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ABSTRACT

This report provides methods to collect data and evaluates impacts con-
cerning ground-water elements of production-scale leach mining of uraniu .
Two overlapping networks of monitor wells are designed to collect pre-
mining hydrogeologic and baseline water-quality data and to detect
excursions of leaching fluids. The pre-miring data collection network
consists of 24 wells completed into the ore-zone aquifer and the water-
bearing units above and below it. The excursion-monitor network utilizes
two rings of wells encircling the ore body and other wells strategically
placed iuio other water-bearing units. The lateral excursion detection
system is keyed to changes in water levels whereas the vertical excursion
detection system is keyed to changes in water quality.

Several ground-water restoration methods are evaluated. Mechanical and
chemical restoration methods can significantly remove most introduced
and mobilized chemicals. Natural geochemical mechanisms should be
capable of causing water-quality improvement. Several water-quality
constituents, i.e., ammonia, chloride, wulfate, may not be greatly
affected by restoration efforts.

Most mining and restoration activities shou'd not greatly affect the
availability or usefulness of ground water unless uncontrolled withdrawals
from many sources occur. Disposal of leach mining wastes may prove a
greater threat to the environment than the mining. Natural conditions
and/or current state and Federal regulations limit the types of disposal
methods that may be used.






SUMMARY

The investigation summarized herein was undertaken in 1977-78 to assist
the U, S. Nuclear Regulatory Commission in protection of grcund-water
resources at sites where in-situ leach mining of uranium is expected to
take place. The major objectives of the investigation were to: (1)
provide criteria and a methodology for establishing baseline grourd-
water quality; (2) evaluate methods of restoration and their potential
environmental impacts; (3) evaluate excursion control methods and their
environmental impacts; (4) develop criteria for selecting excursion and
restoration monitoring programs; (5) assess the potential impact of
mining and restoration on water use; and (6) determine the potential
impacts of disposal of wastes generated during mining and restoration.

The physical environments of the potential mining areas and the methods
used in the in-situ leaching are very similar, and can be briefly summarized
as follows:

}. The uranium ore body is found in sand lenses within a much
thicker sedimentary sequence of sand, silt, and clay.

2, Ground water in the uppermost part of the sedimentary sequence
is under water-table conditions, whereas the beds containing
the ore bodies are at least locally confined.

3. Deposition of mineral species that are found in close associ-
ation with a uranium ore body is controlled by the same
oxidation/reduction reactions that localize the uranium,

4, The ground-water system in the mining areas is capable of
yielding sufficient water cf generally good quality to support
individual water supplies, stock watering, small towns, and
light irrigation.

5. The uranium is mined using lixiviants that oxidize and complex
the uranium and other metals in soluble form.

6. The standard leach field utilizes injection wells as the outer
ring of wells and production wells at the center. By punping
at a rate higher than the injection rate, the effects of
mining on the ground water are normally confined to within a
few tens of feet of the leach field.

CRITERIA AND METHODOLOGY FOR ESTABLISHING BASELINE WATLR QUALITY

An analysis of ore-body mineralogy, lixiviants, geochemical reactions,

and the ground-water flow regime indicates that several different water-
quality conditions may naturally occur in and around the well field.

Thus, a comprehensive hydrologic survey must be made to define the
ground-water systém in three dimensions. For this purpose, 13 observation
wells are installed: 9 in the ore zone, 3 in the water-bearing unit



above the ore zone, and | In the water-bearing unlit below the ore zone.
Water-level measurements taken In these wells are used to determine both
korizontal and vertlical tlow In the ground-water system. Yhe wells are
also used .. determine the (1) capacity of the system to transmit water,
(2) permeabllity of the ore-zone aguifer, (3) anlsotropy of the ore-zone
aquifer, and (4) capacity of the confining beds to transmit fluids.

Baselline water-quality data are collected from 22 wells, including: 16
wells installed In two linear arrays through the ore body and perpendicular
to the ore-body trend; 3 wells in the overlying water-bearing rone; and

3 wells in the underlying water-bearing rone. Water samples ate collected
and analyzed for 38 parameters including the major cattions and anlfons,
arsenlc, selenium, heavy metals, radloactivity parameters, specific
conductance, and temperature. Wells used to collect water-quality data

can also be used to collect pre-mining hydrologic data and may be converted
to excursion monitor wells or injection or production wells. KRC should
reevaluate the usefulness of this pre-mining data collection program as
guidelines and program decislions are made.

