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ABSTRACT

Intensive research and development of in situ uranium mining took
place in the United States during the 1970s. By the end of the decade,
nearly 10% of all uranium production came from in situ mines. Recent poor
market conditions, however, forced the closure of all domestic in situ
uranium mines.

When market conditions improve, domestic in situ mining is expected to
make a modest recovery. Successful licensing of future in situ mines will
depend to a large extent on the ability to contain the leach solutions
(lixiviant) within the ore zone. Uncontrolled movement of lixiviant beyond
the ore zone is called an excursion.

The industry has demonstrated the capability to reduce, monitor, and
control lateral excursions in an ore zone aquifer. On the other hand, ver-
tical excursions of lixiviant migrating into an overlying aquifer through
poorly plugged exploration holes continue to plague the industry.

This paper summarizes the history of excursions at selected in situ
mines in the United States and discusses methodologies for excursion
identification and control. The incidence of vertical excursions can be
significantly reduced by certifying well field units through field-wide
testing of the ore zone aquifer prior to the injection of lixiviant. An
overlying aquifer can be effectively monitored for excursions by periodi-
cally analyzing fluids in observation wells for nonreactive ionic species
common to the lixiviant. These jons would necessarily have low probabili-
ties of naturally exceeding a given concentration, referred to as an upper
control Timit. A mining unit would require recertification after each
vertical excursion.
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1. INTRODUCTION

1.1 STATEMENT OF THE PROBLEM

In situ uranium mining has been developed in preference to conven-
tional open pit and underground mining for low grade ore deposits. Wyoming
and southern Texas were the prominent areas for early field experiments and
in subsequent commercial-scale production. In situ mining generally is
environmentally and economically favorable to other methods of mining.

Stratigraphy of most in situ uranium mine sites consists of inter-
bedded layers of sand, silt, and clay with sinuous deposits of sand and/or
gravel, deposited in fluvial environments. Facies changes (both laterally
and vertically), erosional channels, scour and fill deposits, and zones of
high hydraulic conductivity often exist at in situ uranium mine sites.
These natural factors and man-made factors, such as unplugged boreholes and
poorly sealed wells, complicate in situ mining of uranium.

The in situ mining process involves injection of leaching solution
(lixiviant) into an ore zone aquifer to dissolve uranium-bearing minerals.
The lixiviant consists of water containing an oxidant and an ionic com-
plexing agent. The oxidant converts uranium from the reduced (+4) to the
oxidized (+6) valence state, so that dissolution and complexation can
readily occur. Common oxidants are oxygen and hydrogen peroxide; common
complexing agents are the sulfate ion in a sulfuric acid lixiviant and
carbonate and bicarbonate ions (ammonium carbonate/bicarbonate or sodium
carbonate/bicarbonate) in an alkaline lixiviant. The uranium-rich solution
is pumped from the ore zone by recovery wells, stripped of its uranium by
ion exchange, and reinjected into the ore zone through injection wells.

One of the major problems associated with the in situ mining method is
the uncontrolled migration of lixiviant and dissolved constituents such as
radionuclides, arsenic, selenium, chromiun and lead outside of the produc-
tion zone. These undesirable lixiviant migrations are known as excursions.
Horizontal and/or vertical excursions have occurred at many of the in situ
uranium mine sites in the western United States, and are recognized by
mining companies as events that should be prevented.

Excursions are a result of both natural and man-made causes. However,
the absence of critical data often prevents the complete understanding of
the causes. In these cases, excursion clean-up can be very expensive and
sometimes impossible. The development of a sound data base on the
hydraulic properties of the aquifer and confining layers, hydrogeologic
characteristics of faults, and the condition of abandoned drill holes prior
to mining is essential to excursion prevention and control. This study is
being conducted to obtain a better understanding of the hydrogeologic
factors that control excursions and to develop proper methods of hydro-
geologic evaluation of uranium in situ mine sites located in the United
States.



