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SCCPING STUDY
OF
SALT DOMES, BASALTS, AND CRYSTALLINE ROCKS
AS RELATED TO LONG-TERM RISK MODELING
FOR
DEEP GEOLOGIC DISPOSAL OF NUCLEAR WASTE

1,0 INTRODUCTION

The purpose of this study is to provide & preliminary geo-

technical data base sufficient to initiate the development of
Long-Term Risk Models (LTRM), for salt domes, basalt and
cryscalline rock, and identify technical issues requiring

additional investigatiom.

The report is organized to provide general brief comments
on each rock type in the text while presenting *he detailed data
base information in the Appendices. The data base includes both

general and site specific geologic and hydrologic information.

There is sufficient information to begin the development
and analysis of LTRM for salt domes, basalt, and crystalline

rock,

2.0 GENERAL SITE SUITABILITY CONSIDERATIONS

For the purpose of this report, we have defined six major
categories for evaluating suitable sites. These categories are
listed below with comments on the desirability of site charac-
teristics., Some characteristics may be desirable in one cate~

gory and undesirable in apother.
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1.

4.

Topography: A site with gentle topography and minor relief
is desirable.

Geographic Setting: The site should be in an area which is
sparsely populated and unlikely to become densely populated
in the near future. If possible, the site should be near
current waste stockpiles. The site should not have signifi-
cant recreational value.

Geologic Setting: Optimum geologic characteristics

include:

a. Tectonic stability,

b, Simple and predictable geology.

¢c. A thick, uniform and continuous host rock of low
permeability with minimal fractures.,

d. Minimal geologic flaws such as faults and other
anomalies.

e. Minimal tectonically induced stresses.

Hydrologic Setting: Optimum hydrologic characteristics

include:

a. Minimel regional surface waters such as streams and
lakes.

b. Low rainfall, deep groundwater table.

c. Site not subject to flooding.

d. Predictable hydrology.

e. Host rock with low permeability and low water content.

f. Minimal horizontal gradients and little or mo vertical
gradients,

g, Little or mo circulating grouad water at depository
depth.

h. Low groundwater velocities.

Golder Associates



i. Long distance to groundwater surface discharge areas.
P j. Groundwater conditions which facilitate shaft construc-
. tion and operation.

k. As related to nuclide retardation and canister corro-
sion, nonsaline ground water is desirable. However, in
terms of groundwater resource potential, saline water is
desirable,

Mechanical and Chemical Rock Properties: Optimum host rock

mechanical and chemical properties include:

a. Host rock of low solubility.

b b. Uniform and predictable mechanical behavior,

c. High strength,

d. Mazimum creep which promotes healing of fractures in
terms of retrievability and stability, a rock with
minimal creep behavior is desirable.

e. Thermally stable both mechanically and chemicilly.

f. High thermal conductivity.

g. High nuclide retardation both in the host rock and
surrounding formations.

h. Mechanical properties which tend to minimize existing
and potential fracturing.

i. No adverse chemical reactions with waste.

()]
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6. Natural Resources: The host rock and generzl repository
area should have minimal natural resource potential.

Specifically:
a. The host rock itself should not be a valuable resource.
b. The repository vicinity should not contain prolific

freshwater aquifers.
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c. The repository site should contain minimal existing
boreholes, underground openines, and abandoned or active
wells.

d. The repository viecinity should contain minimal existing
and potential underground natural resources.

3.0 SALT DOMES

3.1 General

There are several areas containing salt domes in the United
States. The most important of these is the Gulf Coast which
contains over 300 salt domes, Salt domes have intruded upward
through thick sequences of sediments. Their cores are slender
plugs of almost pure halites. Their sizes and shapes vary, but
they generally average 2 to 3 miles in diameter and are often
more than 5 miles high. Salt dome emplacement is not well
understood, and it may be difficult to demonstrate long-term
stability, particularly under the influence of the waste heat.

The salt plug may be effectively impervious and contain no
circulating ground water, However, the surrounding thick
sedimentary deposits contain prolific aquifiers which often
constitute important agricultural, industrial, and domestic
water supplies.

Data base information on salt domes is included in Appendix
A.

3.2 B8ite Suitability Characteristics

Based on our available information, the general site
suitability characteristics of salt domes inelude:

Golder Assoclates



Topography: Gulf Coast salt domes are in areas with low

relief,
Geography: Salt domes are often near population centers.

Geologic Setting:

a, Selt domes are in areas of relative seismic stability.

b. The geology is relatively simple within the salt plug.
The geometry of the dome and locations of boundary shear
zones or other potential anomalies are complex and dif-
ficult to predict. Outside the dome, the geology is
very complex.

¢. The salt plug is a thick and uniform formation.

d. The salt plug is essentially pure halite (NaCl), but can

contain some anomalies as discussed in Appendix A.1.3.
Except for boundary shear zones, those anomalies are
probably isolated features which may not seriously
impact waste containment.

e. Current information, as discussed in Appendix 4.1.2,
indicates that salt dome movement probably would be too
slow to affect waste containment seriously. However, it
may be very difficult to demonstrate this, especially
with respect to the heat effect of the waste.

Hydrologic Setting:

a, Gulf Coast salt domes are poorly located with respect to
surface hydrology. They are in areas of high rainfall,
abundant surface water, high flood potential and shallow

groundwater table.
b. Current data indicate that the interior of a salt dome
is effectively impervious and contains no circulating
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ground water. Water contained as brine inclusions is
probably less abundant than in bedded salt, on the order
of 0.02 percent.

Outside the dome, groundwater conditions are undesirable
with numerous prolific aquifers. Shaft construction and
operation may be difficult because of these aquifiers
and weak ground., Long-term shaeit sealing will be very
important.

5. Mechanical and Chemical Properties:

al
b.

Co
d.

el
f.

A major drawback of salt is its high solubility.

Salt has relatively low strength and a high creep
potential, particularly at elevated temperatures. This
is undesirable in terms of depository stability, but
desirable as related to healing any induced fracturing.
Salt has high thermal conductivity,

Brine inclusions will migrate toward the canister Jue to
its heat. This may not be a major problem due to low
flow rates. ’

Salt has very low nuclide retardation.

Salt is corrosive and may reduce the useful life of the
canister.

6. Natural Resources: Salt dome areas contrin major oil and

gas reserves as well as major groundwater supplies and are
commonly riddled with drill holes. The salt itself is also

a resource; thus, salt domes are very poor candidates with
respect to natural resources.

3.3 Summary

Salt domes have the best of some site characteristics and
the worst of others. Salt domes are probably the least permeabl

Golder Associales



and most uniform of potential host formations. They also exhib-
it creep behavior which would minimize fracturing. On the other
hand, they are highly soluble and surrounded by aquifers. They
are also in poprlated areas and are associated with major oil
and gas reservoirs,

Potential nuclide release pathways are discussed in Appendix
A.5. The only release pathways appear to be related to flaws

such as shafts or boreholes.

The primary data base areas needing further investigation
include:

1. Prediction of current and future salt dome movement,
especially as related to heat effects of the waste.

2., Determination and predictability of salt dome geometry and
locations of potentially permeable boundary shear zones.

3. Determination of the longevity of shaft seals and potential
rates of solution of salt through flooding of shafts.

4, Study of the natural resource problem including locating
abandoned drill holes.

4.0 BASALTS
4.1 General

Basalt regions consist of complex inte:layered basalt flows
and interflow sediments consisting of clays, silts, sands, and

gravels., The Columbia Plateau i1n the northwestern United States
covers over 200,000-square miles with an average thickness of

Golder Associates
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about 3,000 feet. The Snake River plain in central Idaho over-
lies another thick succession of basalt. Typical flows are
approximately 100-feet thick with a range of a few feet to more
than 200 feet. Although the flow surfaces are generally strong-
ly jointed, the interlior of some of the thicker flows have been
found to be massive with few joints. The jointed basalt zones
and coarse interflow sediments have high hydraulic conductivi-
ties and are prolific aquifers below the water table.

Data base information on basalts is included in Appendix B.

4,2 Site Suitability Characteristics

Based on our available information, the general site
suitability characteristics of basalts include:

1. Topography: Basalt plateaus are generally areas of gentle
relief, although they are rugged near erosional features
such as canyons.

2. Geography: Much of the Columbia Plateau is sparsely popu-
lated. Close proximity to the Hanford Reservation which
contains more than half of the nation's military nuclear
vaste is also an advantage.

3. Geologic Setting:
a. Basalt plateaus are areas of moderate tectonism.
b. In general, the geology is predictable with each major

flow being areally extensive and continuous.

c¢. Although many flows are thin and/or strongly jointed,
thick sections of massive, essentially joint-free basalt
do exist.

d. Possibility of future volcanism should be considered.

Golder Associates



4.

5.

Hydrologic Setting:

a.

b,

Ce

Generally, rainfall is low, the groundwzter table is
deep, and limited surface water exists,

With proper site investigation, groundwater predictabil-
ity should be good due to horizontal continuity of major
layers., However, groundwater flow patterns in deep
basalt zones are not well understood at this time due to
a lack of avallable data.

Groundwater flow through basalts is primarily through
fractures. Thus, relatively high groundwater velocities
could occur,

Thick, massive basalt flows should have very low hydrau-
lic conductivity, on the order of 10~7 to 10-2

cm/sec.

Freshwater aguifers can exist both above and below any
potential depository basait flow layer. This is a
disadvantage of basalt,

Groundwater gradients are expected to be relatively
small with little if any vertical component. Distances
to natural discharge areas can be very large for proper-
ly selected depository locations.,

Shaft sealing during operation should not be a seriovus
problem because of competent ground. Shaft sealing
after decommissioning will be very important.

Mechanical and Chemical Proverties: In general, basalt has

excellent mechanical and chemical properties. It has high
strength and is thermally and chemically stable. However,
it does have relatively low thermal conductivity and,
because of its high strength, is subject to fracturing
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t without rehealing. The rock will be subject to excavation
(blast) induced fracturing not specifically related to

i stress concentrations because of its high mechanical

2 strength and brittleness. Nuclide retardation through
fractures in basalt is not well understood,

6. Natural Resources: Groundwater potential may represent the
’ primary natural resource in basalt areas. Commercial

concentrations of mineral resources are rare in basalt,

4.3 Summary

Basalt has many excellent site suitability characteristics
relating to its geologic predictability, areal continuity, low
’ hydraulic gradients, low permeability in massive flows, high
strength, insolubility and lack of mineral resources. The
I Columbia River basalts are located in sparsely populated and
arid regions. Proximity to the existing Hanford Reservation is
] also an advantage. The primary disadvantage of basalts is the
: potential existence of freshwater aquifers above and below the

depository layer.

Potential nuclide release mechanisms are discussed in

Appendix B.5.

The primary data base areas needing further research
include:

1. Groundwater flow patteras, including recharge and discharge
areas in deep basalt zones.,

2. Joint patterns and joint properties as related to basalt
flow depth, thickness, chemistry, weathering and potential
joint filling.

Golder Associates
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3, TFracture flow behavior, including the validity of using
conventional Darcy flow relatiomnships.

4, The hydrologic properties of joints and how these properties
might be altered by temperature and/or stress changes,

5, Data on nuclide retardation in fractured basalt,
6. Evaluation of potential thermally induced water flow,

5,0 CRYSTALLINE ROCK

‘5.1 General

For the purposes of this report, crystalline rock is a
general term meaning any intrusive igneous rocks and/or medium
to high-grade metamorphic rocks exhibiting little or no folia-
tion. Figure C-1 in Appendix C shows the areas of these rock
types in the United States. These include: Precambrian shield
rocks in Minnesota, Michigan and Wisconsin; crystzlline basement
rocks of the Appalachian Mountains extending from Alabama to
Maine; large granite batholith areas in the western United
States including the Sierra Nevada batholith in California, the
Pikes Peak batholith in Colorado, and the Idaho batholith; and
small isolated granite hodies throughout the western United
States.

Data base information on crystalline rock is included in

Appendix C.

5.2 8ite Suitability Characteristics

Based on our available information, the general site
suitability characteristics of crystalline rock include:

Golder Associates
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Topography: Generally, the shield area and portions of the
Appalachian area have gentle topography while the westerao
bathcliths occur in areas of rugged topography.

Geography: Generally, western batholith areas are more
sparsely populated, but local low population densities can
be found in shield and Appalachian areas.

Geologic Setting:
a, The western batholith areas and Appalacian region are
areas of moderate to high seismic activity. The shield

is an area of low seismic activity.

b. At the fringes of a granite intrusion, the genlogy can
be very complex with signifiecant fracturing and
alteration. However, within the iatrusion the gross
geology should be uniform and predictable.

¢. Generally, metamorphic crystalline rocks occur in geo-
logically complex areas. Premetamorphic features such
as contacts or compositional changes may occur. Folding
and metamorphism may have produced joints, faults, shear
zones and open foliation, The gross geology of metamor-
phic crystalline rocks is variable and a more intensive
exploratory effort would be required for site selection
than is necessary within intrusive rock.

d. Large intrusions of crystalline rock represent contin-
uous formations which are an ideal geometry for a
depository host rock.

e, Fractures at shallow depth and/or along the fringes of
an intrusion are numerous but decrease with depth toward
the interior of the intrusion.

f. The majority of our current knowledge of the detailed
geology of crystalline rocks relates to shallow forma-
tions and/or areas containing mineral resources, These

Golder Associates
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resources generally occur at the fringes of intrusions
where the geology is very complex and significantly
different from the uniform interior of a granite

intrusion.

4. Hydrologic Setting:

a.

b.

€,

i,

Generally, crystalline rocks occur in areas of high
rainfall with numerous streams and lakes.

Groundwater tables are generally shallow within crystal-
line rock masses.

Unfractured crystalline rocks have very low hydraulic
conductivity on the order of 10-9 cm/sec. and low
porosities on the order of 1 to 3 percent.

At shallow depths and/or at the fringes of the intru-
sion, permeable fractures are common producing low to
moderate rock mass permeability. With increasing depth,
the fractures tend to close or are nonexistent, At
depths exceeding a2 few thousand feet, extensive areas of
crystalline rock may exist which contain very few perme-~
able fractures.

In metamorphic crystalline rocks the presence of perme-~
able features such as fractured zones, open foliation
and contscts will determine groundwater flow behavior.
Since flow is confined to fractures, groundwater flow
velocities can be relatively high.

Shallow zones of active water circulation occur in
crystalline rocks. The extent of these zones and the
nature of the circulation depend on rainfall, surface
topography and permeability. Below these zones, grouad-
water movement way be sluggish or nouexistent.

Although small volumes of well water can be pumped from
shallow, weathered zones in crystalline rocks, prolific
aquifers seldom occur. Aquifers may be nonexistent at
depth.

Golder Associates
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5. Mechanical and Chemical Properties: In general, crystalline
rocks have favcrable mechanical and chemical properties.

These rocks have high strength and thermal and ch=mical
stability. However, they do have relatively low thermal
conductivity, and because of high strength, are subject to
fracturing without healing. The rock will be subject to
excavation (blast) induced fracturing not specifically
related to regional stress fields. Nuclide retardation
through fractures in crystalline rock is not well understood.