METHODS OF RESTORATION

Several techniques have been tested or proposed fot restoration of
ground water affected by mining. The restoration tcchniques have only
been applied at the research and development piojeci level where extra-
polation of results to production-scale operations Is particularly
difficult because of differing geologlc and geochemical frameworks.

The restoration technique belng considered wost widely today involves
pumping residual flulds trom the well field and drawing uncontanminated
ground water from outside the fleld to displace the residual tlulds.,
Pilot-project tests indlcate that the total dissolved sollds concentration
in ground water within the well field can be restored to the average
baseline level. However, concentrations c¢f trace metals, ammoni .,
arsenic, and selenium may not be returned to average baseline conditions.

To expedite restoration, slimultaneous pump.ng of the well field and
injecting of specifically tallored fluid into the well field has been
suggested. Natural ground water and treated leach-fiold water may be
injected to displace and dilute residual ltixiviant tlulds, This tech-
nique may achicve reduction of total dissolved sollids concentrations to
acceptable levols, but the effect on any one constlituent is unkhnown,
The Introduction of oxygen into the ground-water system by the Injected
water will allow continued mobilizatlon of urantum and other oxidizable
metals,

Another restoration technique utilizes the injection of special chemical
solutions to remove certain bothersome constituents fiom the well-field
ground water. Theoretically, the injectlion of reducing agents, such as
hydrogen sulfide, will convert the soluble uranlum and heavy metals to
Insoluble forms which will be-naturally removed in-ground by preciplta~
tion. The solution lett in-place will remaln high In the major ions
that are not affected by the reducing agents. This restoration approach
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has not been field tested. Ammonia desorption and removal has been

field tested using salt solutions. Results indicate that some ammonia
can be removed from the system but that baseline water-quality conditions
are not restored.

Although it appears likely that natural geochemical processes can remove
objectionable minor elements, the amount of time for natural restoration
cannot be predicted based on current knowledge. Natural restoration may
not be effective in the removal of ammonia to baseline levels.

EXCURSION CONTROL METHODS

The movement of lixiviants outside the mining zone in either a lateral
or vertical direction is considered to be an excursion. Lateral ex~
cursions will occur only when the hydraulic gradient associated with the
mining operation is away from the well field. This may occur locally
even though the net hydraulic gradient is toward the well field. Flow
away from the field is slow except where unusual geologic conditions,
such as high permeability zones or fractures, allow rapid excursion.

Upon confirmation of a lateral exct an, corrective action should be
taken. If the excursion is relatively small, correction can be achieved
by re-establishing an inward hydraulic oradient in the area of the
excursion. (f the excursion is extensive, restoration-type measures
Ast be taken.

Lateral excursions have been documented using water-quality monitoring
techniques. Available data indicate that the best water-quality in-
dicator of an excursion is an increase in total dissolved solids con-
centration, which is attributable to large changes in concentration of
calcium, magnesium, sodium, chloride, and sulfate.

Vertical excursions occur when lixiviants escape into water-bearing rock
above or below tihe ore body. Escape may occur through natural weak
points in the confining beds or around improperly completed or abandoned
wells., To minimize the impact of the vertical excursion, it is necessary
to eliminate the pathway of escape, if it can be located. Natural paths
cannot be closed but artijicial avenues of escape may be. Restoration-
type measures can be used to contrel and clean up a vertical excursion.

MONITORING PROGRAM

A monitoring network, develcped to detect excursions in a timely fashion,
is installed in the ore-zone aquifer and other water-bearing units. The
network of monitoring wells 1s arranged in two rings around the ore

body, located 50 ft (15 m) and 250 ft (75 m) from the well field. Wells
in each ring are spaced 200 ft (60 m) apart. In addition, three monitor
wells are inscalled in the water-bearing unit above or below the ore
body.
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The hydraulic properties of ore~zone aquifers are such that excursions
are expected to move slowly., Ground-water quality changes resulting
from an excursion will be noted in monitor wells only after large volumes
of ground water are affected. On the other hand, pressure changes

caused by injection and production imbalances are transmitted instanta-
neously throughout the system. Water-level measurements in a system of
monitor wells can provide sufficient data to rapidly determine excursion
events.