1.2 PURPOSE AND OBJECTIVES

The purpose of this study is to obtain a better understanding of
excursions at in situ uranium mines. The general objectives are to eval-
uate the hydrogeologic factors that control excursions, to develop hydro-
geologic evaluation guidelines that should be followed in order to achieve
a thorough understanding of the hydrogeologic characteristics at potential
or existing in situ uranium mine sites. Proper understanding of the hydro-
geology prior to mining a given area is essential to prevent excursions
from the production zone during mining.

Specific objectives include:

1. Analyze existing hydrogeologic data and develop conceptual models
of the hydrogeologic environment at seven in situ uranium mine
sites in Wyoming and one site in Texas.

2. Analyze the excursions that have occurred at the mine sites, along
with their causes.

3. Compare and critique the methods of hydrogeologic data collection
at each of the sites to determine if they were adequate for their
intended purpose(s).

4. Discuss the use of aquifer testing to assess the potential for
excursions.

5. Develop and recommend hydrogeologic testing procedures and methods
of analysis that can characterize site hydrogeology sufficiently
to identify reliable barriers to excursions.

1.3 METHOD OF STUDY

A major portion of this investigation consisted of the review and
analysis of existing hydrogeologic data for seven in situ uranium mines in
Wyoming and one site in Texas. Most of the data for the Wyoming sites were
collected by the mining companies and their consultants in response to
requirements by the U.S. Nuclear Regulatory Commission (NRC) and the
Wyoming Department of Environmental Quality for operating licenses. These
data were supplied for this investigation by the NRC; a limited amount of
information was supplied directly by the mining companies. Most of the
data for the Texas site were collected by the mining company and its con-
sultants in response to requirements by the State of Texas. These data
were supplied for this investigation by the Texas Department of Water
Resources. Site selection for the case histories (summarized in Appendix
A) was based on data availability and not on the number of excursions that
occurred at a given site.

The remaining information for this investigation was derived from the
review and analysis of publications that pertain to uranium deposition, in
situ uranium mining, and various aspects of hydrogeologic analysis.



1.4 PREVIOUS INVESTIGATIONS

Numerous geologic and hydrogeologic studies have been conducted for
in situ uranium mine sites by mining companies and their consultants in
Wyoming and Texas. The information ordinarily is supplied to the NRC
and/or the Wyoming Department of Environmental Quality and the Texas
Department of Water Resources, respectively. The NRC conducts environ-
mental assessments for each mine site in Wyoming prior to the initiation of
lTeaching activities. A1l regulatory authority in Texas pertaining to in
situ uranium mining is vested in that state's Department of Water
Resources.

Although many papers have been written about in situ uranium mining,
very little has been reported regarding excursions, hydrogeologic controls
on excursions, and ‘hydrogeologic evaluation methods for characterizing in
situ mine sites with respect to potential excursions. Most papers provide
general environmental considerations of in situ mining with 1ittle discus-
sion of excursions in case studies.

The U.S. Bureau of Mines has published many reports dealing with in
situ uranium mining. Larson (1980) and Kasper et al (1979) discussed
environmental controls of in situ mining. O'Rourke et al (1977) prepared
"Field Permeability Test Methods with Applications to Solution Mining" for
the U.S. Bureau of Mines. The NRC (1981, 1982) have presented "Groundwater
Monitoring at Uranium In Situ Solution Mines" and "Hydrogeologic
Characterization of Uranium Solution Mine and Mill Tailings Disposal Sites"
as staff technical position papers. These two papers provide general
guidance on hydrogeologic characterization and monitoring for in situ mine
sites. Finally, Bishop (1980) outlined situations at in situ uranium mines
that may contribute to excursions and suggested methods applicable to
detecting the causes of non-production zone excursions.

This report uses the above sources of information whenever possible in
the analysis of the eight case histories.