6. Natural Resources: Mineral resources are frequently located
in crystalline rocks along contact zones, in veins, taults

and in other complex geologic environments. However, the
interior of granite intrusions probably contain few, if any,
known mineral resources. Except for shallow wells, crystal-
line rocks do not contain any groundwater resources.

5.3 Summary

The favorable characteristics of iatrusive crystalline
rocks are their gross geologic uniformity and areal extent,
low permeability and porosity, possible lack of circulating
groundwater, high strength, lack of aquifers, and minimum
potential mineral resources. The primary disadvantage is
fracturing, which could result in high groundwater velocities.
Because of the inherently variable structural nature of metamor-
phic crystalline rocks, a greater exploratory effort will be
required to locate suitable sites than would be required for
sites in areas of intrusive crystalline rock. Possible rugged
topography (western batholiths) and proximity to population
centers (Appalacian and shield areas) are also drawbacks, but
could be minimized through proper siting.
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Potential nuclide release mechapisms are discussed in

Appendix C.5,

The primary data base areas needing further investigation

-t

include: C <
1. Groundwater flow patterns in crystalline rock, including an
evaluation of possible stagnant groundwater depth using

techniques such as isotope analysis,

2, Fractures and fracture properties as related to geologic

environment and depth.

3. Fracture flow behavior including the validity of using
conventional Darcy flow relationships.

4. Hydrologic properties of fractures and how these properties
might be altered by temperature and/or stress changes.

5, Nuclide retardation in fractures,
6. Thermally induced water flow.

6.0 CONCLUSIONS AND RECOMMENDATIONS

Table I - Summary of Site Suitability Characteristics, is
based on the available information and the above discussions.
Tt pressnts an entirely subjective rating of the site suitabil-
ity characteristics of salt domes, basalts, and crystalline
rocks. The table also indicates the level of available informa-
tion for each category. We have made no attempt to rate each
rock type since the current information indicates that all three
types may be suitable,
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As related to the development of LTRM, the primary problems

and areas requiring further work include:

1.

2'

|

Salt Domes: Theicurrent data indicate that there would be

no flow paths out of an unflawed repository in a salt dome.
The primary nuclide release processes would probably be
related to salt dissolution. Thus, the modeling effort
should concentrate on rates of natural dissolution, dissolu-
tion around horeholes and shafts, and release pathways
associated with these solution features. Salt dome
movement, either natural or induced by the waste heat, must

also be evaluated.

Basalt and Crystalline Rock: The groundwater flow patterns

in deep basalt or crystalline rocks are poorly understood.
% hydrological modeling program in conjunction with addi-
tional field data is necessry to develop a defendable flow
path model. 4An evaluation of fracture flow behavior,
particularly with the sparsely fractured rock should be

performed.

Additional research areas were discussed in previous

sections,

Respectfully snbmitted,
GOLDER ASSQCIATES

r¢'L. Plum

pavid L. Pentz
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i TABLE 1
} SUMMARY OF SITE SUITABILITY CHARACTERISTICS
Salt Domes Basalts Granites :“
Level of Level of Leve!
Characteristic Merit Information Merit Information Merit Inforr
ropographic Settin Excellent Excellent Good Excellent Variable Excal
Geographic Settin Poor Excellent Good Excellent Variable Exce]
(Population Densities)
Geologic Settin
Tectonic Stability Good Good Poor Good Variable Good
Complexibility & Predictability Poor outside of dome Fair Good Good Good Good
; Good within dome
lExtent of Host Rock Excellent Good Good Good Excellent Good
Anomalies Good Fair Good Good Fair Fa.
drologic Settin
“Surface Hydrology Poor Excellent Good Excellent Poor Exce!
Depth to Water Table Poor Excellent Good Excellent Poor Exce)
Permeability of Host Rocl Excelient Good Fair to good Fair Good Fair
‘Cj_rculad-o“ of Groundwater Excellent within dome Fair Fair Poor Good Paor
Poor outside dome
. £ Aquifer Poor Good Poor Good Exc 3
Xg’éﬁgsiggi/%hemical Properties xcellent Good
Solubllity Very poor Fair (rates of Excellent Excellent Excellent Exce’
dissolution)
. ion . Very poor Fair Fair Poor Fair Po
1ide Retardat or
E:ifomity (Predictabilicy) Fair Fair Good Good Good Fair
Strength Poor Good Excellent Good Excellent Good
Fracture potential Excellent Good Poor Fair Poor Fair
Thermal Conductivity Excellent Good Fair Good Fair Good
rhermal Stability Poor Fair Excellent Good Excellent Good
chemical gtability Fair Fair Good Good Good Good
‘ 1 Resources
%‘;{f‘xesources Poor Good Excellent Good Good Good
II::clc of Groundwater Poor Good Poor to Fair Good Excellent Good
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APPENDIX A - SALT DOMES

A.1 GEQLOGY
A.1.1 General

There are more than 300 salt domes distributed throughout
the Gulf Coast Province of the United States as shown in Figure
A-1. This discussion is confined to Gulf Coast Salt domes al-
though salt domes do exist in other areas of the United States.

A salt dome is a slender plug that has pushed up into the
overlying strata, forcing them aside and then seemingly frozen
in place. The plug is a more or less vertical column of almost ‘
pure halite, but may contain isolated inhomogeneities consisting :
of potassic salt, sand and clay impurities and minor joint
structures. They differ in size and shape but average 2 to 3

miles in diameter and may rise more than 3 miles in height. The i
c¢ircular form was characteristic from the domes' inception.

Peripheral to the salt plug is an enclosing sheath of
"sheared salt" which grades away from the plug into "sheared
shale." This sheath has been likened to fault gouge as it is
generated by the abrasion of the upward moving salt against the
adjacent shaley and sandy sediments. A subsequent salt spine,
moving up adjacent to the parent plug, may enclose portions of
the sheath materials between the two salt bodies, The thickness
of the sheared zone is uncertain and variable. Overlying most,
but not all, dome salts is a layer of caprock. The upper
portion is domimantly calcium carbonate (calcite), while the
underlying portion is calcium sulfate (anhydrite) and sulfur.
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Most of the south-central United States salt domes have
intruded an interlayered sandstone and siltstone sequence of
considerable thickness. These beds are typically upwarped
around and over the dome and are thinned as they stretch to
accommodate the intrusion. Occasional limestcne beds are also
encountered in this sequence. Overlying the deformed sedimen-
tary sequence are recent sediments consisting of unconsolidated
sands, silts and clays of varying thickness,

Normal and reverse faults having a general radial pattern
are encountered surrounding the dome.

A.1.2 Salt Dome Intrusion and Rate of Deformation

Historically, there have been two theories on the emplace-
ment of salt domes. The earlier theories all used buoyancy as
the prime motivating force of inmtrusion. Salt is lighter than
most common sediments in which domes occur. Thus, buried salt
domes can be found by their negative gravity anomalies. The
average specific gravity of a dome is about 2.2 compared to the
surrounding sediments whose specific gravity ranges from less
than 2.0 near the ground surface to greater than 2.5 at depth
(Gussow, 1968). The buoyancy effect tends to increase as more
material is displaced, and the upward flow will continue as long
as the selt remains plastic. The shape would approximate a tear
drop or elongated bubble rising through the sediments. This
development of a salt dome is illustrated in Figure A-2,

The latest theory uses plasticity and a critical tempera-
ture as the driving mechanism. The fact that the density of
salt is less than the overlying strata is not a requirement for
instability. According to Gussow (1968),
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Increased temperature greatly reduces the ultimate strength
of salt and eliminates work hardening. When salt is heated
above 400°F (2059C), it becomes soft and plastic and

flows indefinitely with 2 pressure gradient of about 33-100
kg/cm? (460-1,400 psi). It is plastic during the entire
process of intrusion, and even during extrusion at the
surface. Thus, at the time of extrusion, salt can flow by
simple gravity, like a "glacier," as long as it remains
hot., When buried at & depth of more than 25,000 ft., sedi-
mentary salt becomes mobile because of the high temperature
and behaves hydrodynanically; it moves laterally to places
of lower overburden pressure, where doming or piercement
occurs. Once flow is initiated, it will continue until the
supply of salt is depleted or cut off, either by the coming
together of the overlying and underlying strata or because
additional supplies of salt have not been heated to the
temperature necessary to maintain plasticity. The energy
impelling the lateral or radial flow to the place of pierce-
ment can be attributed only to an imbalance in geostatic
load of the overburden, but after piercement occurs, the
geostatic load differential and the ever-increasing effect
of buoyapey cause the salt to rise rapidly through the
overlying strata. Buoyancy becomes an effective force only
when the height of the intrusion has increased greatly.

Salt may reach the surface and even flow for short distances.
There is no further movement after the original intrusion,
Additional sedimentation and burial of the old surface would,
however, cause differential compaction of the adjacent strata
and draping of the nhew sediments over the rigid salt mass,

These features are suggestive of continued slow dome growth, but
Gussow (1968) considers them to be more representative of
differential compaction, as illustrated in Figure A-~3,

There is considerable evidence that the piercement and
growth of salt intrusions is episodic (Netherland, Sewell and
Associates, 1976)., Domes seem to grow by pushing upward a
series of spines and lobes separated by the adjacent shear
planes. The rate of movement is not uniform throughout time.
According to Netherland, Sewell and Associates (1976) "Domes in
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the Northeast Texas Basin appear to have grown more rapidly in
their early stages and during periods of rapid sedimentation,
During periods of emergence and erosion in the basin, the domes
probably grew very slowly or became stable." Gera (1972) :states
that salt deformation is probably at a maximum in the late
stages of dome growth when they approach the surface. At this
time the buoyancy efeccs are at a maximum and the resistance
offered by the poorly consolidated surface materials is minimal,
He gues on to quote flow rates of u.. mm to 2 mm per year,
Netherland, Sewell and Associates in their study of Northeast
Texas salt domes created an "uplift-ys-time" value for the var-
ious geologic formations pierced by the six selected domes as
shown on Table A-l. They measured the arching of the beds and
then divided by the number of years involved. The average
annual uplift of the domes during the last 50 million years was
computed to be 0.006 mm or about 4 feet per 200,000 vears.
Differential compaction of the sediments over and surrounding
the domes was ignored but would tend only to reduce these
values.

Upward growth of a salt dome may be halted by a variety of
factors. The rim syncline or the subsidence of the overlying
beds can cut off the supply of salt flowing radially to the base
of the salt dome. If the overlying strata are very rigid, like
limestone, salt may continue to flow for a longer time than if
they were more plastic like shale (Gera, 1972)., Physical resis-
tance of the overlying strata may create enough drag or be
strong enough to resist penetration of the salt dome and so stop
the upward movement., When the salt dome reaches the surficial
unconsolidated sediments, it tends to lose its buoyancy. This
loss may be reflected in lateral spreading rather than further
vertical movement. The influence of fresh water may also help
to stop the vertical movement of a salt dome. When the salt
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enters the freshwater strata it is dissolved and a residual

dense caprock is created. The caprock may grow downward to the
l base of the freshwater horizon and seal the salt dome from fur-
ther dissolution or it may be massive enough to inhibit further

} growth.

! A.1.3 Anomalies in Salt Mines

j Salt domes can contain anomalous features within the
generally massive salt plug. The following is a discussion of
some of the specific features we have observed in salt mines,
The mines were in salt domes and were generally located approxi-
mately 1,000 to 1,500 feet below ground surface. Our work shows
! that the mining was done by a rcom and a pillar operation.

l 1. Inclusions in the Salt: Two distinct types of inclusions
have been noted, Petrographic and spectrographic analyses

J indicated that the inclusions contained sylvite (KCC) and

fine sand grains., The first of these was generally a pink to

red color when first mined but gradually changed to dark

orange through to yellow with time, In some cases the in-

} clusion was in a distinct vertical or subvertical bed of
approximately 6 inches to 18 inches thickness and parallel to
the general layering direction. These beds often extended
from the floor to the roof of the mine although they were
observed in one wall and not in that directly opposite. They
were then found in the next adjacent workings. In other
cases the only evidence was a general yellow or orange stain-

cmaze

ing in the salt.

The second type of inclusion was much darker, generally
reddish-brown to dark brown. It generally occurred in thin
: bands 3 or 4 inches wide and followed the layering exactly.
l There was & general band of dark coloration which in many
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cases was tightly folded, and within this band were darker
round inclusions of fine grained sediments, Sylvite was
identified in the samples that were analyzed.

Although the origin of the inclusions is not known, in our
opinion they were present at the time the salt was initially

deposited.

Pressure Pockets: Pressure pockets are large openings which

develop in the roof and walls of salt dome mines at the time
of blasting. These openings are much larger than can be
attributed to the blast itself and are also referred to as
blowouts and gas bursts. The origin of these pressure
pockets is not known, although they are invariably assoc-
iated with gas inclusions in the salt. It is possible that
they are at least partly due to aigh, localized stiress
concentrations, although this has not been verified. They
are observed as large and relatively stable openings, gener-
ally circular at the mouth and parrowing upward. In a num-
ber of cases the edge of the pressure pocket is associated
with very closely spaced exfoliation-type jointing. A pres-
sure packet in the roof of one mine was of corkscrew shape,
approximately 10 feet in diameter at the outer edge and
extended into the roof for a distance of at least 60 feet,

It did not exhibit the closely spaced jointing observed in
some other pressure pockets, Ir our opinion the pressure
pockets may be associated with much more porous salt although
this has not been confirmed, It is not now possible to
predict exactly when and where pressure pockets will be found
in the mine, Pressure pockets have only been observed in the
roof and never in the floor of any of the salt dome mines,
although there is no apparent reason for this.
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3.

Jointed Salt: An area of jointed salt extending over approx-

imately 600 to 700 feet was observed in one mine. This area
appears to be quite unucual and is not well understood. This
salt was hard and relatively fine-grained and had a distinct
yellow color when illuminated with miners' lamps. It exhib-
ited a distinct audible "ring" when two pieces struck each
other, and laboratory strength tests indicated that it was

as much as 75 percent stronger than the other salt in the

mine,

The joints were generally flat dipping (typically 10 to 20
degrees dip) and spaced approximately 6 inches to 1 foot
apart. Typically, they were traced over a distance of 10 to
15 feet. The salt also showed extensive cross-jointing,
producing blocks commonly l-foot wide and 6-inches high.

The flat dipping features are almost certainly unrelated to
mining activities, although some of the jointing may be
related to blasting. The origin of this jointing including
the open joint discussed below is unknown.