The type of monitor system needed to determine the effects of aquifer
restoratiam is dependent upon the standards for restoration finally
determined by NRC. A sufficient number of monitor wells, injection
wells, and production wells should be in place at the time of restoration
to facilitate any post-cperation monitoring program. The restoration-
monitoring program is water~quality oriented, and continues until the
regulatory goal is achieved.

POTENTIAL IMPACTS ON WATER USE

The general quality of ground water found in aquifer systems that contain
leachable uranium is very good, so that the water is usable for most
water-supply purposes. High radium levels, however, may make water that
is in direct contact with the ore body unusable. The excursion monitoring
program will help prevent water-quality impacts from extending beviad

the immediate vicinity of the well field.

The aquifer systems in which the ore bodies occur cover *thousands of
square miles and are thousands of feet thick, thereby storing billions
c® gallons of water for use. Because the in-situ leach mining operation
uces only small amounts of water, the overall availability of ground
water will not be affected during mining. Water-intensive restcoration
techniques, however, may have a greater impact on the availability of
ground water because thousands of gallonc may be pumped each minute.
Nevertheless, after restoration has been completed, the system will
replenish itself.

The current demand for water in areas subject to in-situ leach mining is

not large, but is expected to increase as uranium, coal, and oil recovery
increases in these areas. Severe impacts may be expected if the ground-

water system is not adequately managed to meet these energy demands.

IMPACTS OF WASTE DISPOSAL

Improper disposal of wastes produced during the day-to-day operation and
during restoration at an in-situ leach mining site may pose a threat to
the environment. Because leach mining wastes are in liquid or slurry
form, cemmon methods of disposal include disposal wells and eviporation
ronds to handle the entire waste stream. The waste may also Le treated
to remove objectionable material prior to release to the environment.



The use of disposal wells has proven t{o be environmentally safe when
they are constructed and operated according to state and Federal regqu-
lations. |Injection wells are used to dispose of leach mining wastes in
Texas, but geclogic and hydrologic conditions in other leach miaing
areas do not appear suitable for this practice.

Mining companies planning to use evaporation ponds to dispose of the
liquid waste line the ponds to prevent seepage of the waste to the
shallow ground water. Lined ponds can be used in all uranium mining
arcas; however, it may be impractical to use ponds to handle the large
volumes of wastes produced by some restoration techniques. In addition,
it ic difficult to monitor the integrity of @ liner to assure that
leak~ge will nout occur, and also, evaporation of waste water will leave
large volumes of solids at the bottom of the pond:s to be disposed in an
NRC-accepsted manner. Lined evaporation ponds to handle procesc wastes,
wastes prior to well disposal, and reverse osmosis wastes may be used
successfully in all mining areas.

Restoration waste can be treated to remove objectionable dissolved

solids, includinn radium, arsenic, and selenium, so that the treated

fluid should neet ail applicable drinking water, agricultural, or livestock
water-use standards. Howevar, because EPA effluent guidelines prohibit

the release of any wastes from uranium mills to streams, the treated

water should be used only for irrigation purposes.
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1. INTRODUCTION

The U. S. Nuclear Rrgulatory Commission (NRC) presently has the responsi-
bility of issuing licenses for in-situ leach mining of uranium in several
western states. This mining practice is a relatively new one, and only
nine research and development operations have been iicensed by NRC thus
far. Because the mining calls for the injection of chemical mixtures into
subsurface geologic formations that contain usable water, NRC must evaluate
the applicant's programs to monitor such injection and to restore the
natural chemical quality of the ground water after the leach mining is
terminated. In addition, NRC must take into account potential impacts of
pumping of ground water and of waste disposal on the natural environment
and on other water uses in the mining areas.

This report, prepared under a contract with NRC, evaluates (1) criteria and
a methodology for establishing baseline ground-water quality; {2) methods
of restoration and their potential environmental impacts; (3) excursion-
control methods and thei. epvironmental impacts; (&) bases and criteria for
selecting excursion and restoration monitoring programs; (5) the potential
impact of mining ana restoration on water use; and (6) the potential imp :t
of disposal of wastes generated during mining and restoration. Few data are
available on ground-water conditions at mining sites, and consequently, the
findings in this report are based heavily on general scientific principles,
case histories of ground-water impacts from similar activities of man, and
evaluation of the regional occurrence and movement of ground water in
potential mining areas. Data from on-going research and development and
production scale operations in Texas and Wyoming have been utilized to
support a number of the findings.