2. HYDROGEOLOGY OF IN SITU URANIUM MINE SITES

In situ uranium mining was developed primarily as a method for
extracting uranium from sandstone uranium ores that are too deep, too small
or too low grade to be mined economically by any other mining method.
These uranium ore deposits consist predominantly of mineralized bodies of
sandstone that contain uranium minerals which were precipitated out of
solution or flocculated from colloidal suspensions. Uranium occurs as
mineral coatings on sand grains or as precipitated deposits within
interstitial pores (Bailey and Childers, 1977).

In situ uranium mining is used to extract uranium from permeable sand-
stone ore deposits approximately 30 to 180 m (100 to 600 ft) below ground
surface. If in situ methods are to be applied, the uranium-bearing sand-
stone must be separated hydraulically from other aquifers by low hydraulic
conductivity clay or shale units (Fig. 2.1). Uranium is present as an
insoluble uranium oxide in roll-front type deposits (Fig. 2.2). Such
rol1-front deposits occur as a result of uranium deposition by ground water
along an oxidation-reduction front,.

The ore deposits in Wyoming and Texas occur in sandstone units in
several configurations such as cresent-shaped along channel margins,
tabular-shaped along hydraulic conductivity changes, and ellipitical- or
dish-shaped within scour pockets. Uranium was carried in solution by
ground water from source areas, through the sandstone aquifer, to the roll-
front where uranium and associated minerals were precipitated. Distant
weathered, granitic intrusives or overlying sedimentary rocks containing
tuffs are considered probable sources of uranium in the Wyoming and Texas
roll-front deposits. The zone of deposition occurred at the roll-front as
a result of a reduction in oxidation potential (Eh) and pH in the solution,
generally due to the presence of carbonaceous material, native sulfur and
pyrite at that location in the aquifer. Nearly all roll-front deposits are
below the water table, thereby being unaffected by recent oxidation and
redistribution; uraninite and coffinite are the principal ore minerals.

Uranium ore bodies are typically associated with the coarser grained
clastic sediment within a given mining district. Those of the Gas Hills
District (Wyoming) accumulated in the East Canyon, Dry Coyote, and Muskrat
boulder conglomerates, members of the Eocene Wind River Formation (Soister,
1968). Uranium ore in the Powder River Basin, Wyoming, is found in the
coarser sandstone members of the Eocene Wasatch Formation. Sandstones in
the Wasatch are generally barren where they contain appreciable amounts of
silt and clay-sized material. On the other hand, concretionary sandstones
are generally free of fine grained materials and they often contain uranium
(Sharp and Gibbons, 1964). Fluid flow in and around Wasatch ore bodies is
complicated by wide variations in permeability resulting from the presence
of carbonate concretions and highly variable silt and clay content within
the sandstone units. In situ mining of Wasatch ore bodies present chal-
lenging but not insurmountable problems in lixiviant control, whereas
Tixiviant excursion could never be controlled in the boulder conglomerates
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of the Wind River Formation. To date, no in situ mines have ever been
developed in the latter, whereas several ore bodies have been mined by in
situ methods in the Wasatch.

A detailed understanding of the site-specific sedimentary environment
and - associated stratigraphy at in situ uranium mine sites is important to
the evaluation and interpretation of excursions. The extent to which sedi-
mentary deposits at in situ mine sites are heterogeneous and anisotropic
(directional non-uniformity of specific physical properties) may influence
the degree to which leaching solutions can be controlled within the
production zone. Post-depositional changes due to structural or erosional
instability may have significantly influenced the character of the strati-
graphy. The stratigraphy of an existing or proposed in situ uranium mine
site should be well defined both laterally and vertically in order to
analyze the suitability of that site for leaching of uranium.

