher
than the maximum head achieved in the slug test is probably not correct, as our gradient
curves enable the determination of the critical pressure more accurately.
1.0

Eigure 21a - Raw data of
hole UE25b, test UE25b.l
depth interval 1006 to 1220
meters, and with long open
test interval of length 214
meters.
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versus rate of head change,
derived from raw data shown
in Figure 21a.
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Eiguire2kc - Graph of log
head versus log rate of head S-0.2{
change, derived from raw
data shown in Figure 21a.
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HOLE UE25b: Interval 505-519 meters.
Figure 22a shows the raw data of hole UE25b, test UE25b.2, depth interval
505 to 579 meters, and with open test interval of length 74 meters. No change in slope or
bend is observable in this raw data, and it has a much faster drop in head than the
previous case. Indeed, data was only collected below 10 bars of head due to the initial
rapid drop. However, Figures 22b,c are similar to the synthetic Figures 6b,c with a
deviation from a linear trend at about 3.5 bars. This pattern of behavior is characteristic
of induced fractures that dilate above the critical pressure more than they create induced
area. The low pressure region has a slope of log dh/dt versus log h of about 1.
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Figure 22a - Raw data of
hole UE25b, test UE25b.2
depth interval 505 to 579
meters, and with open test
interval of length 74 meters.
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F-igureL22c - Graph of log
head versus log rate of head
change, derived from raw^
data shown in Figure 22a.
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HOLE UE25b: Interval 820-860 meters.
Figure 23a shows the raw data of hole UE25b, test UE25b.3, depth interval
820 to 860 meters, and with open test interval of length 40 meters. No change in slope or
bend is observable in this raw data, and it has a fast drop in head like the previous case.
Indeed, data was only collected below 20 bars of head due to the initial rapid drop.
However, Figures 23b,c are very noisy though similar to the synthetic Figures 6b,c with a
deviation from a linear trend at about 7 bars. This pattern of behavior is characteristic of
induced fractures that dilate above the critical pressure more than they create induced
area. The low pressure region has a slope of log dh/dt versus log h of about 1.

B -66

1.0

Is
x
i
Su

Figure 23a - Raw data of
hole UE25b, test UE25b.3
depth interval 820 to 860
meters, and with open test
interval of length 40 meters.
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Eigure 23b - Graph of head
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derived from raw data shown
in Figure 23a.
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Eigureci2k - Graph of log

-

head versus log rate of head
change, derived from raw ¢
data shown in Figure 23a.
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HOLE UE25p: Interval 600-650 meters.
Figure 24a shows the raw data of hole UE25p, test UE25p.1, depth interval
600 to 650 meters, and with open test interval of length 50 meters. No change in slope or
bend is observable in this raw data, however, Figures 24b,c are similar to the synthetic
Figures 5b,c with a deviation from a linear trend at a critical pressure in the range of
about 28 to 30 bars. This pattern of behavior is characteristic of induced fractures that
grow more rapidly in volume than in area above the critical value. The low pressure
region has a slope of log dh/dt versus log h of initially about 5 decreasing to a value 1just
below the critical pressure. This indicates that the pre-existing fractures are dilating
further as the head increases.
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Figgre 24b - Graph of head
versus rate of head change,
derived from raw data shown
in Figure 24a.
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Figure 24c - Graph of log
head versus log rate of head
change, derived from raw
data shown in Figure 24a.
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HOLE UE25p: Interval 974-1044 meters.
Figure 25a shows the raw data of hole UE25p, test UE25p.2, depth interval
974 to 1044 meters, and with open test interval of length 70 meters. No change in slope
or bend is observable in this raw data, however, Figures 25b,c are similar to the synthetic
solution where no induced fractures are formed even under the highest head as no
appreciable deviation from a linear trend is seen. The low pressure region has a slope of
log dhldt versus log h of initially about 5 decreasing to a value 1 at high pressure. This
indicates that the preexisting fractures are dilating further as the head increases.
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Fiegure 25a - Raw data of |_
hole UE25p, test UE25p.2 sl1 "

depth interval 974 to 1044
meters, and with open test
interval of length 70 meters.
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Fluid Flows Due to Earthquakes with Reference to
Yucca Mountain, Nevada

Dr. John Bruce Davies

ABSTRACT
Yucca Mountain geohydrology is dominated by a deep water table in volcanic tuffa
beds which are cut by numerous faults. Certain zones in these tuffas and most of the
fault apertures are filled with a fine-grained calcitic cement.