2. DEFINLTION OF THE PHYSICAL SYSTEM

To date, NRC has been evaluating license applications on a case-by-case
basis, first taking into account the geology and hydrology of the proposed
mining site and imnacts upon the physical system attributable to present
use of the land and water. To assist NRC in making these evaluations,

the following sections describe the geologic anrd hydrologic characteristics
of the areas where most of the future in-situ leach mining of uranium is
expected to take place.

2.1 GEOLOGY OF PCTENTIAL URANIUM LEACH MINING SITES

There is some degree of uranium mineralization in most Tertiary and
older sedimentary rocks of the Western and Southwestern United States.
However, the principal regions of potential uranium recovery by in-situ
leach mining are the Wyoming Basins, the Celorado Plateau, and the Gulf
Coastal Plain of Texas. The southern Black Hills and northeastérn
Colorado, within the Great Plains region, also contain sedimentary
uranium deposits that may be amenable to in-situ leach mining {Figure
2.1 and Table 2.1). Details of the stratigraphy and mineralogy of these
and other mining areas are given in Appendix A.

Leachable uranium deposits are found in sandstones that have been deposited
in intermontane basins, along mountain fronts, and in near-shore marine
and deltaic environments. Alternating periods of sluggish and swift
streamflow, as well as changes in base level due to tectonic forces,

have created a complex and heterogeneous sequence of sediments that may
be greater than 6,600 ft (2,000 m) thick. These sediments are fine- to
coarse-grained arkosic sands, with some conglomerates, siltstones, and
claystones. Successive scouring, filling, and beveling of channel
segments have resulted in the lenticular ard cross-bedded characteristics
of the deposits. The stream-channel deposits become fine-grained away
from the source of sediments where they commonly grade int carbonaceous
shaleszand lignites, deposited contemporaneously in swampy areas or
lakes.

Zones of uranium mineralization follow the general trend of drainage
channels. However, individual ore bodies in sandstone lenses rarely
exceed a few hundred yards in length; they are eiongate and narrow,
commonly a few tens of yards wide, and less than a few tens of feet
thick. The geologic environment favoring the deposition of uranium ore
is deficient in oxygen, has zones with less permeable siltstones and
shales, and contains reducing agents such as carbonaceous materiatl,
hydrogen sulfide, or pyrite. Figures 2.2 and 2.3 illustrate the
occurrence of types of ore deposits and their relationships to sources
of oxygenated ground water and changes in permeability.

2.1.1 Source and Deposition of Uranium

The uranium in sandstone~type deposits is thought to have been derived
from either granite, which supplied the material to form the arkosic

.



Figure 2.1. Map of the Unitcd States showing the major ar=as amenable to in-situ leach mining
of uranium discussed in this report,!



TABLE 2.1
' RINCIPAL HOST ROCKS FOR PCTENTIAL URANIUM PRODUCTION

Y IN-SITU LEACH MINING I THE WESTEPN UNITED STATES
. . Principal Ore- Age of
nesLon Mining Area Bearing rormaticn Host Rock
Wyoaing Ba ins Shirley Basin wind River Eocene
. Wasatch Eocen~
Powder River Basin Ft. Union Paleocene
Wind River Basin Wiad River Eocene
{Cas Hills) Wagon Bed Eocene
Great Divide Basin
{Crooks Gap) Battle Spring Eocene
Coioxain Flateau Grants Mireral Belt,
New Mc-ico Morrison Jurassic
Monument Valley-White
Canyon (S. Utah, S.
Arizona) Chinle Triassic
Uravan Mireral Belt
(E. Utah, W. Colorado) Morrison Jurassic
v 1 waas .al Plain Karnes District, Catahoula Tuff Miocene?
Texas Whitesett FEocene
Live Oak Distrzict, Catahoula Tuff Miocene?
Texas Oakville Sandstone Miocene
Grez: Flains Southern Black Hills, Early
S. Dakota, Wyzwing Inyan Kara Group Cretaceous
Grover Area, NE
Colorado White River Group Oligocene
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sandstones, or from volcanic material that was deposited with, or later
than, the sandstone, or perhaps from both.® Granitic bodies containing
uranium are found in many of the mountains that supplied the sediment
comprising the host sandstones. Oxygenated ground water percolating
through these units oxidizes and mobilizes the uranium.