In one of the headings within the yellow salt zone there was
a flat dipping open joint. At the face, the joint had a
maximum aperture of approximately 2 feet and was cpen over a
distance of 4 to € feet. This joint extended more than 40
feet in the salt behind the face. It resembled an open
bedding feature in a sedimentary deposit although the true
bedding is vertical and the joint dipped only slightly. The
"yellow" salt zone is apparently a relatively narrow steeply
dipping band 30- to 40-feet thick, but this has not been
confirmed. Petrographic and spectrographic analyses
indicated that this salt contained sylvite (KCl) and
kieserite (MgSQ4 . Hg90). Chemical tests showed that

the salt contained over 99 percent halite, although it

AR s e it DL
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had a much higher magnesium content than salt in other parts

of the mine,
A.2 HYDROLOGY
A.2.1 General ;

/

The massive, very pure éalt within the plug may be imper-
meable, and exhibit no evidq&ce of flowing water. Isolated
inclusions of brine and hydiocarbons, commonly associated with
impure salt, can produce small flows which rapidly decrease in
volume and usually stop cqﬁpletely within a few months.

The porosity and perﬁeability of in-situ dome salt is
thought to be extremely vbw, possibly zero, making in-situ
measurement of these parameters very difficult. We have
attempted to measure the in-situ permeability of salt in a salt
dome with inconclusive results, The data appear to reflect salt
creep due to the injected fluid pressure rather than any actual
fluid flow through the salt.

Laboratory tests conducted by Gloyna and Reynolds (1961)
using salt from the Grand Saline dome indicated some permeabil-
ity through cracks and fissures but none through the crystals.
Permeability varied with confining stress and with length of
time over which the stress was applied. At the start of the
tests intrinsic permeability ranged from 6 x 1011 to 5 x
10-13 ¢m2, It decreased from 3 x 10-11 to less than
10-15 cm2 after 3 to 36 days of stress application. This
corresponds to a hydraulic conductivity of about 6 x 10-6
em/sec to 10-10 cm/sec. The average porosity of the sam-
ples was 1.7 percent. Hansen (1977) found a water content of
0.02 percent in Jefferson Island salt.
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Sheared zones exhibit little or no flow due to the low
permeability of the sheared material. Shale sheaths, when
present, often act as protective membranes enclosing the salt
bodies and isolating them from surrounding aquifers. Shear
zones separating spines of movement within the salt body can
produce small but relatively steady flows when encountered in
mines. Because these flows are relatively steady, the probable
source of this water is from outside the salt body. The calcite
caprock found overlying many domes is often fractured and water
bearing. It can act as a permeable pathway allowing connection
between upper aquifers and lower aquifers, which are interrupt-
ed by the salt plug. The anhydrite portion of the caprock is
relatively impermeable and may form an effective seal over the
salt plug if it occurs in sufficient thickness.

Salt domes are surrounded by thick sedimentary deposits
through which they have intruded. These sediments contain
numerous, productive groundwater aquifers which constitute
-mportant sources of egricultural, industrial, and domestic
water supplies. Water near the surface is generally fresh but
may become saline at depth, particularly near the Gulf Coast
where pumping has caused areas of seawater intrusion (¥Winslow
et al., 1957, Harder et al., 1967). Aquifers are generally
confined with piezometric heads usually increasing with depth
below ground surface. Regionally, horizontal flow is toward the
Gulf Comst at gradients of several feet per mile or less,
although heavy pumping has caused localized reversals of the
normal groundwater flow direction. Recharge of the various
aquifers normally occurs at outcrops of the aquifer formations
which may be located over a hundred miles away from the salt
domes.
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Salt domes can affect the local and regional hydrology.,
Upwelling of deeper waters can take place around some domes or
along peripheral faults caused by intrusion of the salt body.
This results in salt water plumes within the upper freshwater
aquifers and may also cause some depressurization of the deeper
agquifers.

Recent sediments contain prolific aquifers. Water from
these aquifers is directly recharged by precipitation and is in

constant circulation with numerous surface streams.

A.2.2 Special Features Observed in Salt Mines

Several features observed in salt mines are hydrologically
significant, A&lthough most salt found in domes is more than 97
percent pure halite, inclusions of impure salt often including
brine and/or hydrocarbons have been found usually in distinct
zones., These inclusions are commonly associated with boundary
shear zones, Kupfer (1974a, 1974b) reports that shear zones may
be the result of differential movement of separate spines within
a single salt stock. Boundary shear zones, which often contain
entrapped sedimentary material, separate spines and can extend
completely across a salt stock,

Because of the high solubility of salt, significant water
leaks can threaten the stability of a mine in sali. We have
observed three types of water leaks in mines in Louisiana salt
domes. They include:

1. Short-Duration Leaks: These leaks are relatively common in
Louisiana mines. Typically, brine possibly containing
hydrocarbons begins dripping from the ceiling after new
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workings are opened. Volumes may be significant (i.e.,
exceed evaporation rate) for several days to a month, after
which flow diminishes and generally ceases within & months,
The larger and more persisteni drips are commonly near shear
zones., Water was probably introduced into the salt during
intrusion into the overlying sedimentary layers and subse-
quently sealed by recrystallization. Fracturing caused by
nining may have allowed connection of the previously isolat-
ed brine inclusions.

Increasing Volume Leaks: These leaks tap water sources

from outside the salt dome. Because there is a large source
of fresh water in the surrounding sediments, these leaks can
rapidly increase in size and cause flooding of the mine.
Miners carefully seal shafts and avoid the outer regions of
domes because of potential flooding hazards.

Sporadic-Continuing Leaks: These leaks, found in only two
Louisiana mines, occur near boundary shear zones. They
begin slowly, gradually increasing in volume until stabiliz-
ing at a much slower rate. They are normally grouted at
this time; however, new leaks develop within several months
and the sequence is repeated, The leaks are thought to tap
water from an external source which is conveyed slowly along
the shear zone., Flows do not rapidly increase because the
shear zone acts as a low permeability membrane. The flowing
water could dissolve salt and create cavities which may
eventually collapse, breaking the membrane and causing
flooding. This has not actually occurred to date.

Belehic (1960) describes brine and gas flow from boreholes

and newly opened rooms. These fluids, sometimes under high
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pressures, originate from within the salt body rather than from
an external source. Belchic also describes leaks of the
short-duration and increasing-volume types. Slow brine drips
from the ceiling often form salt stalactites as the brine
evaporates upon entering the mine. Many of the slow drips are
accompanied by small amounts of hydrocarbon.

4.2.3 Salt Dome Dissolution

Salt dome dissolution occurs when fresh water comes into
contact with the salt. The subsurface flowing water will
dissolve the salt and carry it downstream in the aquifer or
upward toward the surface through fractures. Saltwater plumes
down gradient from a dome indicate acfive dissolution of salt,
but it is not known whether the entire surfuce of the dome is
involved or only a very limited zone. Water that comes to the
surface over 4 dome 1s usually found in saline creeks, springs,
small lakes or marshes. It may have flowed from considerable
depth along the flanks of the dome ultimately to flow through
fractures to the surface. Figures A-4 and A-5 illustrate the
relative hydrologic stability of several salt domes with an
evident plume from Bullard salt dome and possibly a plume from
Whitehouse salt dome.

Caprocks of anhydrite, gypsum, and limestone cover most
shallow salt domes. The caprock was probably formed when salt
was dissolved by water leaving behind a deposit of less soluble
impurities. The thickness of the caprock is a function of the
volume of salt digsolved and the amount of less soluble impuri-
ties. Generally, the impurities in salt domes constitute less
than 3 percent by volume, but 15.3 percent has been recorded at
the Hockley dome in Texas (Gera, 1972). The occurreance and
thickness of caprock decreases with depth and is normally absent
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below a range of 3,000 to 5,000 feet. This depth also may be
the limit of freshwater bearing strata. Caprock may exist below
this depth in older domes which were in contact with freshwater
bearing strata at one time but are now buried and in the saline
water zone.

The dissolution rate can be calculated from the caprock
thickness and the amount of insoluble impurities if it is assum-
ed that all the caprock formed since deposition of the surround-
ing sedimentary formations. One such formation is the Wilcox,
deposited approximately 50 million years ago, which forms a
major freshwater aquifer in much of the Gulf Coast region.
Netherland, Sewell and Associates (1976) measured the caprock
thickness of five salt domes and found a range of 50 to 300 feet
of caprock. Assuming 1 percent less soluble impurities and 50-
million years dissolution time, the average vertical dissolution
rate was 0,031 to 0.183 mm per year or 20 to 120 feet in 200,000
years. Increased content of less soluble impurities would
reduce these numbers proporticnately. Smith (1976) measured
dissolution rates using salinities measured in down-gradient
salt plumes from three of the same domes plus the Hainsville
dome, He found rates of 20 to 75 feet of salt thickness removed
in 250,000 years. The individual results are shown in Table
A-2. He noted that increased salinity near salt domes may be
the result of either actual salt dissolution or vertical
upwelling of saline water around the domes from deeper saline
aquifers.,

A.3 TATUM SALT DOME

A.3.1 Geology

The Tatum Salt Dome and surrounding area is in Lamar and
¥arion Counties, Mississippi. Geologic and hydrologic studies
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in the area were made for the nuclear detonations known as the
Salmon and Sterling Events. The following information comes
from a report by Taylor (1971).

The Tatum Dome is a salt stock overlain by a caprock. The
source of the salt is believed to be the Louann salt bed of
Jurassic age. At this location, that bed is about 20,000 feet
deep. 4 section through the salt dome is shown on Figure A-6.

The stock has pierced a section of clays, sands, and sandy
limestones from Jurassic to Qligocene in age. Rocks of late
Oligocene age are deformed upward but are not pierced. Miocene
to Recent rocks over the dome are relatively undisturbed, indi-
cating that there may not have been any movement of the dome

since the Miocene.

The salt stock itself is composed primarily of halite. It
attains a maximum diameter near the top of about 4,500 feet and
may extend to a depth of 20,000 feet., To date, no drill holes
bave penetrated the full depth of the salt.

The caprock consists, in ascending order, of nearly 500
feet of dense gray anhydrite, 15 feet of white gypsum, and
nearly 150 feet of gray calcite. The top of the caprock is
about 800 feet below the surface where it exists as a relatively
flat plateau with only 20 feet of relief.

The regional dip of the sedimentary rocks is to the
southwest at a gradient of 30 to 40 feet per mile. The dip
increases with depth. The salt stock locally modifies the
regional structure by warping the sediments upward.
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A.3.2 Hydrology

1.

Surface Water: Mean annual precipitation in the area is
about 60 inches with 20 inches of surface runoff,

Surface water eventually drains to the Gulf of Mexico with
Lower Little Creck and its tributaries the major streams in
the immediate area. The high base flow of streams is sus-
tained by springs and seeps from underlying Miocene and
Recent sedimentary deposits.

Ground Water: Aquifers containing fresh water extend from
near surface to about 1,400 feet below sea level in the
general area of the Tatun Dome and to about 700 feet below
seda level over the dome itself (land surface elevation over
the dome is about 30 feet above sea level). Some aquifers
containing fresh water elsewhere contain saline water in
the vicinity of the dome, Figure A-6 is & cross-section
through the Tatum Dome showing the designation and
approximate position of the various aquifers. These
aquifers may be offset or interrupted by faults near the
dome, but most of them (except local and surficial
aquifers) are regionally extensive.

The Cook Mountain Limestone (aquifer 5 on Figure A-6) con-
tains salire water (approximately 18,800 mg/liter total
dissolved solids) and is not used as a source of water near
the dome, Oil field brine has been injected into the Cook
Mountain six miles to the southwest, which has resulted in
increased heads in the Tatum salt dome area. The limestone
of the Vicksburg Group (aquifer ) fo rms a brackish (approz-
imately 1,300 mg/liter) artesian aquifer. Piezometric
heads are lower than those in the Cook Mountain but higher
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than those in overlying aquifers, It is probably nydraul-
izally connected with the calcite caprock on the dome,
Hiocene sediments form several artesian aquifers (aquifers
3, 2, 1 locally) containing fresh water (less than 200
mg/liter), except directly over the dome where aquifer 3a
contains some saline water. Regionally these aquifers are
lenticular beds that are not easily traced over a large
area, Water table aquifers exist in Recent terrace and
alluvial deposits. Fresh water from the surficial aquifers
contributes to the high base flows of the local streams.
Groundwater also occurs ip the calcite part of the caprock..
This water is under an artesian pressure lower than that in
aquifer ¢ but higher than aquifer 3. Some hydraulic con-
nection with aquifers 3 and 4 is indicated in the caprock

aquifer,

In the area of the Tatum Dome most domestic and stock wells
are located in the surficial aquifers, although a few pene-
trate to the shallow Miocene aquifer. Outside the area,
large withdrawals are made from the Miocene aquifers.

Water Movement: Recharge to the various confined aquifers
takes place at outcrops to the northeast at distances vary-
ing from 75 miles in aquifer 5, and 55 miles in aquifer 4,
to only a few miles in the shallower Miocene aquifers.
Groundwater in the surficial aquifers is recharged primar-
ily from local precipitation.

The regional groundwater flow is downdip or to the south-
west, Local withdrawals have modified this regional flow
in several aquifers. The important hydrologic parameters
measured in the area of the Tatum dome, including horizon-
tal gradients and flow directions, are given in Table A-3.
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A.4 POTENTIAL RELEASE PATHWAYS

It is appropriate to investigate a variety of conditions
that are likely or possible and which represent potential path-
ways for the release of depository contents. The following is a
partial listing of conditions which require consideration in the

salt dome model:

1. Depository-Induced or Related Conditions

a.

Fracture zone around openings: As with bedded salt (GAI
1977a), fracturing around mine opening in the salt is
expected to be relatively minor and will probably heal

with time,
Shaft backfill and shaft sealing: Similar to the

sedimentary bedded salt model.
Density effects of canisters: As with bedded salt, the
canisters may migrate through the salt and ultimately

reach an environment that increases the rate of waste
release. Preliminary studies (Sandia 1977a) indicate
that the magnitude of movement will be small (less than
a few inches in 1,000 years). Thus, it is doubtful that
this effect will be a problem.

Heat-induced diapirism: The heat generated by the waste

might affect the balance of forces and initiate movement
of the salt dome. Considering the size of the salt
domes and the great depth of the source of the salt, it
seems doubtful that the relatively small heat source of
the depository applied near the top of the dome would
induce diapirism. However, due to the present lack of
understanding about salt dome diapirism, it may be
difficult to prove that depository heat is not a
problem.
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Fluid inclusion migretion: Inclusions of brine will
migrate toward the heated depository and may become a

source of water and pressure. Large brine cavities in
dome salt tend to occur in the boundary shear zones and
are less frequent than similar inclusions in bedded
salt,

Thermally induced groundwater flow: Since there is
probably no effective source of water within the salt

dome, a convection cell would have to develop with
inflow down one pathway (such as a shaft) and up
ancther pathway. Such convection could have a serious
impact since the incoming fresh water would dissolve
the salt, However, since incoming fresh water would
quickly become saturated brine, the small thermally
induced gradients may be insufficient to overcome the
density gradients. The process, however, leads to salt

dissolution.

Dissolution: Fresh water flowing into shafts and/or

boreholes may lead to significant dissolution of the
salt and potentially remove sufficient salt to reach
the depository. A model fo predict cavity growth by
dissolution of salt around a borehole indicates that
cavities may spread laterally but will be shallow, of
the order of several meters for the case considered
(Snow and Chang, 1975). Also during resaturation of
the depository, the pillars may dissolve, leading to
collapse of the roofs and possibly large scale deforma-
tions above the depository. Data have been developed
by Sandia (1977b) and others to examine the rate of
dissolution. Data from dissolution cavities around oil
and gas wells may also be useful in evaluating the
problem.