Depositional mode determines the geometry of a sedimentary unit; the
geometry establishes the degree of lateral and vertical homogeneity and the
hydraulic bounding conditions. Fluvial sands are neither uniform nor do
they vary in a uniform manner. Alluvial fan deposits also are not uniform
in character; they contain numerous abrupt lateral and vertical facies
changes. Lacustrine sediments deposited in the central portion of a lake
generally are uniform and laterally consistent; sediments at the lake
margins are less uniform in character. Delta sands are deposited in a
radiating network of channels bounded by levee silts and clays. Clastic
shoreline deposits differ in character between transgressions and regres-
sions of the sea, and the deposits vary considerably from the shoreline out
to the marine shelf. The reader is referred to Selley (1978) for further
discussions of sedimentary environments.

The above descriptions illustrate that some sedimentary environments
may be more susceptible to excursions than others. Fig. 2.3 is a simpli-
fied illustration of potential excursion pathways. An ideal stratigraphic
sequence for in situ mining is a homogeneous and isotropic uranium-bearing
sandstone bounded by uniformly thick clay or shale units. Such a sequence
is not found in nature. Stratigraphic units deposited in braided river
systems, alluvial fans, and deltas probably are the least desirable units
in which to mine uranium in situ. These units tend to be heterogeneous,
thereby facilitating excursions. Lacustrine and deep marine sedimentary’
environments probably are the most desirable for in situ mining of uranium.
Deep marine environments are not known to have existed at any in situ
uranium sites in Wyoming or Texas. All of the sites examined in this study
are fluvial systems except for the Nine Mile Lake mine. The ore zones in
the latter case were developed in sandstones of shallow marine origin.

Post-depositional changes in the sedimentary deposits may signifi-
cantly affect stratigraphic continuity. Erosional channels (scour and fill
deposits) in confining units may provide preferential pathways of higher
hydraulic conductivity for vertical and lateral lixiviant migration
(Fig. 2.3). Scour and fill deposits may occur between boreholes and remain
undetected during exploration; these discontinuities may exist in appar-
ently continuous strata. Faulted and fractured areas are especially



Coarse Sand & Gravel Silt

Sand | [==] Clay or Shale e

XOOOXX Qre Zone

Potential Excursion
Routes

Fig. 2.3. Simplified illustration of a sedimentary environment susceptible to excursions.



10

vulnerable to excursions because zones of potentially high vertical
hydraulic conductivity may exist. The exploration and testing programs at
existing and potential in situ uranium mine sites must investigate the
stratigraphy in detail so that preferential pathways for fluid movement in
the system can be detected.

Six of the seven in situ uranium mines in Wyoming described in Appen-
dix A are located in the southern portion of the Powder River Basin; the
other site (0gle Petroleum, Inc.) is located in the Bison Basin (Fig. 2.4).
The remaining site in this study is located in the Texas Coastal Plain,

Periods of marine transgression and regression occurred during Creta-
ceous time in much of Wyoming; deposition of thin layers of marine sands
and carbonates interbedded with non-marine clastic sediments resulted.
The Laramide orogeny began during late Cretaceous time along the western
continental margin and controlled structural development in Wyoming. After
withdrawal of the Cretaceous sea, mountains surrounding the basins were
uplifted repeatedly and were eroded continuously; subsidence occurred in
the basins at the same time. Large volumes of river and lake deposits
filled the intermountain basins throughout Paleocene and Eocene time.
Sediments also were deposited on the subsiding margin of the Gulf coast
sedimentary basin in Texas (Galloway et al, 1977). Minor periods of
degradation occurred during this time also.

The early Tertiary also was a period of vigorous volcanism in the
western United States. Thin units of volcanic ash containing disseminated
uranium are interspersed with normal Eocene sedimentary units.

None of the depositional environments of the eight in situ mine sites
described in this report were identical; characteristically, the boundaries
between different adjacent environments are transitional. The key to sub-
surface designation, interpretation, and evaluation of sedimentary environ-
ments lies in the study of vertical sequences of lithology, and the study
of sedimentary structures from cores, grab samples, and geophysical logs.
The sedimentary environments of the eight sites are discussed in Appendix
A.