Earthquakes have

occurred in this region with the most recent being of magnitude 5.6 and at a distance
of about 20 km. Earthquakes in the western U.S.A have been observed to cause fluid
flows through and out of the crust of the Earth. These flows are concentrated along
the faults with normal faulting producing the largest flows. An earthquake produces
rapid pressure changes at and below the ground surface, thereby forcing flows of gas,
water, slurries and dissolved salts. In order to examine the properties of flows produced by earthquakes, we simulate the phenomena using computer-based. modeling.
We investigate the effects of faults and high permeability zones on the pattern of flows
induced by the earthquake. We demonstrate that faults act as conduits to the surface
and that the higher the permeability of a zone, the more the flows will concentrate
there. Numerical estimates of flow rates from these simulations compare favorably
with data from observed flows due to earthquakes. Simple volumetric arguments
demonstrate the ease with which fluids from the deep water table can reach the surface
along fault conduits.
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INTRODUCTION
Yucca Mountain, Nevada, is in the Basin and Range geologic province, which is
dominated by extensional stresses. These are the cause of normal faulting which has
had a large effect on the Yucca Mountain region. The major faults are shown in Figure 1, while many other smaller faults are not shown on this regional map. The upper
geological column at Yucca Mountain consists mainly of volcanic tuffas deposited during previous extensive volcanic action in the area. During an initial field survey, it
was readily obvious that extensive calcite deposits occur, with certain tuffa zones
being more likely to be impregnated with calcite. Most importantly, almost all faults
observed in the field were filled with calcite deposits composed of a fine-grained compact cement located between the walls, Figure 2. There is also evidence of high pressure brecciation in the midst of a large calcite-rock system, located at drill hole USWWT-7, Figure 3. All these phenomena lend credence to the source of these calcites
being upwelling fluids and slurries. It has been proposed, Szymanski (1989), that
earthquakes provide the power that could push these fluids to the surface. That earthquakes occur in the Yucca Mountain region was emphasised by the June, 1992, earthquake at Little Skull Mountain, magnitude 5.6 and only 20 km distant from the proposed repository site. This earthquake caused much destruction at the DOE site at
Yucca Mountain.
In many seismically active regions, substantial transient outflows of water along
spring-lines in the vicinity of faults are often observed following moderate shallow
earthquakes, Briggs and Troxell (1955), Wood and King (1991). The Matsushiro
earthquake swarm, which was energetically equivalent to a single event of magnitude

B -76

I1 27'30'

36-52 30'

1

0I~

4

3

2

I

1

5

MILES

.

I
0

I

S

2

4

I

KILOMETERS

EXPLANATION

. G-2 DRILL HOLE

-

TRENCH

in0

NORMAL FAULT--BAR AND BALL
ON DOWNTHROWN SIDE

~w PERIMETER DRIFT BOUNDRY

Figure 1. Map of Yucca Mountain and surrounding region with major
faults and site locations.
B -77

"W"r

-

'140. -

6 4&*t. - :IV."r

d

.~LV

.'a-

':

i

V

IO'

6.L

IV."'
a

.

; "

l'

d.M 4

-.4%

I

,.v!
j9m.

"_
w

.A

m. I,

;

-4
%O

Figure 2. Calcite-filled faults and fractures in Yucca Mountain.

00

Fig. 3. - Evidence of hydrothermal activity can be found aMmany site in the Yucca Mountain rm. These view show veins and brecciat which have
developed adjacent to the western flank of Yucca Mountain itself, at the well site WT-r near the Soliftrio Canyon Faults shown in Figure 1.