Golder Associates



A-19

2, Existing Geologic Conditions

a,

Boundary shear zones: These more permeable zones with-

in the dome may exist in close proximity to the reposi-
tory facilities. All of these zones may not be detect-
ed. Water could flow down (or up) a shaft, through

the depository, through a small thickness of salt, and
hence up (or down) the boundary shear zone.

Geometry of the Dome: Salt domes are complex struc-
tures, The external surface is deeply convoluted. For

the salt dome, these convolutions are filled with clay
shears salt, and other sedimentary debris. The conse-
quences of being too close to the edge of the dome
could be serious, as an immediate discharge of nuclides
to the adjacent aquifers may be possible. The heat and
potential deformation around the depository could
disturb the salt between the depository and the edge of
the dome and lead to further deterioration of the clay
sheath sealing the salt from the surrounding aguifers.,
Ideally, the site investigation both prior to and
during depository construction will minimize this
problem.

Gas, oil and brine-filled voids: These will occasion-

ally be encountered in the mining and usuzlly are
related to the boundary shear zones.

3. Future Geologic Conditions

Q.

Dissolution: Some salt domes are imperfectly isolated
from circulating ground water. Such domes gradually
dissolve, and a "salt plume" is detectable in the
groundwater down-gradient. However, it may be diffi-
cult to prove that a specific salt dome is not dissolv-
ing now nor will dissolve in the future, Estimates of
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the potential range in rates of dissolution are criti-
cal. A recent study (Smith, 1978) of salt dome disso-
lution in northeast Texas indicates that less than 30
meters of salt would be removed from the top of the
dome in 250,000 years. Thus, natural dissolution may
not be a serious problem,

Movement: Salt domes are structures formed by the
movement of salt., Some domes are possibly still mov-
ing. New spines may be developing adjacent to existing
domes. Data on the rate of movement and the potential
for movement recurring after the dome has stabilized
are very limited. Investigations of this problem at a
specific salt dome in Louisiana (Thoms, et al. 1977)
concluded "...tectonic movement of the dome may be so
small that crustal movements due to other natural
effects may tend to dominate." Based on very limited
information, it appears that the rate of movement might
be too slow to affect the depository during at least
its critical containment period (some 400 years).

Man-induced Waste Release Pathways

e

b.

0il and gas wells: Salt domes form traps for oil and
gas in the sediments surrounding the dome. These traps

are the targets of energy companies' exploration
efforts.

Mining: Salt is a mineable commodity. A future salt
mine may encroach upon the repository.

Undetected boreholes: For more than a century salt
domes have been the focus of considerable exploratory
activity for salt, sulfur, oil and gas. Many holes
have been drilled in search of such resources and only
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some of these have been recorded and/or plugged. Sur-
face evidence of the holes may have been long since
concealed; there is, therefore, a finite probability of
the repository encountering or just missing an unde-
tected borehole. The consequences of this require
consideration.
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TABLE A-1
DATA ON UPLIFT RATES IN SALT pomes(l’
(After Netherland, Sewell & Associates Inc., 1976)

Deformation in mm

Stratigraphic Geoclogic Age Interval Time WHITE

Interval _ (Million Yrs) (Million Yrs) BUILARD KEECHI _ MT. SYLVAN _ DPALESTINE STEEN HOUSE  Average
Post-Wilcox 50 50 .003 .012 .003 .010 .005 .004 .206¢2)
Wilcox~-Midway

Groups 65 15 .024 .028 .031 .043 .026  .035 .031
Upper Cretacecus 98 33 .022 .018 .014 .029 .017 .018 .00
Iower Cretacecus 135 37 .049 .038 .054 .026 .049  .047 .044
Upper Jurassic 149 14 2 2 2 ? ? ? .193¢3?

Total Time 149 149

(1) Indicated by deformation of adjacent stratigraphic units.

(2) ‘"Uplife-vs-time" value of .006 mm. per year is equivalent to .000019686 feet per year, or approximately

3.9 feet for a 200, 000-year period.
(3) Estimated from regional study: uplift associated with growth of salt pillows.
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TABLE A-2

DATA ON DISSQLUTION OF
NORTHEAST TEXAS SALT DOMES

(After Smith, 1976)

Salt Plure in BULLARD  HAINESVILIE  STEEN WHITEROUSE
Qverlying Aquifers Dome Dome Dome Dome
Area 2mi x 300 £t 3mi x 730 ft 2mi x 300ft 2.6mi x 300ft
Permeability 50 gpd/ft’ 50 gpd/ft SO gpd/ft? 50 gpd, ft?
Groundwater
Gradient 2.5 ft/mi 2 ft/mi 3 ft/mi 3 ft/mi
Salinity 5250 pmm 7000 ppm 2000 ppm 5250 ppm
Area of Upper Part .2 o 2 ;2 -
of Dame 3.0x10'ft°  1.46x10° ft° 2.2x10 ft 2.2x10' ft
Inferred Thickness of
Salt Removed in 75 ft 60 ft 50 ft 20 ft
250,000 years
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TABLE A-3

HYDROLOGIC DATA FROM TATUM SALT DOME (Taylor, 1971)

Hydraulic Rate of Direction of
Aquifer Conductivity Porosity Gradient Movement Movement
{em/sec) {(m/yr)
1 2,6 x 10~3 .30 .0004 1.2 southwest
28, 4.4 x 10-2 .30 0001 4.6 northeast
3a 3.3 x 10-3 .30 .00002 .02 northeast
4 1.6 x 10-3 .25 .00002 .03 southwest
4,7 x 10-4 +25 .00005 .03 southwest

Golder Associates
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DIAGRAMMATIC DEVELOPMENT OF A SALT STRUCTURE Figure A-2
(GERA, 1972)
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APPENDIX B - BASALT

B.l GEOLOGY

Flood basalts, or plateau basalts, cover large areas of the
northwestern United States. They form the Columbia River
Plateau covering approximately 200,000 square miles of eastern
Washington and northern Oregon and the Snake River Plain cover-
ing a large portion of south-central Idaho. A more detailed
description of these basalts can be found in McKee (1972). Old
plateau basalts, some of which are now folded and metamorphosed,
are found in many other areas of the United States, but are not
considered in this report.

Basalt is a fipe-grained, dark rock composed primarily of
plagioclase and pyroxene., Silica content as well as the amount
of dissolved gas has an effect on the physical character of
lava. Magmas with low silica content tend to be very fluid and
form relatively thin sheets that travel great distances.
Increasing silica content makes the lava more viscous creating
thicker, less extensive flows. ¢

Jointing reflects the cooling history of a flow, changing
with distance from the vent, thickness of the flow and the
nature of the surface covered. Jointing is also affected by
whether the flow ponded quickly and solidified from a motionless
fluid or whether it continued to creep forward throughout the
period of crystallization. The top of a flow cools and solidi-
fies first, Near the source the surface top could be relatively
smooth, but becomes brecciated with increasing distance. Dis-
solved gasses may migrate to the top of the flow and form a
vesicular scoria zone. Originally these vesicles may not be
interconnected, but brecciation from continued movement will
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create connected openings. These vesicular zones are found on
both the top and hottom of a flow with the top zone being thick-
er. Columnar jointing proceeds from both the top and bottom of
the flow. Thin flows may have interconnected joints from top to
bottom. Thick flows can appear as three separate flows. The
top and bottom will be columnar jointed and the middle may be
massive. The hottom of the flow is affected by. the .nature of
the pre-existing surface. A pillow-palogonite complex is usual-
ly formed where the flow enters a body of water or a swamp.

This is « mass of rounded lumps of lava with glassy shells. A
brick~like baked zone is created in most soils under a lava
flow. Lavas covering pre-existing flows may seal the underlying
flow surface. The typlcal cooling structures of a basalt flow

are shown schematically in Figure B-1,
B.2 HYDROLOGY

Extrusive igneous rocks range widely in their hydrologic
characteristics. Basalts, which usually have relatively low
porosities, can form some of the most productive aquifers known.

Porosity in basalt can range from less than 1 percent in
the dense center of the flow to 50 percent in the vesicular top
(Davis and DeWiest, 1966). Hydraulic conductivity within basalt
depends upor the interconnection between the openings. These
openings include: a) vesicles, resulting from the escape of gas
bubbles, b) breccia zones between flows, c¢) voids between flows,
d) joints caused by cooling, e) lava tubes, f) fractures due to
folding, faulting, etc. Layers of sediments between successive
flows can form permeable interbeds when they consist of alluvial
sands and gravels. When interbeds are formed by silt, clay, or
volcanie ash, they can form confining layers. Horizontal perme-
ability is greater than vertical because shrinkage cracks and
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scoriaceous, brecciated, and cavernous zones are concentrated
near flow surfaces and between flows. The massive centers of

the flows are generally low in permeability,

Basalt is extremely anisotropic and nonhomogeneous in
groundwater flow. Average permeabilities calculated from pump
tests in basalt often reflect several very permeable zones
contributing the majority of flow with the remainder of the
aquifer contributing only slightly. The massive centers of some
basalt flows generally exhibit very low permeabilities relative
to the high permeabilities exhibited by the vesicular and brec-
ciated tops and bottoms of flows. Ground water can be under
confined conditions locally due to fine-grained interbeds or the
massive flow centers, but many basalt aquifers are under water
table conditions on a regional scale. Pump tests in the Snake
River basalt (Walton and Stewart, 1961) yielded storage coeffic-
ients from 0.02 to 0.06, all within the range of values indica-
tive of water table conditions. Transmissivities ranged from
1.3 x 104 to 2.4 x 108 feet2 per day and averaged 5.3 x
105 feet? per day. The average saturated thickness pene-
trated by wells was 100 feet, This thickness when divided into
the average transmissivity yields a very high value of hydraulic
conductivity of 1.9 cm/sec. In contrast, the hydraulic conduc-
tivity of dense basalt in cores of the Hanford site ranged as
iow as 4 x 10-2 cm/sec (Atlantic Richfield Hanford Company,
1376).

Recharge of hasalt aquifers can originate from several
sources. Natural precipitation may percolate downward to the
water table, particularly where the basalt flows are tilted from
horizontal (Neweomb et al., 1972). Perched water tables are
generally small in areal extent and can form where percolating
water encounters layers of low permeability. Rivers and streams
flowing across basalt can lose water by vertical percolation,
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For example, waters from several mountain rivers disappear at
the northern edge of the Snake River Plain and flow along per-
meable zones between flows, eventually reappearing in springs
along the walls of the Snake River Canyon (Brown et al., 1975).

Wells in Snake River basalt are important sources of water
for agriculture in southern Idaho which is otherwise a rsla-
tively dry region. Groundwater usage is less common iLn the
Columbia River basalt in Washington, particularly from deep
wells, but increased use in the future is likely.

B.3 SPECIFIC SITES - COLUMBIA RIVER PLATEAU

B.3.1 General

An excellent review of the Columbia River Plateau geology
appears in McKee (1972), The following is a brief summary of
this dicussion.

The Columbia Plateau is a vast upland built of Miocene to
Recent basalt flows. It covers an area of over 200,000 square
miles between the northern Rockies and the Cascade Range, north
of the Nevada-Utah-California Basin aad Range Province. The
average thickness is about 3,000 feet with 2 maximum thickness
in the Pasco Basin of over 9,000 feet. The general area is
shown on Figure B-2.

Individual flows generally range from a few feet to a few
tens of feet thick with some flows exceeding 200 feet in thick-
ness. The source of the basalt was not from a single central
vent or series of vents, but from a series of fissures each of
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which was several miles long. An individual flow was probably
fed by several fissures erupting simultaneously. The flows
spread almost like water for great distances., According to
McKee (1972),

A recent theoretical calculation suggests that the average
spreading velocity of a Columbia River basalt flow may have
been 25 to 30 miles per hour.... One unit, the Roza Basalt
member, has been traced from Grand Coulee area east to
Spokane, south to Pendleton, Oregon, and southwest into the
Columbia River Gorge over an area of approximately 20,000
square miles.

These flows sought the lowest places, filling the old
valleys and encroaching on the flanks of hills and mountains.
In time, the prebasalt topography was buried, and a relatively
flat basalt plain was constructed. The Snake and Spokane Rivers
have cut through the basalt sequence along the eastern margin
revealing at least 2,500 feet of prebasalt topography formed in
schists, granites and other pre-Cenozoic rocks.

As the flows spread over this region, they interrupted the
drainage, damming streams and giving rise to local lakes and
swamps in which sediments accumulated. Because the Miocene
climate was considerably more moist than at present, the
processes of weathering, erosion and deposition could rapidly
transform the initially barren flow top into one of rich soil
and abundant vegetation. The landscape that was developed on
the top of one lava flow was buried beneath the next flow,
creating interlayers of various thickness between basalt flows.
When successive eruptions were close in time, the buried surface
was relatively smooth and barren consisting only of the slightly
weathered treeless surface of the preceeding flow.
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B.3.2 Hanford Reservation

B.3,2.1 General

The Hanford Reservation, located in south-central
¥Washington, is underlain by a thick sequence of Columbia River
Plateau basalts within the Pasco Basin, The geology and hydrol-
ogy of the area have been described by several investigators
including Walters aad Gralier (1960), Newcomb (195%8), Newcomb
et al. (1972), and Atlantic Richfield Hanford Company (1976).

B.3.2.2 Geology

The Pasco Basin, a cross-section of which is shown in
Figure B~-3, contains the thickest accumulation of basalt within
the Columbia River Plateau, Basalt flows overlay the crystal-
line basement which is composed of a complex of metamorphic and
granitic rocks. The topographic relief on this buried erosion
surface may exceed 2,000 feet. Sedimentary rocks may fill
valleys underlying the oldest flows.

As discussed in McKee (1972), overlaying the basalts are
the lacustrine and fluvial silts with minor sands and gravels of
the Ringold Formetion which is composed of both sediments and
volcanic ash., These materials came from three sources: The
Cascades, the Okanogan Highlands, and the northern Rocky
Mountains. An eclian deposit of fine sand and silt generally
overlies the eroded surface of the Ringold Formetion., This
deposit is considered to be the equivalent of the eastern
Vashington, western Idaho Palouse soils. The eolian soils,
Ringold Formation and locally even the basalts were eroded by a
series of glacial floods, These floods redeposited sand,
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gravel, and silt. lLarge erratic rocks and boulders were carried
in by ice rafts. The deposits are in flood channels, terraces
and hillside veneers.

The most prominent landforms in the region surrounding the
Pasco Basin are the anticlinal ridges that began forming about
10 million years ago. The Saddle Mountains trend east-west and
border the Basin to the north. They are an asymmetric anticline
with a steep nqrg@erg»s@ope and e gentle southerly slope. Two
basﬁii-fiééégvoccur along the western border. They are the
Umtanum Ridge and the Yakima Ridge. Both have more steeply
dipping porthern limbs with part of Umtanum actually being over-
turaed to the south. Below and en echelen to the east of these
ridges are the Rattlesnake Hills and the Horse Heaven Hills,
Numerous local faults are associated with these structures.