2.1 SEDIMENTARY ENVIRONMENTS OF IN SITU MINE SITES

Most sandstone uranium deposits occur in hydrogeologic environments
that consist of sediments that were deposited in fluvial or coastal envi-
ronments. The stratigraphy of these sediments typically is very complex
due to the nature of the depositional environments in which the sediments
were deposited. These depositional environments include: 1) fluvial
plains associated with meandering and/or braided streams, 2) alluvial fans
and bajadas, and 3) beach barrier and tidal flats along coast lines.

Klein (1980) suggests that sandstone uranium deposits occur most
commonly in fluvial channel systems; the most favorable zones for uranium
accumulation appear to be the bottoms and margins of stream channels,
According to Klein (1980) mineralization of uranium in the Texas Coastal
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Plain is confined largely to the channels. In other areas, mineralization
is favored along channel walls in braided alluvial fans, as has been demon-
strated to occur in the Morrison Formation by Fisher (1970, 1974) and
Rackley (1975), and in the Gas Hills district of Wyoming by Rackley (1972).
Table 2.1 lists the depositional environments for some of the major uranium
districts in the western United States.

2.1.1 Fluvial Plains

Fluvial plains consist of deposits of broad aggraditional floodplains
that were formed by meandering streams and/or braided streams (Figs. 2.5
and 2.6); there also may be a type of fluvial plain that is intermediate
between alluvial fans, and floodplains in humid areas (Blatt et al, 1980).

The geometry of sandstone bodies formed in meandering stream environ-
ments usually are elongate (shoestring), and bounded below and on both
sides by flood-basin fines. The shoestrings also may be covered by fines
due to migration of the stream to a new position during deposition (Walker
and Cant, 1980). Models of high sinuosity meandering streams predict that
a series of sand lenticles interbedded with shales should be developed if
there is basin subsidence and a continual supply of sediment. The thick-
ness of a single-sequence sand body should reflect the approximate depth of
the depositing stream; however, stacking of sand bodies can occur with :
younger channel deposits cutting into older ones (Walker and Cant, 1980).

According to Klein (1980), braided streams show a bifurcating and
rejoining channel pattern. They occur commonly in terrains of moderate
slope where fluctuations in streamflow velocity result in the deposition of
sediment as a series of longitudinal braid bars within the channel system.
Fine-grained materials (silts and clays) tend to be transported through the
system without accumulation; vertical accretion deposits are rarely pre-
served, and flood basin deposition is not as important a process as it is
in meandering systems (Walker and Cant, 1980).

Sandstones formed by braided stream systems consist mostly of sand and
gravel; muds usually are subordinate or absent (Friedman and Sanders,
1978). The absence of mudstones or shales in the stratigraphic record,
distinguishes sandstone bodies that were formed by braided streams from
those that were formed by meandering streams; also a progressive upward
decrease in particle size is not nearly as prevalent in braided stream
deposits as in meandering stream deposits (Friedman and Sanders, 1978).
Walker and Cant (1980) suggest that coalescing bars and sandflats of
braided streams typically result in laterally continuous and extensive sand
sheets that are unconfined by shales; any shales preserved in the section
will tend to be patchy and laterally discontinuous.

2.1.2 Alluvial Fans
Alluvial fans form when sediment-bearing water flowing out of uplands

undergoes a sudden reduction in open channel flow velocity due to an abrupt
reduction in slope angle. Stream morphology and sediment distribution
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Table 2.1. Sedimentary characteristics of fluvial depositional
environments in the uranium districts in the western United States.