6.3, resulted from strike-slip movements about a buried wrench fault about 10 km in
length. It was accompanied by the surface explulsion in one year of about 107 cubic
meters of warm Na-Ca-Cl brine, saturated with C0 2.
There have been numerous observations of the flow of water and gas out of the
surface near earthquake hypocenters in the Basin and Range province, c.f. Wood and
King (1991) for a historical survey. Massive flows with initial high velocities have
been recorded, with explosive ejection of water and gas at localized areas during certain earthquakes, as at Borah Peak, Idaho,(M7.3,1983), as documented by Waag and
Lane (1985). After these initial violent outbursts, ejection of excess water, usually
from new and existing springs along pre-existing faults, occurred, Wood (1985).
These initial flows usually peak in volume discharge rate soon after the earthquake, the
discharge rate subsequently decaying in amplitude over a period of months. Similar
flows were monitored after the M7.3 earthquake at Hebgen Lake in Montana in 1959.
For the Borah Peak event, total excess flow is estimated to be between 0.2 and 0.5
cubic km, while Hebgen Lake excess flows are between 0.3 and 0.8 cubic kmn, Wood
and King (1991). Excess flows have also been recorded from two Nevada earthquakes
produced by normal faulting. The M6.9 Dixie Valley earthquake in 1954 produced
excess discharge from springs upto 18 months after the event, Zones (1957). The
1915 Pleasant Valley earthquake produced increased flow in streams and the breaking
out of new springs within 50 miles of the epicenter, Jones (1915). Numerous other
occurrences of increases in groundwater flow have been observed following earthquakes in the Basin and Range province, Wood and King (1991). These authors conclude that: "The predicted volume strain associated with these events can be compared
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with the total amount of water expelled and requires that nearly all of the seismic
volume strain is accommodated by fissure closure and fluid expulsion. A wellconnected fissure system extending throughout much of the brittle crust must exist to
permit the water to escape."
In this paper, we investigate the effects of earthquakes on fluid flow in the subsurface through computer simulations.

Previous modeling has assumed a simple

medium with usually a D'Arcy flow model and isotropic porosity and permeability,
Carrigan et al.(1991). Such models are not valid for a Yucca Mountain environment
which is dominated by fracture flow and with anisotropic permeabilities that depend on
the fracture distribution and hydraulic conductivity properties. We have developed
computer models which specifically include these non-uniform types of phenomena.
Results from these simulations allow us to investigate the earthquake-induced fluid
motions so produced. Our computer models use the total set of fluid conservation
equations with no assumptions of steady-state and/or isotropy and solve them for both
gas and water flows. We show that fracture flow will dominate the distribution patterns and that these conduits can transmit fluid to and above the present water table.
These fluids can spread rapidly through the more porous and permeable zones in the
tuffa beds. As the proposed Yucca Mountain repository is to be only 200 meters
above the present water table, the effect of such induced fluid flows must be taken into
account.
Earthquakes are due to tectonic strain changes in the subsurface rock system
caused by slip along faults. Faults are long, broad yet narrow cracked zones where
most of the displacement is located when the earthquake occurs. The type of faulting
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most important for hydrological effects is normal dip-slip, Wood and King (1991),
wherein one side slips downward with respect to the other. We have calculated the
strain changes produced by normal displacement on a cross-section of a semi-infinite
fault. These strain and corresponding elastic stress changes are obtained using a dislocation model with finite element numerical methods. The stress changes impose pressure gradients on the fluids enclosed in the rock matrix.
In order to simulate flows of gas and liquid, we use a multiphase system of flow
equations which, for each constituent, are the conservation laws of mass, momentum
and energy, which are integrated numerically with stable time steps. This complex
non-linear system incorporates advection, bouyancy, compressibility, dissipation and
thermal conductivity. In regions where the imposed pressure decreases, gas will be
released from solution, the quantity of gas being controlled by the ideal gas equation
of state. Gas, relative to liquid, will move upward toward the surface due to bouyancy
forces. The main drag forces are on the water flows and are due to the rock walls. A
velocity dependent drag force can be equated to permeability using D'Arcy's Law
under steady-state conditions.
We use the simulations to demonstrate the importance of fractures as conduits for
the subsurface flows. Numerical experiments are performed in order to investigate the
effects of varying initial fluid concentrations, permeabilities (drag) and the locations of
fracture conduits and anomalous zones in the tuffas. The results of our investigations
indicate that fracture flow dominates over the usual porous medium flow and controls
the transient flow structure and its temporal and spatial character. Observed flows and.
their properties compare favourably with the results of these simulations. Simple argu-
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ments, using the volumetric results of Carrigan et al. (1991), show that flow up the
fractures due to typical earthquakes can reach levels two or three orders of magnitude
greater than for flows in isotropic porous media.