There is little evidence for faults or folds having active
movement within the last 10,000 years, but older sediments are
truncated and displaced by previous movements, Micro-earth-
quakes are numerous and frequent, indicating tectonic deforma-
tion without present surface disturbance.

B.3.2.3 Hydrology

1. Surface Water: The Columbia River which flows through the
porthern portion of the Hanford Reservation is the major
surface drainage. The Yakima River forms the southern
boundary of the area. Other surface water includes two
ephemeral streams and various ditches and poads, most assoc-
iated with Hanford Reservation activities.
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Precipitation at the site averages approximately & inches %
annually. Less than 1 inch of surface runoff occurs. :
Annual precipitation less than 10 inches is common in i
central Washington due to the rain shadow caused by the
Cascade mountains to the west.

Ground water: Ground water is found on the Hanford
Reservation in a series of confined aquifers (primarily ;
interbed layers in basalt) overlain by an unconfined agquifer :
in the sands and gravels of the Ringold Formation (fine

sands, silts, and clays with some coarse sand and gravel)

and more recent glaciofluvial deposits. The unconfined

aquifer extends down to the top of the basalt in some areas

and to silt or clay zones within the Ringold in others,

Hydraulic conductivity measured from pumping tests in the

unconfined aquifer ranges from 1.8 x 10-1 to 7.1 cm/sec

in the glaciofluvial sediments, from 3.5 x 10-2 to 3.5 x

10-1 cm/sec in combined glaciofluvial and Ringold sedi-

ments, and from 3.5 x 104 to 7.1 x 10~2 cm/sec in the

Ringold (Atlantic Richfield Hanford Company, 1976).

The uppermost confined aquifers occur in the lower Ringold
Formation and sedimentary interbeds of the upper and middle
Yakima basalts, They appear to be intercoanected to some
degree with the overlying unconfined aquifer, The conduc-
tivity of several of these interbeds has been measured by
packer tests. The Rattlesnake Ridge interbed, a tuffaceous
sandstone, bad a hydraulic conductivity ranging from 8.8 x
1079 to 1.1 x 102 cm/sec. The Mabton interbed, a
sandstone with some gravel, ranged from 7.1 x 10-3 to

2.1 x 10~2 cm/sec. The conductivity of interbed layers

is enhanced by the rubbly tops and bottoms of the basalt
flows. The more massive and less permeable centers of the
basalts act as confining layers (Newcomb et al., 1972).
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The Yakima basalts are divided into lower, middle, and upper
formations. Piezometric heads in the lower basalt are re-
ported to be the same or slightly lower than those observed
in the overlying middle and upper basalts (Atlantic Rich-
field Hanford Company, 1976). The lower basalt which is
encountered a4t depths of approximately 1,900 feet below
surface has been tested in one well to depths of about 4,300
feet below surface (Atlantic Richfield Hanford Company,
1976), Piezometric data within the lower basalt indicates
the existence of two distinet aquifer zones. One zone
extends upward from about 2,900 feet and the other extends
downward from about 3,200 feet. There is approximately 7
feet of head difference hetween these two zones with the
excess head occurring in the lower.

Hydraulic conductivity within the lower Yakima Basalt has
been tested both in the laboratory and the field (Atlantic
Richfield Hanford Company, 1976). Laboratory tests on
five basalt core samples yielded hydraulic conductivities
ranging from 6.7 x 10-2 to 2,1 x 10-8 c¢m/sec, Field
tests yielded the hydrologic properties shown below.

Hydraulic
Rock Conductivity - cm/sec  Effective Porosity
Dense Basalt 4x109t01x109 001 to .01
Vesicular basalt 4x10~7 to 4 x 106 {05
Fractured, weathered or
brecciated basalt 1x106 t0 2 x 103 .10
Interbed 1x 106 t0 4 x 103 .20
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VWater Movement: Potential vertical water movement on the
Hanford Reservation tends to be upward to the unconfined
aquifer from the confined aquifers in the lower Ringold and
upper and middle Yakima basalt formations, Evidence from a
single well also indicates potential flow from the uppermost
confined aquifers downward to the confined agquifers in the
lower basalts. The head differential between the uppermost
confined and overlying unconfined aquifers is small (usually
less than 30 feet) as is the head differential between the
uppermost confined and lower coafined basalt aquifers
(approximately 7 feet).

Vertical water movement at the Hanford Reservation is influ~
enced by the structure of the Pasco Basin. The confined
basalt aquifers are recharged near the fringes of the basin.
Tilting of the basalt at the surface is advantageous to
groundwater recharge because it exposes permeable interflow
zones. Water movement is down-dip toward the ceater of the
basin where confining pressure results in a natural upward
flow gradient.

The water table in the unconfined aquifer on the Hanford
Reservation generally slopes towards the Columbia and Yakima
Rivers. The water table responds to river stages within a
two-mile belt on either side of the Columbia River indicat-
ing a large degree of hydraulic connection between the
aquifer and the river (Newcomb et al., 1972).

Regional flow systems within the lower Yakima basalts are
not known because of the lack of deep hydrologic informa-
tion. Several studles indicate the possibility that on a
regional scale the Columbia River basalts behave as an un-
confined aquifer with localized areas on zones of perched,
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semiperched, or confined water (Walters and Gralier, 1960,
Newcomb, 1958).

B.4 SPECIFIC SITES - SNAKE RIVER PLAIN

B.4.1 General

The Snake River Plain is formed of basalt and rhyolite
lavaes with numerous interbeds of tuff and sandstone as shown in
Figure B-4., The variety of rocks is in contrast to the Columbia
River Plateau proper, where basalt is almost the sole rock type.
A detailed discussion of the Snake River Plain basalts is given
by Schoen (1972), Hamilton (1963) and Morris (1965) among
others.

The structure of the plain is poorly known, but the abrupt
termination of northwest trending structures by the northeast
trending plain suggests a downfaulted graben. The area is cut
by a complex pattern of normal faults, These faults have pro-
vided pathways for the upwelling of basalt. These basalty flows
obscured the pre-existing structures by filling in the low areas
and creating a uniform flat surface. These eruptiozs have con-
tinued into very recent times. Some of the latest were erupted
within the last few hundred years. Their combined thickness in
some areas exceeds 3,000 feet.

Because of the difference in silica content between basalt
and rhyolite, there are great differences in the flows. Some of
the more fluid lave flows solidified with a smooth or evenly
wrinkled surface. Others with more silica were litile more than
a moving rubble pile which retained & rough, jagged surface,
There are many more lava tube caves within the Snake River Group
than in the Columbia River Basalt. /
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B,4.2 ldaho National Engineering Laboratory

The Idaho National Engineering Laboratory (INEL) is located

on the flood basalts of the Snake River Plain in southern Idaho,
Burial of radiocactive waste began in 1952 at a shallow burial
ground located on the INEL site.

1.

2.

Surface Water: Surface drainage is to the Snake River which
eventually joins the Columbia River and flows to the Pacific
Ocean, The Big Lost River, which flows within two miles of
the burial ground, loses its entire flow by vertical perco-
lation into the basalt. Several other rivers flowing from
the mountains in the north also lose their water as they
reach the edge of the Snake River Plain. Geologic evidence
suggests that the Big Lost River has flooded the burial
ground site in the recent geologic past. Barraclough et al.
(1976) report that flooding at the INEL burial ground in
1962 and 1969 caused by rapid snowmelt, combined with rain,
is estimated to have provided 50 acre-feet of water which
infiltrated into the burial ground. Anrother 100 acre-feet

©of percolation derived from heavy rains and snowmelts is

esuimated to have occurred from 1952 to 1970. Dikes were
constructed to help alleviate this problem.

Precipitation on the INEL site, and on much of the Snake
River Plain, averages about 8-inches annually. Surface
runoff is less than one inch and is probably near zero due
to vertical percolation into the basalt.

Ground water: The water table of the Snake River Plain
aquifer lies approximately 500 to 600 feet beneath the
surface at the INEL site. The regional aquifer is a major
source of ground water in southern Idaho and is one of the
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most productive aguifers of its kind known. [t behaves as a
wvater table aquifer when observed by pumping tests (Walton
and Stewart, 1961)., Hydraulic conductivities measured with-
in the aquifer range from 4 x 1072 to 4 cm/se~ in the
horizontal direction (Barraclough et al., 1976), Verical
permeability is generally lower than horizontal because of
layers of massive hasalt and fine-grained sedimentary iater-
beds. However, significant vertical hydraulic conductivity
does exist primarily through vertical fractures, On the INEL
site hydraulic conductivity measured within a 100-foot thick
basalt zone averaged about 0.2 cm/sec in the horizontal
direction and about 0.06 cm/sec in the vertical direction.
This indicates a horizontal to vertical ratio of 3.3 to 1 at
this particular site.

Sedimentary interbeds containing fine-grained material are
generally more limiting to vertical water movement than is
basalt. Such interbeds commonly form perched water tables
in the basalt above them. Vertical hydraulic conductivities
measured in cores of sedimentary interbeds near the burial
ground ranged from 1.8 x 1010 to 3,5 x 10-3 cm/sec

which are substantially lower than those measured in basalt.

Water Movement: Precipitation and surface runoff generally
infiltrate and percolate downward in the partially saturated
zone eventually reaching the regional water table within the
Snake River Plain basalts. Percolating water can encounter
dense basalt zones or fine-grained interbeds which retard
vertical movement forming perched water tables above the 500~
to 600-foot deep regional water table,

Regional groundwater flow within the Snake River plain agai-
fer is generally southwesterly at a gradient of approximitely
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' 5-feet per mile (Morris et al., 1964). Beneath the burial
ground this regional gradient has been reversed due to
recharge from the Big Lost River to the west. Except for
this local area of northeasterly flow, ground water general-
! ly flows southwesterly under the remainder of the INEL site,

l Discharge from portions of the Snake River Plain aguifer
occurs along the Snake River canyon to the southwest where
f weter flows from voids between basalt flows.

B.5 POTENTIAL RELEASE PATHWAYS

It is appropriate to investigate a variety of conditions
that are likely or possible and which represent potential
pathways for the release of depository contents. The following
is a partial listing of conditions which require consideration
in the flood basalt model:

1. Depository Induced or Related Conditions
a. Fracture zones around openings: The high strength of
basalt may necessitate excavation by drilling and

blasting, which could result in an extensive fracture
zone, Fractures around the shaft could transmit waste
to overlying layers, reducing the tranmsit time and
g possibly changing the waste discharge location. It
) would also reduce the resaturation time. It may be
i possible by placing the repository in a zome dominated
by downward flow (such as in the regional recharge
q area) to minimize the effects of fracture zones around
d the shaft.
b. Shaft backfill and shaft sealing: The shaft is 2 poten-
l tial problem, both in reducing the resaturation time and
in becoming a pathway for muclide release. Because of
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the numerous permeable layers and fractured character of
the basalt, shaft sealing mey present significant con-
struction problems. The effect of poor shaft backfill
performance could be winimized as discussed above by
placing the depository in an area of downward flow,
Multiple shafts spread out over the depository area
should also be examined. With sufficient horizontal
gradients and very permeable backfill, water may tend to
fiow down one shaft, through the depository, and exit
from another shaft,

Fracturing of depository layer: Thermally induced
stresses and/or stresses induced by the depository open-

ing may result in increased fracturing of the thin
depository basalt layer. This would increase the per~
meability of the layer, causing a decrease in resatura-
tion time. It would also decrease the nuclide transit
time in the layer. However, the nuclide transit time in
the depository layer may be relatively small even for
the unflawed case.

Thermally induced groundwater flow: The thermal grad-

ients around the depository may induce water to flow
and, under certain conditions, may develop small
convection cells. The magnitude and extent of these
gradients will be relatively small and may be sufficient
to affect flow only locally. To date, the predicted
thermal gradients (GAI 1977b; Sandia 1977a; Parsons,
Brinckerhoff, Quade and Douglas, Inc., 1976) have been
based only on conduction. The inflow of ground water
during resaturation and the potential movement of heated
water away from the depository may significantly reduce
the thermal gradiznts, It is also important to consider
the relatively short {uration of the peak thermal grad-
jients (probably on the order of 100 to 200 years)., The
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potential for convective flow involving multiple shafts
and failed boreholes needs to be examined. Long re-
charge times and/or long canister dissolution times will
minimize the effects of thermally induced flow,

Existing Geologic Conditions

;)

Paults: The effects of existing faults need to be
examined. Due to the brittle nature of basalt, the
fault zone may be permeable, although faults through
the interbeds may not. However, since the ranges in
vertical gradients are quite small, the effect of the
fault may be minor,

Geothermal effects: Some naturally heated water is
withdrawn from wells proximal to fault lines in the
Columbia River basalts. The influence of these geo-
thermal zones on the general grouudwater flow patterns

and on the performance of a depository needs to be
examined. Because of these effects and the potential
resource value, sites in close proximity to geothermal
zones may be unsuitable for depository development.
Fracturing: Portions of basalt flows are highly
fractured and may be quite permeable. Undetected
fractured zones within the depository layer may lead to
8 decrease in resaturation time and early breach of the
layer.

Dikes: Dikes or lava-filled cracks may be more or less
permeable than the enclosing strata.

Future Geologic Changes

a,

Faulting and tectonically induced changes in fracturing:
The suitabiiity of the layered basalts may depend upon
maintaining the integrity of the few low permeability
strata including the depository layer. Relatively thin
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beds of brittle rock will fracture rather than bend when
subjected to differential loading or tectonic forces.
Since there is active tectonism adjacent to the Hanford
site, it seems important to investigate the nature of
the result if the depository layer becomes increasingly
fractured or faulted.

Volcanism: The approximate location of several, but not
all, feeder dike swarms is known. Thus, the possiuility
of a new fissure intersecting the depository should be

evaluated.

Glaciation: The Columbia River basalts are adjacent to

regions covered by glaciers during the Pleistocene.
Glaciation significantly alters the hydrology of the
entire area,

Man-Induced Pathways

a,

¥ells: The aquifers within a basalt sequence often con-
tain fresh water. The Columbia River Basalt is in a
desert environment, so these sources of fresh water are
likely to be tapped eventually, A water well may inter-
cept the hydrologic regime of the depository. Thus, the
potential release of waste through wells is & critical
factor in determining the suitability of basalts. As
discussed in Section 6.4 of our May 1978 report (GAI
1978), the waste will probably escape rapidly from the
depository layer (after resaturation and assuming some
vertical gradients). Thus, eventual contamination of at
least some of the deep basalt aquifers would seem
likely.,

Undetected boreholes and failed borehole seals: Due to
small vertical gradients, the effects may be minor. The
probability of undetected deep boreholes is lower than
in sedimentary basins. There are currently no deep
miping activities in basalt.
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Economic minerals: Placer deposits of economic grade
may occur in ancient stream channels between basalt
flows. At present we have no exploration technology for
locating them., Zeolites and related minerals are found
in small concentrations within the vesicles of certain
hasalts. Additionally, potential ore zones exist in the
rocks underlying the basalt which we are presently in-
capable of finding except by a random drilling program.
Thus, problems associated with current and future mines
and wells (except of course for water) are considered
minimal in basalts.
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APPENDIX C - METAMORPHIC AND INTRUSIVE IGNEOUS ROCKS

C.1 GEQOLOGY
C.l.1 General

These two families of rocks are discussed together because
they have many physical and chemical similarities, even though
their origins are quite different. These rocks are composed
almost entirely of quartz, feldspar and the mafic minerals in
varying percentages. Individual crystals are growth-interlock-
ed, and porosity is as low as can be found in nature. These are
also among the strongest rocks mechanically, the most resistant
to chemical attack, and therefore, the most durable.