District

Characteristics

Crooks Gap, Wyoming

Gas Hills, Wyoming and
Ambrosia Lake, New Mexico

Lisbon, Utah
Laguna, New Mexico

Powder River Basin, Wyoming
and Uravan, Colorado-Utah

Bison Basin, Wyoming

Ray Point, Texas and
George West, Texas

Webb-Duval, Texas

Alluvial fans: unsorted, coarse-grained,

poorly stratified, rare mudstones

Braided river system: sandstones domi-
nant; shallow, broad channels, few mud-
stones

Coarse-grained meander belt: mudstones
more common, lenticular sandstones,
deeper channels, point bars

Fine-grained meander belt: mudstones
dominant, few lenticular sandstones,
point bars

Large system of channel sandstone
deposits, siltstones and mudstones

Bed load fluvial system: mixed load
fluvial system, deltaic and barrier
systems

Crevasse splay marginal to main fluvial
channel complex

Source: DeVoto, 1978 (modified).
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(Fig. 2.7) are controlled by the slope changes, depositional processes and
flow velocity (Klein, 1980).

Sediment deposited on alluvial fans typically is coarse; poorly sorted
debris flow deposits or poorly stratified fluvial gravels typically occur
near the apex (Blatt et al, 1980). Normally, the maximum clast size is
found near the apex, even in fans deposited mainly from debris flows. Fans
deposited by stream floods and flows generally contain sandy interbeds with
plane stratification and planar and trough cross-stratification (formed by
transverse bars, sand waves, and dunes) (Blatt et al, 1980).

According to Friedman and Sanders (1978) the following diagnostic
features should aid in the recognition of alluvial fan deposits in the rock
record:

1. Fan deposits generally are lenticular or wedge shaped.

2. Water-Taid deposits consist typically of moderate to well sorted,
coarse-grained sandstones and conglomerates. Debris-flow deposits
consist generally of sand particles, cobbles and boulders embedded
in a poorly sorted shaley and silty matrix. Shale is dominant in
mud-flow deposits and large particles are minor.

3. Stratification ranges from good in water-laid deposits to poor in
debris-flow deposits to nearly nonrecognizable in mud-flow
deposits. Water-laid deposits may be cross stratified or plane
bedded.

4. Water-laid deposits may occur in channels as channel fills having
truncations at their base, or as extensive sheetlike beds.

5. Organic material is usually absent.

6. The colors of the rocks are yellow, brown or red, indicating that
the iron is in an oxidized state.

7. Typically fan deposits interfinger with other products of desert
environments, such as those of playas; in some cases, however,
fans build at the edge of the sea.

2.1.3 Beach Barrier and Tidal Flats

Sandstone bodies associated with three main environments of barrier-
island depositional systems are of significance with respect to potential
uranium deposits. These environments are the barrier beach, lagoon, and
tidal channel-delta complex. Reinson, (1980) describes these environments
as follows. Sediments deposited in barrier-beach and channel-delta
environments consist predominantly of sand and gravel, whereas the lagoonal
(back-barrier) deposits can consist of both mud and sand. Elongate
barrier-beach deposits 1ie parallel to the strandline and enclose finer-
grained deposits of the lagoon. Tidal-channel and delta sand deposits,
generally are oriented perpendicular or oblique to the barrier complex;
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Figure 1B. Convex-upward cross-fan profile. (Lateral
facies are commonly adjacent fan facies or same as distal
s shown in section A-B.)
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these deposits can extend into the lagoon and seaward into the nearshore
zone. Transition between deposits of the lagoon and barrier and channel-
delta deposits occurs in the overlapping subenvironments of the back-
barrier tidal flats, marsh, washover fans and flood-tidal deltas.

According to Klein (1980), uranium occurrences in sandstones usually
are limited to sandstones that are interbedded with mudstones; precipita-
tion of uranium from solution is believed to have been accelerated by
impedence to ground-water flow at sandstone-mudstone intertongues, or by
interbedded organic rich layers. Good examples of the barrier
sandstone-type uranium deposits occur in the Texas Coastal Plain in the
Jackson Group (Dickinson, 1976; Dickinson and Sullivan, 1976; Fisher et al,
1970). Uranium most commonly occurs in sandstones where they are in
contact with mudstones and organic rich beds; uranium concentrations
typically are highest on the updip side of barrier sands (Fisher et al,
1970), presumably because the updip sides of such systems tongue into
lagoonal muds and marshes.