CONSERVATION LAWS
There are two main approaches to obtaining the continuity equations that govern
the thermodynamic fields for each component of the multiphase system. One approach
is based on a set of equations of motion for mean quantities that represent the density,
momentum and energy of the mixture. These are then decomposed into separate components. We shall use the alternative approach, Oran and Boris (1987,p.497], which is
a generalisation of the two-fluid equations presented by Stewart and Wendroff (1984).
A set of fluid equations can be written for each phase, labeled a. The mass per unit
volume of the a'th constituent is equivalent to the product of its volume fraction or
concentration ha and its density pa. Thus the mean density of the fluid system P is
given by £Z40p

0.

For each constituent, the conservation law for mass is,

(1)

= ) -=it (0papCIvj) + ra

where vja is velocity in the xi direction of the a'th component with rc the mass
transfer terms representing the rate of creation. Conservation of total mass implies
Iara = 0. Conservation of momentum for each constituent is similarly expressed as:
a(CIPCIviavic)
a~oapaiel) (+apa a~ia)+
at
-,-xi
+X

_________

+

.
wa+a(Ppija) + Sia

a+x1

(2)

2

where Xi' are external forces which includes both gravity and drag forces, PUI is the
generalized stress and Si" is the rate of momentum creation proportional to ra of the
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Wath component. Such a momentum source can be due to gas coming out of solution
and having the instantaneous velocity of the liquid. Conservation of total momentum
implies £as, = 0. Also, after differentiation of (2) by parts and, as usual, using (1)
we get:
apa

av-a

avia

i s

l _taVja
+pi

+ xa

ac

+

cva

P

+(sl_ a ravia)

(3)

Conservation of energy of each constituent is:
a_(O E ) = _ a

at

(0avjcEa) + aqja _

ax1

at

cEa) +

a a av a

a

+)+L+

4

a)'is the internal viscous

where Ea is total energy, pa is pressure, qja is heat flow,

dissipation and La is the rate of energy change due to the mass transfer, r', where
E.0a = 0. MI is the dissipated energy rate due to the external forces.

ASSUMTIONS
We are able to simplify these equations through application of certain assumptions without sacrificing too much generality. Our most important assumption is that
the earthquake will release gas in regions where the imposed pressure is negative. The
amount of gas is calculated and fixed as an initial condition so that, because there is
no time dependence of the gas release, then the terms concerning rate of creation are
zero in the above continuity equations. The conservation of mass equation becomes:
aO-Ca

pavia)

(5)

Also, after differentiation of (2) by parts and, as usual, using (1) we get:

ava

av-C
*apa.v.F

=

-

eapavjaai

+ X~a +

at axj

a oapa
8

p.ap

(6)

-,xi
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We are only interested in the effects of the imposed pressure pr on the fluids due to
the compaction or expansion of the rock matrix. The subsequent changes in pressure,
due to the flow of fluids, are assumed small compared to the imposed pressures in the
time immediately after the earthquake. We also ignore spatial and temporal gradients
in concentration so that the equation for energy conservation can be written:

Oa

a EEa =_a a CvaI
va)+aqiQ
+" q1 _paav
poa
4+ +A
D ++ Mc'

(7)

In order to reduce this equation to one governing temperature, the total energy term
can be decomposed into thermal and kinetic energy components:
Ea = CaT + I pczvivia

2
where Ta is the temperature and C~a is the specific heat at constant volume of the oath
constituent.
The dependent and independent variables are normalized with respect to characteristic invariants in order to form dimensionless variables. Distances are normalized
through the characteristic depth, which is taken to be 10 Km, which is the typical
depth of a crustal earthquake, and velocities are normalized with respect to cs, the
sound velocity in water. Similarly density, pressure and temperature are normalized to
surface values, and the independent variable, time t, is normalized using the characteristic depth and velocity. The magnitude of the dimensionless parameters, obtained
by this process, are readily related to the usual dimensionless Rayleigh and other
numbers and provide a measure of the relative importance of the terms in the basic
equations. These equations are now split into two sets, one governing the ambient
field, with the other controlling the transient flows due to stress changes. The ambient
-field is assumed to be that of water under hydrostatic pressure gradients with zero
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velocities. This ambient solution gives a hydrostatic pressure gradient which balances
the gravitational forces and is readily removed from equation (2) leaving similar equations for the transient flows of each component.