As the uranium-enriched ground water moves through the aquifer from the
basin edge toward the basin center, it comes in contact with carbonaceous
material and pyrite. During the period of active anaerobic decomposition
of the organic material, the ground water may also encounter hydrogen
sulfide and methane. None of these constituents is stable in the
uranium-enriched oxidizing ground water and, therefore, will react to
reduce the uranium to insoluble uraninite (U02). The dissolved oxygen

is consumed, while hydrogen sulfide and sulfur from pyrite is oxidized

to sulfate. Organic material and methane may be oxidized to carbon
dioxide and water. The pH and Eh of the solutions decreases at this
oxidation-reducted front. Further downgradient, the ground water is
reduced, the pH is near neutral, and pyrite and organic material is

found as the more stable phases for iron, sulfur, and carbon.

Freshly precipitated uranium along with uranium in the arkosic sandstone
minerals is continually dissolved by oxycenated ground water and dis-
placed further downgradient., Eventually, uraniuvm cf economically
recoverable grade is deposited at the oxidation-reduction interface.

The distribution of uranium and other elements in and around the ore
deposits depends not unly upon the oxidizing capacity of the ground
water, but also upon the available reactive concentrations of precipi-
tating agents.

2.1.2 Associated Minor and Trace Elements

Numerous other elements with similar ciemisiries are mobiiized and
precipitated under the same conditions as uranium; most importantly for
this study, these include arsenic, selenium, vanadium, copper, and
molybdenum. The most complete investigation of the distribution of
these elements in and around uranium ore bodies was done in the Shirley
Basin of Wyoning.®’? Although the core samples in that investigation
were taken only at points about 30 ft (9 m) in front of the ore roll in
the unoxidized portion of the aquifer and approximately 80 ft (24 m)
behind the ore roll in the oxidized interior, certain trends in the
distribution of the elements are obvious. Figures 2.4 and 2.5 present
data from the Shirley Basin as well as other mining districts.

2.2 GROUND-WATER HYDROLOGY OF URANIUM LEACH MINING SITES

The sedimentary sequence in which the uranium-ore bodies are found may

be several thousands of feet thick and may comprise one interconnected
hydrologic unit (aquifer). Characteristically, this aquifer is made up
of a number of water-bearing units separated by confining units. The
water-bearing unit containing the ore body has been defined = the ore-
zone aquifer for the purposes of this study. The confining materials
separate the ore-zone aquifer (at least locally) from other water-bearing
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units above and below. In all cases, the aquifer zones are saturated
with ground water moving in response to hydraulic forces.

The aquifer system is recharged by direct infiltration of rainfall or
snow melt at the land surface. The recharge generally occurs in the
outcrop areas and moves slowly downgradient to and through the ore body.
The uppermost part of the aquifer system is under water-table conditions
and the ore-zone aquifer is under confined conditions. Uranium deposits
found in water-tiabie aquifers cannot presently be mined by the in-situ
teaching method.

2.2.1% Hydraulic Properties

The permeability of the typical ore-zone aquifer is generally less than
1,000 millidarcies (1 x 10~2 cm/sec). Individual wells completed in the
ore-zone aquifer generally yield 5 to 10 gpm (0.3 to 0.6 1/s) which is
adequate to meet domestic and livestock supply needs. Additionally, the
ore-zone aquifer can produce enough water to support in-situ leach
mining and even certain water-intensive restoration techniques without
affecting the ground-water system's ability to meet other demands.

Depths below land surface to the ore-zone aquifer are between a few
tens of feet and thousands of feet. Economic considerations determine
which ore bodies will be mined; at present, Jinly ore bedies less than
about 500 ft (160 m) deep are being mined.