For repository considerations, the major difference between
the two families is that metamorphic rocks occur in a signifi-
cantly more complex geologic environment, tend to be more highly
fractured and faulted, and are therefore, more permeable. They
also are characterized by foliation which often represents anis-

otropic weakness.,
Figure C-1 shows the distribution of principal areas of
intrusive and metamorphic rocks within the conterminous United

States.

C.1l.2 Metamorphic Rocks

Metamorphic rocks are formed by the transformation of
igneous, sedimentary or other metamorphic rocks through the
processes of heat, pressure and chemically active fluids which
act on the rocks while they are still in the solid state and
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subjected to deep burial. New minerals and textures are formed
and remain stable. There are, thus, innumerable gradations
between metamorphic rocks and the original rocks from which they

wvere formed.

Most metamorphic rocks show a thin layering called folia-
tion which is due to the parallel orientation of the constituent
minerals. The layers may be relatively coarse bands 1 mm or
larger in size as in gneiss or thinner than a sheet of paper as
in slate. The foliation appears to record slow pervasive move-
ment within the rock mass. During this movement the original
minerals were deformed and slowly recrystallized into new
minerals. Thick metamorphic rock sequences frequently contain
thin sheared zones parallel or subparallel to the foliation.
These zones can be pervious and potentially provide pathways for

nuclide transport.

There are often no sharp boundaries between the various
types of metamorphic rocks; thus, withip a small area, several
rock types may occur. Locating a particular metamorphic type at
depth may require much more intensive surface and subsurface
exploration than either sedimentary or plutonic rocks.

Structural complexity with folding and faulting character-
ize metamorphic rocks. They are often found in close associa-
tion with plutonic igneous rocks, Foliated gneiss can grade
laterally into massive granite with the same mineral content.
Gneisses are similar to granites with respect to physical and
hydraulic properties. Only rocks of medium to high metamorphic
grade are specifically discussed here,
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C.1.3 Intrusive Igneous Rocks

Igneous rocks are formed by solidification from a molten
magma. They include intrusive rocks that solidified at various
depths within the earth and extrusive rocks that erupted onto
the surface. Igneous rocks vary individuelly in hardness and
strength, dependent upon crystal size, mode of eruption and
presence or absence of voids, Intrusive rocks solidify beneath
the earth's surface in bodies called plutons., The material over
them acts as an insulating blanket, causing them to cool
slowly.

Crystal sizes range from a fraction of an inch to several
feet. These rocks, which consist of granite, granodiorite,
diorite, gabbro and other varieties, can generally be regarded
as a single rock type from the standpoint of mechanical strength
and overall suitability for waste disposal., The intergrowth of
crystals gives high mechanical strength and reduces interstitial
porosity and permeability.

Batholiths are the largest of the igneous plutons and are
emplaced predominantly in mountain belts (for a more detailed
discussion of batholiths, see Hamilton and Myers, 1967). They
are chiefly granitic in composition without a visible or
inferable floor of older rocks. Stocks are small batholiths
with less than 40 square miles of outcrop area. Their origin
and the time and mechanics of their emplacement have been
variously interpreted in geologic literature to explain widely
different characteristics. These characteristics generally
concern primary flow banding and the interaction with the
enclosing rock, The wall rock may be metamorphosed by the
emplacement of a pluton. The thickness of this altered zone
depends greatly on the temperature of the pluton and the depth
of emplacement. Plutons emplaced within about four miles of the
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ground surface will be of lower temperature and generally will
have a smaller alteration zone than those emplaced at greater
depth. Several pluton types may be found in a single orogenic
belt,

A batholith is not emplaced during a single plutonic event.
Numerous intrusions of magma may take place. Some of these
events mey be forceful, causing fracturing and faulting within
the existing pluton. Most of these fissures are filled and
sealed by the later fluids. Other emplaceme:ts may be relative-
ly quiet with magma filling pre-existing cracks and fissures.
Some melting of existing rock mey occur. L:ter uplift generaliy
creates joints and faults unrelated to the original emplacement.
Although multiple intrusion creates bodies that differ in miner-
al content, batholiths may be considered relatively homogeneous

in a mechanical sense.

The edge of the batholith is not 'omogeneous. This altered
area is baked, chemically altered, anr coantains numerous faulted
and fractured zones. The geology of these areas is very complex
because forceful injection cf the magma can displace the country
rock creating folds and joints. These features occur in hoth
the country rock and the cooling surface of the pluton itself.
Normally, when the pluton is exposad by erosion, these zones are
preserved only on the sides of thka pluton or in roof pendants.
Economic mineral deposits tend to be located in or near these
altered zones.

Because most large plutons are found in recent orogenic
belts, they are usually topographically high areas. Streams
tend to create deep canyons with steep gradients in the durable
rock, The areas are subject to the various agents of active
erosion while sedimentary basins collect the broken-down
byproducts.
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C.1.4 Shear Zones in Metamorphic Rocks

Thick metamorphic rock sequences frequently contain thin
sheared zones parallel or subparallel to the foliation. Nor-
mally, this shearing is located in the weakest layer of the
metamorphic rock, often in a schist zone with a high mica con-
tent. Such mica-rich zones occur within thick schist sequences
and as thin interbeds in the massive metamorphic gneisses and

quartzites.,

1. Origin: The probable origin of these foliation shears is
the differential sliding of adjacent layers during folding.
This differential movement would tend to concentrate in the
weaker layers consisting of mica schist, chlorite schist,
tale or graphite schist, slates or argillites, The massive,
thickly-bedded or foliated rocks such as gneisses, quartz-
ites, and marbles, tend to fracture upon folding with the
shearing concentrated along one or more of the weak schis-

tose interbeds.

2. Extent: The extent of the shear is dependent on the scale
of the fold involved. For foliation shears to extend from
hundreds to a few thousands of feet, the extent of the fold
limb must be of equal or greater dimensions. Shears assoc-
iated with small drag folds a few feet in amplitude would be
correspondingly small and local in extent.

Other minor causes of shea:ring are thrust faulting and rock
stress relief. Major thrust faults in metamorphic terrains
may terminate in a splay of horsetail shears that resemble
foliation shears. Stress relief due to unloading from
erosion may also produce minor shearing. This results from
movement caused by differences in shear strength and elastic
modulus between adjacent heds.
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Thickness; According to Deere (1973) the typical thickness
of a foliation shear is about 1 to 4 inches., Thicker and
thinner zones occur but are more rarely encountered. Typi-
cally, the thickness of the zone will vary throughout their
length. One such seam of contorted, sheared and pulverized
biotite schist was found in Rhodesia during the construction
of Kariba Dam, The seam occurred in the middle of a
100-foot-thick quartzite sequence. On the flank of a fold
the sheared mica schist was about 5 feet thick, but where
encountered near the trough of the syncline, it was 30 feet
thick (Deere, 1973).

Spacing: Because of the great variety of metasedimentary
rock types and the diverse stress conditions both regionaily
and locally to which they are subjected, the spacing of
foliation is extremely variable. On the Churchill Falls
Hydroelectric Project, Labrador, five foliation shear zones
were found in about 6,000 feet of underground workings,
giving a true spacing of from 500 to 1,500 feet.

In the Washington, D.C., Metro, currently under construction
along Connecticut Avenue at the DuPont Circle Station, the
average spacing is about 25 feet. In some of the New York
City tunnels the true spacing (calculated normal to the
strike and dip) was found to be in the general range of 100
to 1,000 feet (Deere, 1973).

Shear Zone Materials: The weakest material in the shear
zone is typically a crushed mica schist gouge. Grain-size
analyses of several samples of gouge from the New York City

water tunnel No. 3 indicate a moist, plastic, well-graded
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mixture of clayey, silty sand (Dcere, 1973). Other studies
on fault and shear gouge (Howard et al., 1975) indicate
that the material commonly centains 5 to 30 percent clay
with a widely-variable amount of silt, sand and rock frag-
ments. In the New York Tunnel the most plastic gouge con-
tained montmorilleonite or inter~layered montmorillonite-
chlorite in the clay size fraction. Less plastic gouges
were composed predominantly of vermiculite or iater-layered
vermiculite-montmorillonite (Deere, 1973). These clay
minerals were most probably formed by the alteration of the
primary micas and feldspars in the original rock by neat,
pressure and fluild migration at the time of snearing, The
clay content may also be increased by near-surface

weathering.

In addition to the plastic gouge zone, which may be a frac-
tion of an inch to several inches wide, the remainder of the
shear zone consists of partially crushed, sheared and slick-
ensided rock. The gouge layer is usually preseat on one or
sometimes both sides of the shear zone adjacent to the hard
rock. Occasionally, the gouge layer or branches of it will
occur inside the shear zone. Joints in the hard rock
adjacent to the shear zone may also be coated with clay.

Hydraulic Conductivity: Because of the clay-gouge material,
the foliation shears generally are not permeable in the
direction crossing them. The sandy interior of the shear

zone as well as the jointed rock zone adjacent to the shear
tend to be permeable. Thus, the gouge acts as a dam, but
the disturbed zone and the interior crushed zone act as
drains parallel to the shear. The hydraulic conductivity
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parallel to the shear is expected to be in the range of
10-3 ¢o 10-5 em/sec fDeere, 1973).

C.2 HYDROLOGY

Intergranular porosity in solid pieces of fresh metamorphic
and intrusive igneous rock is generally less than 3 percent and
most commonly less than 1 percent (Krynine and Judd, 1957). Ex-
isting porosity is poorly interconnected, resulting in extremely
small permeabilities which, for practical purposes, are commonly
assumed to be zero. Planar features, including bedding, folia-
tion, cleavage, joints and faults often provide open spaces
along which water may move. Such openings are commonly lumped
together and referred to as secondary or fracture porosity with
the resulting permeability referred to as secondary or fracture
permeability., Weathering and decomposition of crystalline rock
can also substantially increase porosities and permeabilities.
Depths of weathering from 5 to 50 feet are normally encountered;
however, the effects may extend to more than 300 feet in regions
of intense weathering (Davis and De¥Wiest, 1966).

Hydrologic data is generally sparse in metamorphic and
intrusive igneous rocks because of their relative unimportance
as water-producing formations., This is particularly true at
depths in excess of several hundred feet., Water wells seldom
penetrate to greater depths because the combined effects of the
confinement by the overlying rock, the absence of weathering,
and the tendency of fractures to be less common at greater
depths result in very low water yields.

Certain regions rely upon metamorphic or intrusive igneous
rocks as the only source of water from wells., In these regions,
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it is tmportant to recognize those [eatures such as faults,
fractures, weathering, etc., which tend to improve water yield.
Meier and Peterson (1951) cite an example in Sweden where three
wells along a fault zone yielded between 70 and 100 gpm, whereas
the same rock type in other areas yielded an average of only 13
gpm. Ensltin (1943) reports that most of the extractable under-
ground water in intrusive igneous formations in South Africa is
stored i{n basins of decomposed rock. Within such basins a
definite water table exists if the decomposed rock 1s saturated,
He reports that waters stared in fractures in unweathered rock
are disconnected and too locally confined to form any uniform

water table.

Data from relatively shallow wells in metamorphic and
intrusive igneous rock is of limited use in projecting hydrolo~
gic characteristics at depths of more than several hundred feet,
The average porosity &nd permeability of metamorphic and intru-
sive igneous rocks decreases rapidly with depth (Turk, 1962;
Davis and Turk, 1964; Snow, 1967)., This effect is illustrated
by Figure C-2 which shows decreasing well yields in crystalline
rocks in California. Joints, faults, and other fractures tend
to close &t depth due to overburden pressures, Rock flowage is
not important in most hard rocks within a few miles of the
surface, so some openings can exist at great depths (Davis and
DeWiest, 1966). Snow (1965), after an extensive literature

review, concludes that:

««.0penings (open fractures) in excess of a millimeter are
common feafures of crystalline and some sedimentary rocks.
These occur not only in the weathered region, but contrary
to philosophical and theoretical treatments of the maximum
depth of fracturing, large openings are also at depths to
several thousand feet.
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Snow does not present all the information Recessary to locument
this conclusion, nor does he discuss the potential for water

movement within these openings.

Some data are available from deep borings or mines in
metamorphic and intrusive igneous rocks, Such data are usually
acquired during mineral exploration and mining. Most ore bodies
are located in areas where there has been a2 greater than average
amount of faulting, fracturing, and folding so that hydrologic
characteristics of the rock are probably not representative of
an average metamorphic or intrusive igneous rock. Porosity and
permeability should be lower in less disturbed rocks not assoc-

iated with mineralization.

Laboratory hydraulic conductivities on unfractured samples
of northern Michigan meta-sedimentary and intrusive rocks from
boreholes, ranging in depth from a few feet to 2,000 feet,
yielded median values generally less than 10-8 cm/sec (Stuart,
Brown and Rhodehamel, 1954). Davis and DeWiest (1966) compiled
the test results in Table C-1. Aquifer tests in the same rocks
demonstrated a rock mass conductivity more than one thousand
times greater than that of the individual unfractured samples.
Aquifer tests further indicated hydraulic conductivities
parallel with the strike of the beds which were two to three
times the average conductivity. However, these tests were
performed over the entire depth of the hole and reflect an
overall average permeability. The actual conductivity at depth
was not evaluated.

Yardley (1975) afte: investigating a number of deep mines
in Precambrian rocks of the Lake Superior region reports that:

No evidence of rumning, seeping, or moving water was seen
or reported to us at depths exceeding 3,000 feet. At depths
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of 3,000 {wt or less, water semges o ocour 10 sume of
the mines, usually in minor quentities but inerrassd amounts
oceur as depth beormes jess, Others are dry at 2,000 feet
of depth,

Martinez (1975), after a simtlar study of mines ia igneous and

metamorphic rocks in the Maritime Provinces of Canada, writes:

[t seems reasonable to tentatively conclude that mined
openings in the rock types investigated (volcanics and
sediments metamorphosed to a low or subgreen schist facies
and intensely deformed) would provide hydraulic isolation
at depths on the arder of 2,800 to 3,200 feet helow the
surface or greater.