CONSTITUTIVE RELATIONS
Because this multiphase system assumes the presence of free gas and allows dissolved gas to be emitted in regions of initial imposed pressure drops, the constitutive
relation between pressure and density/temperature will be dominated by the gas as it is
much more compressible than the liquid. The effect of dilatation of the rock matrix on
the gas-water system will be to release sufficient gas to keep the pressure at ambient.
The effect of contraction of the rock matrix on the gas-water system is to decrease the
volume available to the constituents. This volume change will take place mainly in
the free gas due to its higher compressibility. The equation of state for the gas is
taken to be ideal i.e.
Pl_

B p1.Tl

(8)

ml
where kB is Boltzmann's Constant and ml is mean molecular weight of the gas, component 1. The generalised stress tensor has off-diagonal components which can be
related to strain rates in order to derive a Navier-Stokes relation for dissipative effects
within the fluids, i.e.
2

Pij = -pij + 2i.ij - 3

(9)

where g is the coefficient of viscosity and iij is the rate of increase of strain given by:
eij= ltaVi + aVj

2 aj

(10)

a)xi
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For each constituent, these relations can be input into the equations of momentum conservation, (2), with pl allowed to be variable for each phase. The viscosity also contributes to the conservation of energy, the internal dissipation term

C) being

for such a

material:
2

2

2

(11)

this dissipation being internal to the fluid.
The other important dissipative mechanism for flow through narrow orifices are
the drag forces. The water, as it flows through the rock matrix, is subject to drag by
the walls on the adjacent liquid boundary layer, which, at low speeds, gives a drag
force proportional to their velocity difference. In general, such a drag force can be
taken to have the form:
dFj1=(n)

=

£

n.m) [V~n)

-

vlm)-

(12)

where the &(nm) is the drag coefficient tensor between the nth and mth constituents

and consists of spatially variable randomized functions, while van) is the kth particle
velocity component of the nth constituent. This is equivalent to D'Arcy's Law for a
liquid in a permeable medium when the flow is slow, steady-state and with a constant
permeability and pressure gradient in the medium, Bear (1972). Because its specific
gravity is much less than the surrounding liquid, gas rises upward due to bouyancy,
and thus will move relative to the water and will thereby be subject to a drag force
proportional to their velocity differences.
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SEISMIC SOURCES
Normal faulting is observed to cause the largest hydrological effects and these
will be used in most of the simulations. The synthetic dip-slip source is an equivalent
dislocation, with field variables constant in the y-direction.

Using finite element

methods, the strain changes produced by a dislocation source can be obtained numerically, Frazier and Petersen (1974), and these are converted into pressure changes that
act on the fluids. The length, depth, dip, strength and displacement of the dislocated
fault are chosen to represent the expected earthquake. Linear elastic equations are
iteratively solved to determine the initial strain changes in the rock, Figure 4. The
largest strains occur near the bottom tip of the fault as the displacements must go to
zero at this location. Listric faults, which are normal faults with non-planar faces,
have also been numerically modeled and give similar strain patterns though with
increased strains near regions of large curvature on the fault, Figure 4.

FINITE DIFFERENCE SCHEME
The set of non-linear partial differential equations are converted to a corresponding set of finite difference equations in order for computer integration in time and
space. Upwind and other differencing algorithms are used for first order spatial gradients with the advection velocity terms treated non-locally on the lattice for stability.
The updated velocity variable is projected not from just the old dependent variable, a
process that is inherently unstable, but from a distributed smoothed average of the
variable at locations surrounding the specific spatial location.

Such a smoothing

method brings stability to the differencing scheme, and also helps in stabilising the
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Fig. 4 .- Displaements, shear stess and dilaation in the upper crust i the vicinit of a dip-slip (600) and a listric
(60° to 0°) fault with hypocenters at 12 hn. depth. The inset at the upper right indicates the field variable plotted for
each fault type in the four vertical cross-sections shown. (Horizontal and verical displacements, dilatation and shear
suress.)
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integration at grid corners and boundaries. Numerical diffusion is produced by this
process, but is constrained by having no smoothing of the density variable while
allowing velocities and temperature to be smoothed sufficiently for long-term stability,
given a sufficiently small time-step. In the integration scheme, the flow velocities,
temperature and density are obtained via their continuity equations while pressure is
obtained from insertion of the updated density and temperature into the equation of
state. Boundary conditions are necesary for integration over a finite grid. The ground
surface is a complex boundary, which must model the effect of a water table together
with a partially saturated zone, which is the ground above the water table.