2.2.2 Water Quality

Throughout the uranium mining areas, the quality of the ground water is
variable, depending on proximity to sources of recharge and to depth.
Ground water at potential sites in Wyoming and the Colorado Plateau is
of the calcium or sodium sulfate or bicarbonate type, with a total
dissolved solids (TDS) concentration generally in the range of 160 to
1,250 milligrams per litre (mg/1). In Texas, however, the ground water
is of the sodium bicarbonate and sodium chloride type, with a TDS
concentration generaily ranging from 1,250 to 3,000 mg/:. Higher or
tower TDS levets are found locally, Trace and heavy metal concentrations
generally are within accepted public health limits in all areas. Levels
of raasioactive parameters (radium-226, gross alpha, and gross beta),
however, are comnonly above recommended public health standards in

water samples taken from water in contact with the ore body. Appendix B
provides specific hydrologic and water-quality information for the
uranium-mining areas.

2.3 LAND AND WATER USE IMPACTS

Ground water in the anticipated mining areas is currently used for
residential supplies, stock water, and small municipal supplies. Some
irrigation utilizing ground water is taking place in Texas and some coal
mining operations are using ground water in Wyoming. The uranium deposits
are generally in sparsely populated areas that are not heavily used for
agriculture or ranching (Texas is an exception, although the local
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population cannot be considered dense even there). Water quality does
not appear to preclude the use of ground water for these purposes,
although the quality may be marginal in some parts of Texas.

Future conjunctive development of uranium, oil, coal, and oil shale in
some uranium mining districts could have an extensive cumulative adverse
impact on ground-water supplies. A complete water-management study
would have to be undertaken to adequately define these impacts. The
study should te undertaken by the state, Federal government, or some
intergovernmental body. A detailed assessment of present uses and
available, usable water supplies should be made. Future spatial and
volumetric water demands should be predicted and evaluated against
current needs and available supplies. (Appendix B contains an overview
assessment of present water use and needs for each mining area).

2.4 POTENTIAL IMPACTS OF IN-SITU LEACH MINING

The water-quality effects that can result from in-situ leach mining
include excursions of lixiviants during injection and natural migration
of residual lixiviants and other mine-affected ground water after

mining has ceased. The ideal lixiviant for in-situ use is one that will
oxidize the uranium, complex it so as to maintain it in solution, and
interact little with barren host rock. Unfortunately, no lixiviant is
entirely inert to the other minerals commonly associated with sedimentary
uranium deposits. Numerous chemical interactions are possible between a
lixiviant and the uranium and associated secondary minerals; therefore,
lixiviant agents and concentrations must be adapted to each ore body to
assure maximum uranium recovery while minimizing undesirable secondary
reactions.

Lixiviants for in-situ leach mining are salt solutions of ions such as
sulfate, bicarbonate, carbonate, and ammonium known to form stable
aqueous complexes with hexavalent uranium. An oxidant such as air,
hydrogen peroxide, sodium chlorate, sodium hypochlorite, or potassium
permanganate, is added to the lixiviant to effect the oxiaation of
uranium. The lixiviant solution may have any pH, although the mineralogy
of most uranium deposits dictates the use of .neutral or basic lixiviants
such as bicarbonate and carbonate lixiviants.

The principal ceochemical reactions among lixiviants, ore minerals, and
host rock are discussed below; secondarv reactions, including those
involving the geochemistry of some trace metals and minor elements, are
given in Appendix C.

2.h Principal Geochemical Reactions

Interactions and reactions between lixiviant agents and minerals, which
occur at the time of lixiviant injection and may continue well after
solution mining operations have terminated, can be divided into four
broad categories: (1) oxidation and reduction; (2) dissolution (3)
reprecipitation; and (4) adsorption and ion exchange.
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2.4.1. % Oxidation and Reduction

Oxidation ultimately controls the amount of uranium recovered by solution-
mining methods. The tetravalent ore minerals, uraninite apd coffinite,
are insoluble under reducing conditions but will dissolve in the presence
of a suitable oxidant. The oxidizing agent may be injected along with

the lixiviant or generated internally through the actions of the l.ixiviant
on associated non-uranium minerals. For example, when hydrogen peroxide
is injected in the presence of the bicarbonate ion, the oxidation reaction
can be depicted by equation 2.1:

- -2 -~
vo, + H 0, + 2Hco3 -+ 002(003)2 + 2H,0 (z.1)

Any oxidant introduced with the lixiviant also may generate chemical
species, such as ferric iron, which are capable of oxidizing tetravalent
uranium. Oxidation of ferric iron may be the mechanism by which most of
the uranium is actually oxidized. For example, chlorate ion oxidizes
ferrous iron to ferric iron, which, subsequently oxidizes uranium according
to equations 2.2 and 2.3:

6Fe’? + c1o,” + 6" > 6Fe’3 4+ €17 4 3H,0 (2.2)
uo, + 27" + uo,*? + 2¢e™? (2.3)
Once oxidized, the uranium is readily leached by sulfate, bicarbonate,

or carbonate solutions.
2.4,1.2 Dissolution

During in-situ leach mining, other minerals are dzcewposed, with the
extent of decomposition depending upon the chemical nature of the
lixiviant and the minerals. |In most instances, decomposition or disso-
lution of these minerals is undesirable, as it consumes lixiviants,
introduces contaminants, and diminishes uranium recovery. Carbonate
minerals are most susceptible to dissolution by the lixiviant solution;
the extent depends on the pH of the lixiviant. For example:

Caco, + 24" » ca™? + 4,0 + co,
Mining with neutral or slightly basic lixiviants tends to minimize the
dissolution of uranium-associated minerals. However, some alteration of
carbonates and silicates is expected in localized zones. For example,
ferrous iron minerals deposited in intimate contact with carbonates and
silicates may undergo oxidation reactions that prcduce acid wnich, in
turn, reacts with the same carbonates and silicates.

(2.4)

2.4.1.3 Reprecipitation

The mobility of many salt complexes placed into solution by the lixiviant
is limited by reprecipitation and coprecipitation reactions. Reprecipi-
tation of uranium may be detrimental to the in-situ leach mining operation
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by diminishing utanium recovery. Conversely, reprecipitation and co-
precipitation ot non-uranium elemonts may be beneticial by teducing the
contanbnants tecovered along with urantum,  For example, calcium ton ¢can
repreciplitate as gypsum o1 as secondary calcite.  Hexavalent uranlum may
coprecipitate depending upon the concentration ot dissolved uranium and
upon tho degree of Tixiviant supersaturation with tespect to calcite ot
gypsum,  Oxidized uranium may also become tined within the structures of
slightly soluble vanadate and arsenate winerals that can torm dut ing the
leaching process.

Uranium is especially susceptible to precipitation whenever the oxidizing
potential of the solution transporting the element has been dimiciched.
This may occur when the lTiniviant migrates toward the border areas of

the leach tleld where T comes in contact with unteached, cduced 1ock,
Chemical reduction and subsequent reprecipitation ot uraniom, and othes
trace elements, s possibile under these clitcumstances and may, in essence,
1everse the teaching process.

2 40100 Adsorption and ton Exchange

The principal mechanism for removing heavy metals from solution is the
adsorption on coltlobdal precipitates of hydiows iton onvtdes.  lon
exchange between lixiviant and clay matet 1al can also be anticipated.
Montmor {Hlonite clay, commonly present as mattas material, has a high
capacity tor ion exchange, which can occur elther at the suttace of
individual clay platelets ot within tayers in the clay structure,
Calcium and magnesium, tor example, may be teplaced with sodium trom the
tiniviant.

Montmo: Fllonite also has o high cation exchange capacity tor potassium
and ammonium, whose fonic vadii are simitar,. Aneonium fixation is
contitmed in leach tests with aomontum bircatbonate lindviants.,  Nearly
twice as much ammonium has been tound o clays iovaded by anmonium
Vinviviant as existed priot to teaching operations.,

2.2 tydraulic lmpacts of Well Injection

Yhe spacing and arrangement ot injection and production wells and ditter-
ences In the rates of injection and production are the variables that

can be manipulated to achreve optimum hydraulic and cconomic leaching-
tireld destyn.  The hydiaulic tesponse of an aquiter to tluid injection

ar production can be estimated 1t the hydraulic proverties of the aguiter
e hnown.  The atrangement of wells iy simllar to that In networ ks used
tor secondary-recovety operations in oil tields, and can be Classatied

Jas (1) direct bine ditve, (2) staagerted tine diave, (3) tive spot, and
(&) seven spot {tiauie 2.o).