These two studies seem to indicate a mazimum depth of water
penetration in the Precambrian crystalline rocks studied. The
possibility exists that some inflow does occur, but is so small
that it evaporates and is carried away by the mine ventilation
system before it can he detected. Although ettremely small
inflows, if in fact they do occur, are not significant over
short time periods (period of active mining), they may be
significant over a duration of thousands of years. Extremely
small inflows may be very difficult to measure within an active

mine,

There are basic differences between groundwater flow in
fractured metamorphic and igneous intrusive rocks and that in
layered sedimentary or extrusive igneous rocks. In the latter
rock types, ground water is found in permeable aquifer zones
which can be confined above and below by less permeable strata.
Piezometric heeds from one aquifer to another can vary by sever-
al hundred feet. Water in fractured metamorphic and igneous
intrusive rocks occurs relatively uniformly throughout fractures
which provide some hydraulic communication throughout the rock
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mass, Thus, the piezometric head should not vary grestly wertia

cally within the rock mass. The regional groundwater 71w iy

controlled by the topography and the occurrence of fraciires,
Recharge occurs near topographic highs and discharge at oy
graphic lows. It is possible for ground w2ter 1n fractare
hecome relatively stagnant at depth because of the tenden - op
fractures to be less {requent and less taterconnected pare . -
larly horizontally) with increasing depth, ‘Fiaure C-3 g
theoretical model of idealized flow pattern which might be x-
pected in fractured metamorphic or igneous rocks. Confinemen’
can result {rom overlying sedimentary or, in some cases, decon-
posed crystalline rock f low hydraulic conductivity, but irte-
sian conditions are generally rare in metamorphic and intrusive

igneous rocks (Legrand, 1949).

C.3 SPECIFIC SITES

C.3.1 Precambrian Shield Rocks

C.3.1.1 General

The Canadian Shield extends into Minnesota, Wisconsin and
upper Michigan and also lies buried under younger sedimentary
strata in eastern North Dakota and northeastern South Dakota.

C.3.1.2 Geology

The Precambrian shield is 2 broad area of gentle terrain
mantled with glacial drift and underlain by Precambrian igneous
and metamorphic rocks. The region has some of the oldest rocks
on the continent, and though tectonically active at one time ig
now considered stable. The rocks consist of an old series of
highly contorted and metamorphosed clastic sediments and
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volcanies. The igneous rocks are largely of hasaltic composi-
tion, and the entire sequence has been intruded by a number of

gneissic granite plutons,

These plutons are overlain by a younger series of metamor-
phic rocks consisting of quartzites, dolomites, slates, and
clastic rocks interhedded with lava. These younger rocks
include the iron formations of the Lake Superior region and
occypy a relatively small part of the total shield area. A
thick sequence of basaltic lava flows and sandstones is super-
posed on the nlder metamorphics. This sequence, largely located
in the Keweenaw Peninsula of Michigan, is localily copper bear-
ing. The lava sequence is tilted 30 to 45 degrees toward the
west. Figure C-4A shows a cross section through the Lake

Superior shield area.

A body of gabbro about 140 miles long and up tc 30,000 feet
thick is located along the southwestern shore of Lake Superior.
The roots of this pluton probably extend to great depth,
Recently, this area has been a target for nickel exploration.

Parts of it are in parks and wilderness areas.

Western Minnesota has several granitic plutons. Some are
exposed, but most are buried under glacial debris or Pierre
Shale. Several quarries near Big Stone, South Dakota, mine the
granite for monument stone. Joints must be relatively widely
spaced to extract large blocks for monuments.

A belt of quartzite exists in southeastern South Dakota,
Southern Minnesota, and Southern Wisconsin., It is divided into
two main formations, the Sioux Quartzite and the Baraboo Quart-
zite. Wells drilled into the Sioux Quartzite in South Dakota
produce almost all their water from the glacial till-quartzite
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interface, Some water comes from fractures and weathered znnes

in the top 20 feet of the quartzite,

The shield area, while made up of & heterogcnous group ot
rocks, can probab}y be considered as a more or less lomogencous
hody for a repository. Tectonically, the region is considercd
one of the most stable in the nation though earthquakes ire
recorded periodically. One earthquake trend is along the
Keweenaw Peninsula and the other is along the St. Lavwrence
River. The area is also undergoing uplift from glacial rebound.
This is a regional feature and does not seem ta affect specific
areas individually., The rate is approximately several

millimeters per year.

€.3.1.3 Hydrology

! 1. Surface Water: Three principal surface drainages are

ﬂ present on the shield area. Michigan, northern Wisconsin

l and northeastern Minnesota drain to the Great Lakes. The

' remainder of northern Minnesota and eastern North Dakota
drain to Hudson Bay with the rest of the shield area
draining to the Mississippi River. Precipitation ranges
from over 30 inches annually in Michigan and Wisconsin to
about 20 inches in eastern North Dakota. Surface runoff
decreases from over 15 inches in northern Michigan to about
one inch in eastern North Dakota.

The surface drainage characteristics have been greatly
modified by continental glaciation. Numerous lakes and
wetland areas are found throughout the shield area where
deposits of glacial debris have altered or destroyed pre-
existing drainage channels. Most meteoric water circulates
within the relatively thin layer of glacial deposits.
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Rivers, streams and lakes are constantly fed hy groundwater

from these surflicial deposits.

Ground water: Ground water is found in glacial dehris over
most of the shield area. (Glacial aquifers are generally
thickest in stream valleys and may be locally confined by
interbedded fine sediments. Parts of the shield region
which are overlain by consolidated preglaclal sedimentary
deposits often have extensive groundwater aguifers contained

within these deposits.

The Precambrian crystalline rocks generally contain ground-
water only in fractures with amounts depending upon fthe
number, size and permeability of such fractures, These
rocks are not usually penetrated by wells since they contain
no oil and very little extractable water. Thus, hydrologic
data are sparse and characteristics must be inferred from

obserations in boreholes or, more commonly, mines.

Two recent reports include observations made of water inflow
into deep mines in the Precambrian Shield rocks ia the U.S.
and Canada (Martinez, 1975, Yardley, 1973), The findings
are summarized by Yardley and Goldich (1975). They found
that at depths exceeding 3,000 feet no water was observed,
and none was reported by mine workers. One mine at Elliott
Lake, Ontario, was reported to have water at that depth in a
thrust fault zone, but an adjoining mine with workings about
a thousand feet below the thrust fault had no water. The
deepest mine visited, the Creighton Mine near Sudbury,
Ontario, was dry from the maximum depth of 7,000 feet up to
3,000 feet below the surface. They note that active mining
areas contain numerous fractures such as shear zones,
faults, and joints, but that these are dry in deep mines
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despite the fact that extensive mining has created secondary
fracturing and permeability in the wall rocks. This implies
that areas with less disturbance of the rock should be
effectively impermeable. The conclusions of Yardlev and

Goldich are summarized by these commentis:

At depths between 2,000 and 3,000 feet, same water occurs in
some mines; at depths less than 2,000 feet, water commonly
occurs in fractures and should be expected,

It seems clear that at depths exceeding 3,000 feet there is
very little probability of encountering water-bearing
fractures. At depths beyond 5,000 or 6,000 feot, the rock
pressures are such that the probability of water entering an
underground opening through the rock is exceedingly small,
At such depths the particular rock type probably will have
little bearing on permeability. Experience in deep mines
confims this general statement,

Water Movement: Little information is available relating to
water movement in Precambrian Shield rocks. Yardley and
Goldich (1975) report that groundwater flow systems may be
comparatively short and shallow as inferred from groundwater
chemistry data, A relatively shallow groundwater flow
system is supported by the lack of inflow into deep mines,
even where fractures exist. Computer models of groundwater
flow systems (Freeze and Witherspoon, 1966, 1967) may serve
as useful tools in further evaluating regional groundwater
flow within the Precambrian Shield rocks.

C.3.2 Appalachian Region - Savannah River Plant Site

C.3.2.,1 General

The eastern metamorphic belt extending from Alabama to

Maine is comprised of folded metamorphic and intrusive igneous
rocks. This belt of crystalline rock covers a large area which
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will differ substantially from location to location in its
specific hydrology. Thus, the hydrologic description given
helow of the Savannah River Plant Site near Alken, South
Carolina is not generally appliceble to other reglons within the
eastern metamorphic belt, The Savannah River site has, however,
been extensively investigated with regard to nuclear waste
disposal and detailed hydrologic data are available.

C.3.2.2 Geology of the Appalachian Region

1. General: The Appalachian Mountains contain & crystalline
complex similar to the Precambrian Shield., The crystalline
Appalachians are composed of metamorphic schists and
gneisses and of various plutonic rocks. The plutonic rocks
are mainly granitic, but some are basic or even ultrabasic.
Within this crystalline complex are a series of down-faul ted
troughs filled with sedments.

2. Paleozoic and Precambrian: These metamorphic and plutonic

rocks are structurally very complex. Their pattern on a
geologic map is one of swirls and knots as shown on Figure
C-5. Foliation usually dips at high angles, but in places
it rolls over the crests of domes or arches or dips at low
angles over wide areas. The structure indicates plastic
flow of the rocks and thickening and thinning of the units
with little breaking or faulting., Nearly all the faults of
the crystalline area formed after the rocks had been
deformed and solidified.

3. Triassic: During Triassic time the Appalachian chain was
subjected to a series of great normael faults that produced a
narrow chain of fault block mountains bordered by downfault-
ed troughs. These structural troughs within the crystalline
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complex stretch from Nova Scotia to North Carolina. Subsur-

face evidence has traced similar formations into Florida.

One trough near Newark, New Jersey, has a thickness of
sediments probably exceeding 20,000 feet. This trough is
about 100 miles long and up to 25 miles wide. The beds dip
castward 15 to 30 degrees against a great fault that hounds
the basin on the east. This fault probably had a vertical
throw of nearly 3 miles,

The Triassic rocks of the basin are conglomerates, sand-
stones, siltstones, and shales, with interbedded flows of
hasaltic lava. The sediments are poorly sorted and irregu-
larly bedded. Sandstones grade laterally into siltstones or
conglomerates. The coarsest material is found in the east
side of the trough. Thick surface lava flows are found near
the middle of the section. Each flow is usually separated
by a few hundred feet of sediments. The geology of the
other Triassic Fault troughs is in general the same, but the
total thickness diminishes to betweez 1,000 and 3,000 feet
in the southern basins.

C.3.2.3 Savannah River Plant Site

At the Savannah River plant site, the major rock units are
metamorphic rocks of Pre-Mesozoic age, seaimentary rocks of
Triassic age, and the Tuscaloosa Formgfion of Cretaceous age.
Figure C-6 shows a cross section of th? site.

1. Crystalline Stratigraphy and Structure: The metamorphic
bhasement complex consists of a steeply dipping sequence of
schist, gneiss, and metaquartzite. These have been altered
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by lgneous intrusion and are partially magnitized, Pegna-
tite veins oceur freguently. The rocks “ave bheen sheared,
enfolded and recrystallized, The int: auetion of quartz and
feldspar has resulted 1n a granitoid texture (Bowen et al,,
1959,

Numerous planar features occur including relict bedding,
foliation, cleavage, joints, and faults. Gruded hedding has
been identified., Foliation, flow cleavage and shear
cleavage generally follow the bedding, but the directions
can differ locally. Some foliation always follows litho-
logic changes in the meta-sediments and concordant contacts
of the meta-igneous rocks. Shear cleavage is present where
differential movement occurred along preexisting planar
features such as bhedding. There appear to be three sets of
joints. They are parallel, oblique and at right angles to
the structural trend. The steeply dipping perpendicular set
is the most prominent and prevalent (Bowen et al,, 1959).

Triassic Trough Sediments: The sedimentary rocks of the

Triassic oceur across the center of t.ue site. They are in
fault contact with the metamorphic complex on their south-
east side. These rocks are mudstones, feldspathic sand-
stones, and conglomerates. The sediments are poorly sorted
and have a clay matrix.

Erosion Surface Paleosoil: A clay laver immediately over-

lies the wotamorphic and Triassic rocks, but its nature,
origin, extent and continuity are not known. (National
Research Council, 1972). Exploration has shown that the
erosion surface on the triassic and metamorphic rocks has
about 150 feet of relief.
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Cretaceous Rocks: Overlying the clay is the Cretacrous

Tuscaloessa Formation. This formation is a sandstone and is
a major freshwater aquifer. Above the Tuscaloosa Sandstone
are u variety of relati:vely unconsolidated sands, silts, and

clays of Cretaceéous age.

C.3.2.4 Hydrology of the Savapnah River Plant fite

1.

2.

Surface Water: The major surface drainage at the Savanpah
River Plant is the Savannah River which forms the western
boundary of the site. It flows directly into the Atlantic
Ocean, Precipitation averages slightly over 45 inches

annually with approximately 12 inches per year of surface

runoff occurring.

Ground Water: The geohydrology of the Savannah River Plant

Site has heen extensively investigated (Siple, 1964, 1967,
Marine, 1967, Webster et al., 1970, National Research
Council, 1972)., Approzimately 930 feet of unconsolidated to
semiconsolidated sediments, predominantly sand and clay,
form an aquifer overlying the crystalline rock. At the top
of the crystalline rock a layer of saprolite, averaging 50
feet in thickness, effectively separates water in the frac-
tured crystalline rock from that in the overlying aquifer.
The crystalline . ¢k is a confined aquifer with a head less
than 100 feet below land surface and 20 feet higher than
that in the overlying aquifer (Siple, 1964), The water is
generally fresh (35-80 ppm) in the sediments overlying the
crystalline rock and saline (6,000-7,000 ppm) within the
crystalline rock (National Research Council, 1972).

Two types of fractures were indicated by borehole packer
tests (Marine, 1967), Small fractures pervade the eatire
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rock mass but yield very little water, Larger fractures
found within specific zones yielded substantially larger
quantities of water. The deepest boreholes penetrated to
about 1,200 feet below the surface with about 1,000 feet of
this length in crystalline rock. Some fractures were healed
by quartz, calcite, chlorite and zeolite; but open fractures
transmitting water were found even at maximum depths
penetrated.

Laboratory hydraulic conductivities of the crystalline rock
ranged from 10~7 cm/sec maximum down to less than 4 x

10-11 em/sec which was the lowest limit measurable,
Two-thirds of the conductivities were less than the measur-
able limit. Of the remaining one-third, the average value
was approximately 3 x 10~8 cm/sec. Field conductivities
from packer tests ranged from 10-7 cm/sec to 10--0

cm/sec in the poorly fractured zones with an average of
10-8 em/sec. Conductivities in the more highly fractur-

ed zones averaged about 5 x 10-5 cm/sec {Marine, 1967).

Porosities, as estimated from tracer tests in wells, are
about 0.08 percent in the more highly frnctured zones and
0.004 percent in the poorly fractured zones (Webster et al.,
1970).