The

artificial grid vertical sides are open boundaries that allow free flow in either direction.
Open boundary conditions also apply at the lower sub-surface boundary; for free flow,
velocities are not taken as zero but, instead, zero velocity and density gradients are
assumed in the direction normal to the open boundary.

INTEGRATION PROCEDURE
Cartesian coordinates, xyz, were used to model the 3-dimensional system. By
using an earthquake fault whose length is long compared to its width and depth, grid
size can be reduced to 50*10*50 with the y direction being that along the fault strike.
The method of integration of these equations is outlined below:
1. Set initial values of ambient dependent variables, and values and spatial variability
of the drag coefficients.
2. Read in seismic source pressures as imposed values, constant in time.
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3. Where these imposed pressures are negative, gas is emitted from solution in
sufficient amounts to increase the total pressure to ambient. The gas density increase
is determined from the ideal gas equation of state. Thus in these zero pressure gradient
regions, no flows occur due to the absence of imposed pressures.
4. In regions of positive pressure imposed by the rock matrix, the fluids are forced to
flow by these pressure gradients.
5. The conservation laws, in finite difference form, are integrated with a stable time
step.
6. The resultant change in the density and temperature of the gas are used in the ideal
gas equation to compute the change in gas pressure. This is very small compared with
the imposed pressures in the compressive regions and is of small effect even in the
expansive regions.
7. Drag forces are applied to the water and gas flows.
8. Viscous forces can be applied but are set to zero in this experiment.
9. Boundary conditions are satisfied.
10. Reloop on the time step.

SIMULATIONS
We have performed a sequence of simulations of the flows of water and gas from
a typical normal fault earthquake. The faulting was simulated for our typical case with
a fault of length 10 km and depth 10 kan with a displacement of Im. This corresponds
to an earthquake of magnitude about 6 on the Richter scale. Its induced pressure
changes are as shown in Figure 4.
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We now examine the fluid flows produced by these pressure changes.

We

assume that the water initially is concentrated inversely with depth below the water
table, though this affects only the total volume of flow and not the particular velocity.
Figure 5. shows the vertical and horizontal fluid velocities within a few seconds after
the earthquake, for the simplest case where the drag forces, and thus the permeabilities, are uniform and constant in space. On the left are shown the water velocities, on
the right the gas velocities. The upper simulations are for the vertical velocity with
blue color for upward motions and red for downward motions. The lower simulations
are for the horizontal velocity with blue color for leftward motions and red for rightward motions. Each picture depicts a cross-section across the fault with the top of the
fault at the top right hand corner and the bottom of the fault motion at the center of
the diagram. The dimensions of the diagrams are 20 km deep by 20 km wide. We
can see from the simulations that an intense upward flow of water occurs near the surface on the hanging wall, a result observed in normal earthquakes in the western U.S.
At the surface, there is also a motion of water away from the fault though the gas
mimics these effects but with less velocity. At the depth of the earthquake, 10 km, we
see that the vertical and horizontal velocities are similar for both water and gas.
In Figure 6, we show the effect of enhanced permeability along the main fault
where the drag forces are assumed to be much less than those operating on the uniform background medium. The fault can readily be seen to have much faster fluid
flows along its conduit compared to the surrounding uniform rock.
In Figure 7, we simulate the effect of a parallel but inactive fault conduit on the
hanging wall side. This higher permeability zone has much faster fluid flows than the
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WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

GAS VERTICAL VELOCM

GAS HORIZONTAL VELOCITY

Figure 5. Water and gas velocities in an uniformly permeable medium. Each crosssection is 20 km deep by 20 km wide. Upward vertical motions are blue and downward motions red; leftward motions are blue and rightward motions are red.
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WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

GAS VERTICAL VELOCITY

GAS HORIZONTAL VELOCITY

Figure 6. Water and gas velocities where the permeability is enhanced along the main
fault. Each cross-section is perpendicular to the fault, with the breaking faultine at the
top righthand comner and the end of the fault break at the center of each diagram.