Interbedded sandstones and mudstones are common to tidal flats, par-
ticularly where intertidal channels are filled with sand (Klein, 1980).
Supratidal environments potentially are conducive to uranium precipitation,
if a source is present; organic matter in salt marshes may serve poten-
tially as a precipitant for uranium in solution (Klein, 1980).

2.2 HYDROGEOLOGIC TESTING OF IN SITU URANIUM MINE SITES

Delineation of stratigraphic units and evaluation of hydrogeologic
properties at in situ uranium mine sites are essential aspects of site
characterization. Variations in subsurface hydraulic conductivity can
significantly affect the movement of lixiviant by providing preferential
pathways for the movement of lixiviant (excursions) beyond the production
area of the in situ mine. Failure to collect comprehensive data during
exploration and testing programs will result in an inadequate understanding
of the hydrogeology and an inadequate monitoring system (Williams and
Osiensky, 1983, Osiensky et al, 1984).

Questions that must be asked about proposed in situ mine sites
include:

1. Can the hydrogeology be defined adequately to ascertain whether or
not an excursion will develop?

2. Where will the lixiviant migrate?
3. What measures may be taken to prevent excursions?
4, Can excursions be controlled?

Upon completion of exploration and testing programs, the mining company and
regulatory agency must decide what risks are acceptable.
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Standard methods for delineating hydrostratigraphy include analysis of
borehole logs such as drill cuttings and core samples. Hydraulic proper-
ties are estimated by a variety of field and/or laboratory methods.
Laboratory methods and some field methods provide point values of the basic
hydrogeologic characteristics; laboratory tests are performed on small sam-
ples that may not be representative of the entire area of interest or may
have been disturbed during handling. Field methods of aquifer testing are
more acceptable because they provide estimates of hydrogeologic parameters
that are measured in situ, These estimates are representative of a volume
of porous media surrounding pumping and injection wells. Single-well tests
provide values representative of a small volume of porous media in the
immediate vicinity of the well. Multiple-well field tests provide
measurements that are averaged over a larger aquifer volume.

2.2.1 Borehole Logs

Exploration boreholes usually are drilled throughout the mine areas to
evaluate the extent and quality of the ore zones. Some of these wells are
logged throughout while many are logged only in specific ore zones. Once a
uranium ore zone has been detected, boreholes typically are drilled at
spacings from 6 to 15 m (20 to 50 ft). This grid of boreholes extends
across the plan area of the ore zone. Natural gamma geophysical logs
generally are recorded in closely spaced exploration boreholes primarily to
locate the uranium-bearing zone(s). Additional geophysical logs (such as
single point resistance, spontaneous potential, neutron epithermal neutron,
sonic and caliper logs) are rarely recorded.

Data from boreholes drilled at in situ uranium mine sites are typi-
cally not obtained or fully utilized for the purpose of delineating
stratigraphic units and sedimentary facies. Continuous cores or extracted
samples and geophysical logs throughout the length of each borehole would
enhance the ability to interpret stratigraphy and its associated ground-
water regime. It is difficult to predict the nature of the ground-water
regime without the ability to map sedimentary facies in the subsurface.
However, collection and interpretation of these data are arduous tasks and
the results of such efforts are not always satisfactory because of the
stratigraphic and structural complexities involved. Even subtle changes 1in
Tithology can produce large changes in permeability as exemplified by the
concretionary and silty sandstone facies of the Wasatch Formation.

Geophysical borehole logging requires considerable care. It is best
to record all geophysical logs in open boreholes. Electric logs cannot be
recorded properly in cased holes. However, uncased holes have a tendency
to collapse below the water table., Service companies are reluctant to log
uncased holes in unconsolidated sediments for fear of inability to recover
instruments from a collapsed hole. Radiation logs can be recorded in
uncased or cased boreholes. They generally require a maximum logging speed
of 4.6 m (15 ft) per minute in order to give an adequate degree of detail.
A constant hole diameter should be maintained to keep the radius of inves-
tigation constant and to eliminate the difficulties of interpreting logs
from multidiameter holes. Caliper logs are necessary in all open holes
when radiation logs are to be interpreted because the response of radiation
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logs is sensitive to borehole diameter. The reader is referred to Keys and
MacCary (1971), Pirson (1970), and Visher (1965) for detailed discussions
of geophysical logs and their interpretation.