Water Movement: Vertical flow upward from top of the
crystalline rock through the clay (saprolite) layer and to
the overlying aquifer is thought to be very slow, estimated
at 0.3 feet per year, which is approximately 100 times
slower than water velocities within the crystalline rock
(National Research Council, 1972) due to the high porosity
of the clay.
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The horizontal gradient in the crystalline rock is about 3.6
feet per mile, with water flowing westward. Horizontal flow
in the overlying aquifer is westward to southwestward at a
gradient of about 4 feet per mile,

Recharge to the crystalline rock probebly occurs at higher
elevations to the northwest of the site. W ter can enter at
outcrops of crystalline rock or from the overlying aquifer
in areas where the confining saprolite layer is discontin-
uous or absent.

C.3.3 Batholiths - Western United States

C.3.3.1 General

Several large granitic plutons exist in the western United
States, They include the Sierra Nevada Batholith in California,
the Idaho Batholith in Idaho, and the Pikes Peak Batholith in
Colorado. Many other plutons of large size also exist. Because
the geology and hydrology of most of these plutons is similar,
only the three batholiths mentioned above are described geolog~
ically. Hydrologically, batholiths are discussed in general
rather tﬁan individually.

C.3.3.2 Geology

1. Sierra Nevada Batholith: The mountains of the Sierra Nevada
are about 400 miles long by 30 to 60 miles wide, as shown in
Figure C-7. They are contiguous with, but geologically
different than, the volcanic Cascade Mountains to the north.
They are bounded on the east by the fault block Basin and
Range Province and on the west by California's great central

Golder Associates



[

ammmmn $ m—— ———3
]

C-23

valley, The Sierra Nevada Mountains are a huge block of
resistant rocks uplifted by faulting and tilted toward the
west, This block is dissected by deep valleys and the
higher parts are strongly glaciated. Figure C-4B shows a
general cross section through the Sierra Nevada area,

&. Stratigraphy and Structure: The structure is locally

complex as numernus granitic plutons were embedded in
the earlier rocks in small to large masses. These
plutons consist of a whole succession of intrusions of
varying shapes and sizes. Each intrusion can be of a
different texture and mineral compcsition, with the
younger cross-cutting the older. Nearly all the plutons
are cross-cutting and discordant rather than foliated
and concordant., They rose as true magmas from the
depths to their present levels in the crust, breaking
through the strata or forcing them aside (Hamilton and
Myers, 1967), Seismic evidence indicatcs a finite depth
of the granites of 20,000 to 30,000 feet. Beneath the
granites are metamorphic rocks, probably gneisses, that
formed as the wall rocks flowed down and beneath the
rising plutons. (Figure C-4B)

b, Fractures: The major recently active faults are along
the north, south and eastern borders. Several faults of
an earlier tectonic period are located in the northwest
part of the mountains. These faults were mineralized
and form the Mother Lode Gold Belt. Jointing occurs in
at least one area on 50-foot centers for the master
joints. Minor joints may be much more variable.

c. Hazards: The Sierra Nevada Mountains are the ultimate
recharge area for both the Central Valley and the Owens
Valley of California. Several large rivers head in
these mountains with steep gradients for both the rivers
and their associated subdrainage. Valleys in generzal
are deep with steep sides.

Golder Associates



The entire mountain range is in a high seismic risk
zone. Numerous small earthquakes epicenter there., The
faults along the eastern front are active as some scarps
truncate recent alluvial fans. The White Wolf Fault
which is part of the Garlock Fault system had active
movement in 1952, This fault strikes along the south-
western boundary of the Sierra Nevada Mountains,

Renewed glaciation would affect parts of the mountains.
It would increase the valley erosion as they filled with
glaciers. Headward movement of the glaciers would also
tend to break down the higher parts of the mountains,
Glacier melt water would increase the flow of all
streams and rivers.

Idaho Batholith: The Idaho Batholith is located in the

northern Rocky Mountains, mainly in central and northern

Idaho, but extending into western Montana., The terrain is

characterized by deeply dissected mouniain uplands and

intermountain basins. Crest levels of the central mountains
vary from 7,000 ta 12,000 feet, Valleys are mostly uarrow
and generally are at elevations of 3,000 to 5,000 feet.

a. Stratigraphy: The batholith consists of virtually
structureless granodiorite and quartz monzonite. These
rocks underlie two mzin regions, one in the southwestern
part of the area and the other in the northeastern., The
rest of the complex consists of schist and gneiss
associated with the intrusive rock.

The intrusive rocks vary in the same way 2s the rocks in
the Sierra Nevada Batholith. There are multiple plu~
tonic intrusions from Cretaceous time to extrusive lava
flows in the Holocene.
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b. Hazards: The mountains of the Idaho Batholith have many
of the same hazards associated with them as the Sierra
Nevada Mountains. Both are major recharge areas with
numerous streams and rivers in steep narrow canyons.
Both would have accelerated erosion caused by glacia-
tion. The Idaho Batholith is, however, not a major
seismic area. Thermal springs exist within the hatho-
lith indicating a geothermal source of heat or very deep
movement of groundwater. Recent volcanism has occurred
on its southern border indicating possible future lava
flows or renewed intrusive activity.

Pikes Peak Batholith: The Pikes Peak Batholith is located
in the southern Rocky Mountains in central Colorado as shown

on Figure C-8, As in other batholiths, it is a complex of

multiple intrusivns and folded and faulted metamorphic

rocks. Elevations range from 5,000 to 14,000 feet with the
higher peaks extensively glaciated. Valleys are narrow and
steep sided.

a. Stratigraphy: The rocks consist mainly of a grey-pink,
medium to coarse-grained granite. The granite contains
occasional dikes and irregular bodies of pegmatite.
Large bodies of sugary textured aplite locally cut the
granite. Much of the granite shows a4 crude foliation
due to a planar alignment of the mica plates and
feldspar lecths.

Associated with the granite is a great complex of meta-
morphic rocks consisting of biotite gneiss, schist and
migmatite. Both metamorphic rocks and the granite shown
effects of hydrothermal alteration adjacent to faults
and veins. In places, zones of intense alteration
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reach widths of 100 feet or more (Warner and Hornback,
1971). Alteration is particularly intense along fault
zones and adjacent to contacts with granite.

Structure: Specific structural information was derived
from the Vasquez tunnel excavation (Warner and Hernback,
1971), Numerous faults were encountered in the tunnel,
especially in its southern part. They were defined as
major faults if the width of sheared rock was more than
1 foot and minor faults if the shearing was less than 1
foot. The major faults had cataclastic zones up to 100
feet wide containing gouge and crushed rock with numer-
ous slip surfaces. Many of the minor faults consisted
of a single slip surface. Major shear zones as well as
a geologic section of the Vasquez tunnel are shown in
Figure C-9. A comparison of rock type with minor faults
and joints is also shown on this figure.

Prineipal fault movement was along planes of foliation
with the movement either upward or downward along those
planes (Warner and dornback, 1971). Joints also appear-
ed to be parallel or normal to foliation and were re-
lated in orientation to the minor faults (Warner and
Hornback, 1971). Joints became irregular in complexly
folded metamorphic rocks.

Hazards: The area is mountainous and rugged causing the

same problems as in other western United States plutons.
The geology is locally very complex. Faults and frac-
tures are numercus. Vigorous erosion can be exzpected
with renewed glaciation. The mountains contain the
headwaters of several major rivers and are the ground-
water recharge area for much of the central United
States. Tertiary intrusive activity has cut through the
batholith in numerous places with valuable mineralizing
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solutions, crecating veins, stocks, and other cconomic
deposits, It is an area of moderate seismic activity.,
Deep borehole disposal near Denver reactivated some
faulls on the Front Range, indicating possible fature
upward movemenls.,  The Rocky Mountains in this area have

had at least two major uplifts in the past.
C.3.3.3 HMHydrology

1, Surface Water: Batholiths in the western United States
generally form rugged mountainous regions receiving abundant
precipitation, a large proportion of which ovcurs as snow.
Mean annual precipitation on the batholiths mentioncd above
ranges [rom about 15 inches on portions of the Boulder bath-
olith Lo over 70 inches on portions of the Sierra Nevada
batholith. Runoff ranges from 10 inches to 40 inches,
respectively,

Granitic batholiths are often dissccled by deep valleys
farmed by glacial and fluvial crosive processes. Rivers and
streams are numcrous owing to abundant precipitation and
relatively shallow depths to bedrock. Mountainous batholiths
are commonly important source areas for major rivers in the
western United States.

2. Ground Water: Very little information is available relating
i » to the occurrence of ground water in granitic batholiths.
The geohydrology of such areas is relatively unstudied
because there is little demand for ground water in mountain-
ous areas with sparse population and abundant high gquality
1 surface water resources.
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Ground water occurrence in batholitic rocks is controlled by
porosity, permeability, structure, topography, and recharge.
Ground water is most abundant relatively near surface where
porosity and permeability are enhanced by fracturing and
weathering. Turk (1962) after examining 239 well records
from the Sierra Nevada batholith concluded that 20C-300 feet
is the practical limit for water-producing wells within the
granitic rock. The median yield for all wells was 7.5 gpm
and the mean yield was 20.3 gpm. The median depth to water
was 40 feet. The most productive zones were within the top
100 feet of rock. Water yield varied with location as well
as depth. Of 239 wells, 16.3 percent produced 1 gpm or
less., At some localities a layer of decomposed rock up to
70 feet thick provided enhanced porosity and permeability
resulting in greater water production,

Water Movement: Evidence from a limited number of wells in

granitic batholiths indicates poor water circulation at
depths greater than 200 to 300 feet. However, the wide-
spread occurrence of thermal springs in batholiths (Waring,
1965) indicates water circulation at moderate or great
depths at some localities. Such circulation may occur along
deep seated joints or other fractures which provide access
to uaderlying hot rocks.

Assuming there is some continuity and uniformity to frac-
tures occurring in granitic batholiths, it is possible to
develop flow systems with topography determining the

directiou of flow, Flow systems in homogeneous (and some
nonhomogeneous, due to layering), isotropic agquifers have
been described by Toth (1963) as local, intermediate, and
regional in scale and are illustrated in Figure C-3. Sim~
ilar flow systems modified by fracture patterns may exist
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within batholiths, although documentation of such systems is

not currently available. Theoretical models developed by
Toth (1963) and Freeze and Witherspoon (1966, 1967) are of
possible use in analyzing these varicus flow systems.

C.4 DOTENTIAL RELEASE PATHWAYS

It is appropriate to investigate a variety of other condi-

tions that are likely or possible and which represent potential

pathways for the release of depository contents. The following

is a partial listing of conditions which require consideration

in the crystalline rock models.

1.

2,

Depository-Induced or Related Conditions:

d.

b.

d.

Fracture zones around openings: Similar to the problem

in basalt.
Shaft backfill and shaft sealing: Similar to the prob~

lem in basalt,
Fracturing of depository zome: Similar to the problem

in basalt., Fracturing may not be very important due to
the uniformity of the formation. Thus, local increases
in fracturing around the depository may not significant-
ly alter the resatﬁfation time or transit time.
Thermally-induced groundwater flow: Similar to the

problem in basalt.

Existing Geologic Conditions:

1

b.

Faults: Similar to the problem in basalts. However,
faults may be more significant in crystalline rocks
since they lack the numerous permeable zomes which may
effectively intercept flow in basalts.

Geothermal effects: Similar to the problem in basalts.
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C.

Fracturing (Joints): Batholiths contain characteristic

cooling joints which have great persistence and are well
interconnected. Such joints tend to be widely spaced.
The fracture permeability of such networks is critical
and will require further investigation. The problem
could be modeled similar to the procedure discussed for
basalts,

Future Geologic Changes:

a.

bl

Faylting and tectonically induced changes in fracturing:
Similar to the problem in basalts.

New Intrusive Activity: A remote possibility, but one
that would have implications for the depository.
Glaciation: Many potential crystalline repository sites

were glaciated during the Pleistocene,

Man-Induced Pathways

.

C.

Wells: Wells exist in the upper fractured zone in many
crystalline areas., However, the wells are of small
yield and shallow. The occurrence of deep wells pene-
trating to the level of a depository is very unlikely,
Undetected boreholes and failed borehole seals: Similar
to the problem in sedimentary models. Like basalts, the
probability of undetected deep boreholes is less than
that for sedimentary basins, and the consequences may be
less due to the limited vertical gradients,

Economic minerals: Batholiths are & principal source of
economic mineralization, although most of the ore
deposits are formed in specifie regions in and around
the intrusive. If the repository is initially sited to
avoid these regions, the prospect of commercial
exploitation in the vicinity of the site is remote.
Careful evaluation of the mineral potential of the
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chosen site and its environs is required. In addition,
some thought should be given to the distance from poten-
tially mineralized areas that the repository should be
located.
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i Table C-]

Permeability of Metasediments from Margquette Mining District, Michigan

Hydraulic Conductivity of Unfractured Samples

cm/sec
Number
of .
Rock Type Samples Mean Median Maximum Minimum

Iron Formation and 9 1

Iron Ore 36 1.6 x 1676 6 x 10” 3.8x107° 1.1x10°%0
Graywacke 5 3.3 x 107° 1x1077 Lsx107? 2.7 x 10710
Slute 9 6x107? 1,3x1077  4.5x108 5 x 10710
Chert 1 - 1.9 x 10-10 - -
Slate with Quartz

Seams 1 - 1.8 x 1074 - -
Mica Schist 1 - 2.1 x 1072 - -
Quartzite 1 - 1.9 x 102 - -
Conglomerate 1 - 2.8 x 1078 - -

(Ref: Davis and DeWiest, 1966 from Stuart, Brown, and Rhodehamel, 1954)
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RELATION OF WELL YIELD TO WELL DEPTH IN 239

CALIFORNIA WELLS IN CRYSTALLINE ROCK

Fgue -2

.55 4

.50

24

.204

Average yield per foot of well below water toble (gpm)

.05

0-100

10! - 150
151 -200
201 - 300
301 - 400

b———1 401 -423

Range in depth (feet)

Note: Weils in Slerro Nevoda

(Ref.: Turk ,1962)
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IDEALIZED MQDEL OF FLOW PATTERNS IN

METAMORPHIC AND IGNEOUS ROCKS “gue C-3 ,
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a) Cross section showing approxmate configuration of water tabie and
boundory of flow system along line A-B.
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qroundwater  flow
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Stordord  tum
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groundwater flow
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~——— Line of flow

b) Theoratical flow patterns ond boundories between different flow systems.

(Modifisd after Toth, 1963)
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TYPICAL CROSS SECTIONS OF REGIONS e ot
QOF CRYSTALLINE ROCK MASSES N

Vertical scale approximately 100,000 feet
{ P.B. King 1959 )

Fig. B-CROSS SECTION OF SIERRA NEVADA
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{Hamilton & Myres 1967 )
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TYPICAL PART OF CRYSTALLINE APPALACHIANS
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GENERALIZED CROSS SECTION OF THE
SAVANNAH RIVER PLANT SITE

Figure C-

B 1T Y T A et :] LU T LT AL

=== SAVANKAH RIVER PLANT —— -~

"pr
oy

1200

40

Al

{ Notional Academy of Sciences 1972 )
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GEOLOGIC MAP AND SECTION OF VASQUEZ TUNNEL

Figure C-9

o

(Warner 8 Hornback 1571 )
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Tunnel - Station Distance Mmor  per per
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