B - 101

WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

GAS VERTICAL VELOCM

GAS HORIZONTAL VELOCITY

Figure 7. Water and gas velocities where the permeability is enhanced along the main
fault and along a parallel inactive fault. Each cross-section is 20 km deep by 20 km

wide. Upward vertical motions are blue and downward motions red; leftward motions
are blue and rightward motions are red.
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surrounding medium with both water and gas moving up it on the hanging-wall side.
Thus, we can conclude that such parallel faults concentrate the flows along these preferential conduits.
In Figure 8, we show the upward velocity, horizontal velocity and change in concentration of water flows due to our standard earthquake. In this case, we not only
have the main fault and a parallel inactive fault as high permeability zones, but also
allowed a simulated bed at about 3 km depth to have a similar permeability contrast
with the rest of the uniform medium. We see that, as before, the faults act as preferential flow conduits and flows are also enhanced in the specific bed. The concentration changes are seen to be correlated with the flows, as expected, with increased concentration in the regions where the flows are headed and decreased concentrations in
their wake. Such phenomena is well known in geology where oil, gas and water are
found in traps beneath impervious rocks; and, similarly, vein deposits of minerals and
metals are found adjacent to impervious country rock. A similar simulation is shown
in Figure 9, where the preferential bed is about 6 km deep. The lower right hand
graph shows the flow along the fault plane.
In Figure 10, we examine the effect of a random permeability component acting
on top of the uniform permeability. Because the randomness is on a scale of each grid
block dimension, i.e. 400 meters, no large scale effect is observed with essentialy similar flow patterns as in the uniform case. In Figure 11, however, we have restricted the
random component to the vertical direction with intent to model the effect of a layered
medium with differing permeabilities for each bed. We see that the same basic flow
pattern is achieved but with the more permeable beds controlling the flow.
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WATER VERTICALVELOCITY

WATER HORIZONTAL VELOCITY

WATER CONCENTRATION CHANGES
Figure 8. Water velocities and concentration changes for the case where the permeability is enhanced along both the main fault and a parallel inactive fault, as well as along
a horizontal zone at about 3 km depth. In the lower left diagram, concentration
increases are red and decreases are blue.
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WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

WATER CONCENTRATION CHANGES

WATER VELOCITY

Figure 9. Water velocities and concentration changes for the case where the permeability is enhanced along both the main fault and a parallel inactive fault, as well as along
a horizontal zone at about 6 km depth. In the lower right diagram, water is flowing
into the paper along the enhanced permeability regions.
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WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

GAS VERTICAL VELOCITY

GAS HORIZONTAL VELOCITY

Figure 10. Water and gas velocities where the permeability is random superimposed on
top of the uniform permeability.
Each cross-section is
20 km deep by 20 km wide. Upward vertical motions are blue and downward motions
red; leftward motions are blue and rightward motions are red.
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WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

GAS VERTICAL VELOCITY

GAS HORIZONTAL VELOCITY

Figure 11. Water and gas velocities where the permeability is vertically random on top
of the uniform permeability. Each cross-section is 20 km deep by 20 km wide.
Upward vertical motions are blue and downward motions red; leftward motions are
blue and rightward motions are red.
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WATER VERTICAL VELOCITY

WATER HORIZONTAL VELOCITY

GAS VERTICAL VELOCITY

GAS HORIZONTAL VELOCITY

Figure 12. Water and gas velocities where the permeability is vertically random on top
of the uniform permeability, as well as enhanced on the main and parallel faults. Each
cross-section is 20 km deep by 20 kam wide. Upward vertical motions are blue and
downward motions red, leftward motions are blue and rightward motions are red.
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We combine these changing bed permeabilities with enhanced permabilities along
the parallel faults, as shown in Figure 12. We see that the fault flows interact strongly
with the more permeable beds but we retain the basic result that vertical flows are
enhanced along the faults.

COMPARISON WITH OBSERVATIONS
Our simulations show that most of the water ejection occurs on the hanging wall
side of the normal fault which is the side on which compressive stresses force the fluid
up and away from the fault face, as demonstrated in the above simulation Figures.
This phenomena has been observed in numerous cases of normal faulting, Wood and
King (1991), and was well-documented at Borah Peak where, Wood (1991): "Principal
groundwater effects of the Borah Peak earthquake wera in the hanging wall block
within 90 km of the surface rupture."
Initial volume discharge rates were computed for water and gas components, as
shown in Figures 13 and 14, for upwelling at the saturated-unsaturated zone boundary
above a uniformly permeable medium. In the first minutes, these discharge rates were
of the order of 1000 m3 /(m-day), which for a 10km fault corresponds to 107m3 /day.
Assuming the flow decays exponentially with a half-life of about 10 days, expected
excess flow over 6 months would be in the range of 108m3, well within the range of
the observed flows from such earthquakes. Thus our estimates of the initial flow rates
are of the order expected relative to the long-term discharge rates.
From Figures 13 and 14, we see that the gas moves upward more rapidly than the
water. This corresponds with the observations at Borah Peak of Waag (1991), namely:
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Flow Rates for Emerging Water ( per meter of fault length )
Following an Earthquake of M - 6.
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Fig. 13.- Vertical flow rate versus time for water upwelling at the saturatedunsaturated zone boundary in the vicinity of the magnitude 6 dip slip crustal
earthquake illustrated in Figures 4, 5.