2.2.2 Aquifer Testing

Aquifer tests are used to delineate and characterize the stratigraphic
units at in situ uranium mine sites. Carefully designed, conducted, and
analyzed aquifer tests can be used to evaluate many hydrogeologic charac-
teristics of importance. The characteristics include:

1. degree of hydraulic separation between the ore zone and adjacent
overlying and underlying aquifers,

2. hydraulic continuity in the ore-bearing unit,

3. identification of boundaries and concomitant variations in hydrau-
lic conductivity,

4. hydraulic conductivity of the ore zone and vertical hydraulic con-
ductivity of the aquitards overlying and underlying the ore zone,
and

5. velocity of ground-water flow through individual stratigraphic
horizons.

Multiple-well and single-well pumping/injection tests are the most
common aquifer testing methods used at in situ uranium mine sites. Values
of hydraulic conductivity, transmissivity, and storativity should be esti-
mated for the ore zone aquifer from data for each well completed in the
aquifer. Vertical hydraulic conductivity of the confining bed(s) should be
estimated by an appropriate methodology. Aquifer test data also should be
analyzed for boundary and leakage conditions.

Water levels often are measured in observation wells completed in
aquifers overlying and underlying the pumped aquifer to evaluate possible
leaky conditions. Such observations provide the most direct evidence of
hydraulic communication between aquifers. In the most serious cases
(broken casings, improperly plugged and abandoned holes, a discontinuous
aquitard) of potential excursion pathways, observation wells may respond
within a few hours of the initiation of pumping. For sluggish pathways of
excursion, the response time may be excessive. In sluggish ground-water
regimes, drawdown in observation wells may also be masked by other factors,
such as antecedent water level trends, barometric pressure changes, inter-
ference pumping, and consolidation (the Noordbergum effect) (Verruijt,
1969). Antecedent water level changes and barometric pressure changes have
not been measured during most aquifer tests conducted at in situ uranium
mine sites; therefore, it is occasionally difficult to interpret the data
collected from wells completed in the overlying and underlying aquifers.
Where the results of the above observations are inconclusive, other methods
of analysis to detect leakage and differentiate between causes of leakage
will be required.
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The Theis (1935) nonequilibrium method and the Cooper and Jacob (1946)
straight Tine method are used extensively to estimate the transmissivity
and storativity of the pumped aquifer from an analysis of pumping test
data. These methods of analysis give valid results when a sufficient
amount of drawdown data is available and when the following assumptions are
approximated closely:

1. The aquifer is homogeneous and isotropic.

2. The aquifer has infinite areal extent (its boundaries are well
beyond the effects of pumpage).

3. The pumping well fully penetrates the aquifer.

4. The well has a small diameter (of no practical significance for
periods of pumping more than a few minutes).

5. Water is released from storage in the aquifer instantaneously with
decline in head.

Modifications to these methods exist and must be applied if geologic and
hydrologic conditions do not approximate the assumptions. Such modifica-
tions must be applied for changing water table conditions, leakage, partial
aquifer penetration, boundary conditions, variable pumping rates, barome-
tric pressure changes, tidal effects, or multiple confined aquifers.

One of the most common methods of analysis used for leaky aquifer con-
ditions is the Hantush and Jacob (1955) leaky artesian method. This method
allows the estimation of values of hydraulic conductivity and storativity
of the pumped aquifer and the vertical hydraulic conductivity of the over-
lying confining bed. The calculated values of vertical hydraulic conduc-
tivity constitute highest estimates when <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>