Flow Rates for Emerging Gas ( per meter of fault length )
Following an Earthquake of M - 6.
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Fig. 14 - Vertical flow rate versus time for C02 gas at the saturated-unsaturated
zone boundary for the case described in Fig. 13.

"The surge of air ahead of the migrating groundwater pressure wave caused inflation
and fluidization of the alluvial confining layer. Elutriation of the fine fraction by air
was followed by entrainment of the coarser sediment by waters erupting along the carbonate fracture network."
The 1983 Borah Peak, Idaho, earthquake (M7.3) caused at least a 35 meter
increase in water levels about 4km away, Waag (1991), Wood (1991). Carrigan et al.
(1991) have numerically developed a model with mainly uniform permeability and a
porous rock matrix, and allow some flow in fractures. They concluded that the water
level close to the epicenter would only rise at most 5 meters for a typical M7 earthquake. We can thus see that their model and its predictions are in direct contradiction
with the above field evidence.
Our simulations show that faults can act as preferential conduits for upward
flowing fluids produced by earthquake pressure changes. If the fluids are confined to
motions along the open faults, we can expect a much larger rise of the water table in
these faults. A simple volumetric argument shows that confined flow along the faults
will rise to far greater heights than if the whole water table moves upward en-masse.
Carrigan et al. used a porosity of 0.1 for the region at the water table. They claimed
that for a uniformly permeable and porous medium the water table would rise about 2
meters for a magnitude 6 earthquake.
Using our fractured medium model, assume a fault every 100 meters parallel to
the main fault, and with a fracture aperture of 1 mA. Then the height which the water
will travel upto in the faults is given by
Height = Fault spacing*Porosity*Water Table Rise*Percent in Faults / Fault Aperture
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Using the above numbers, this relation gives a rise in the water level in the faults of
2,000 meters, even if we allow only 10%16 of the water to flow up the faults. Note that
just 1% of water flowing up the faults would reach a level 200 meters above the
present water table, and at repository depth. Carrigan et al. (1991) argue that fault
apertures are much less than 1 mm at Yucca Mountain, implying even higher elevation
changes expected of the water table in the faults. This simple volumetric argument for
large elevation changes is even more telling at Yucca Mountain, as major fractures
there are often much more than 100 meters apart.

CONCLUSIONS
Simulations allow us to comprehend the effects of these earthquake-induced flows
on faulted anisotropic media. The simple uniform porous rock model is incapable of
predicting the flows along fractures in Yucca Mountain geohydrological structures.
Yucca Mountain geohydrology is dominated by a deep water table in volcanic tuffa
beds which are cut by numerous faults. Certain zones in these tuffas and most of the
fault apertures are filled with a fine-grained calcitic cement.

Earthquakes have

occurred in this region with the most recent being of magnitude 5.6 and at a distance
of about 20 km. Earthquakes in the western U.S.A have been observed to cause fluid
flows through and out of the crust of the Earth. These flows are concentrated along
the faults with normal faulting producing the largest flows. An earthquake produces
rapid pressure changes at and below the ground surface, thereby forcing flows of gas,
water, slurries and dissolved salts. In order to examine the properties of flows produced by earthquakes, we have simulated the phenomena using computer-based model-
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ing. We investigated the effects of faults and high permeability zones on the pattern
of flows induced by the earthquake. We demonstrated that faults act as flow conduits
to the surface and that the higher the permeability of a zone, the more the fldws will
concentrate there. Numerical estimates of flow rates from these simulations compared
favorably with data from observed flows due to earthquakes. Simple volumetric arguments demonstrated the ease with which fluids from the deep water table could reach
the surface along fault conduits, due to a typical earthquake in a geohydrological
environment as found at Yucca Mountain.
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