The pressute distiibution around a single well, tor the steady-state
Case in which tates of tlow are Kept constant, s proportional to the
volume of material injected ot produced and inversely proportional to
the thichness and permeabitity of the ore-zone aquiter.  Calculations
based on these tactors will show how tar beyond the edge of o well ticld
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the pressure effects extend. Assuming the case of a direct~line~drive
arrangement and assuming that the outer row of wells is used to inject
lixiviant, the pressure effects are calculated to be of significance
only within a few tens of feet of the well field. Even if the field
consists of a large number of rows of wells, this condition is maintained
if the net rates of injection and production remain equal for all wells,
excep. for the outer row of production wells, which must be produced at
1.5 rimes the average flow rate for each well.

On the other hand, model studies show that even a slight excess of
iniection (or deficit of production) at one well, in a well field that

is otherwise balanced, creates a pressure front that expands rapidly

away from the well field. Filuid fiow will respond to this imbalance so
t1at the injected lixiviant will begin to flow out of the field. However,
unless flow is along a pathway of anomalously high permeability, such as

a fracture or a sand lens, the movement away from the field will be very
s low.
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3. MONITORING PROGRAM

In this report, the term monitoring program is used to describe a com-
prehensive surveillance system, whirh includes not only the installation
and operation of monitouring wells, but also the colleztion and evaluation
of informatica concerning premining conditions, economic circumstances,
and regulatory requirements. The criteria used in the following sections
reflect this broad concept of surveillance.

3.1 CRITERIA AND METHODOLOGY FOR ESTABLISHING BASELINE WATER QUALITY

3.1.1 Data tc be Supplied by the License Applicant

Prior to operation of the in-situ leach mining facility, the applicant
should supply NRC with data on (1) geolegy, (2) hydrology, (3} land and
water use impacts, (4) in-situ leach mining impacts, and {5) methods to
comply with any applicable regulatory requirements. A list of the
principal items to be addressed under each of these headings is given
below.
A. Geology
Regional geologic structure and seismicity
Regional stratigraphy

Cross sections through the mining site depicting the location
and trend of the ore zone and the confining beds

Isopach, contour, or structure maps of the mining site
B. Hydrology

Water (evels (potentiom2tric levels) of the ore-zone aquifer
and the aquifers above and below

| _.gional and local directions of ground-water flow

Total and effective porosity and permeability of the ore-
zone aquifer

Transmissivity and storage coefficient of the ore-~zone
aquifer

Water quality of the ore-zone aquifer including the ore
body and both upgradient and downgradient areas

Water quality of the aqu®fers above and below

Competence and exfent of the confining beds
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Surface-water flow rates through the property including
seasonal variations

Surface-water quality
C. Land and Water Use lmpacts
Water supplies - areally and by source
Other mining activities
Agricultural activities
Potential sources of pollution
Locations of unplugged exploration wells
D. Mining Influences
Type and quality of lixiviant
Volumes and pressures of injection/production
Well-fieid design
Recovery process plans
Methoas of waste disposal
E. Regulatory Requirements
Well construction
Honitoring
Waste disposal
Restoration
Reclamation
Site Abandonment
in some mining areas, much cf the backg;ound data may be compiled from
in examination of geologic and ground-water reports, well logs, well
‘ecords, pump-test results, and weter-quality information available from
the U.S. Geological Survey, State Geological Surveys, the Soil Conservation
Jervice, State departments of bLand Management or Resources Management,
and Environmental Protection Agencies. An inventory of existing water-
supply, oil, or exploration wells may have to be made to supplement the

available records, particularly with regard to data on well depths,
Jepths to water, fluctuations of water levels, and chemical quality.
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Commonly, however, there are insufficient data in public files to meet
all of the data requirements, and field studies, Including exploration
test drilling and Instatlation of observation wells, may have to be
undertaken to collect data on the specific ground-water hydrology of the
mining site.

3.1.2 Methodology for Collecting Background Hydrologic and
Water-Quality Data

Figure 3.1 presents a procedure for acquiring pre-mining data on site-
specific hydrologic and water-quality characteristics for production
scale operatious. The system may be modified on a case-by~case basis to
achieve individual needs. The information is developed through the
installation of observation wells, virtually all of which may be used
later on as production or injection wells or as excursion monitor wells,

3.1.2.1 Hydrologic Data Collection

Flow Regime

The basic information to be developed pertains to water levels existing
prior to initiation of mining in the ore-zone aquifer and in the aquifers
above and below, to determine horizontal and vertical flow directions in
all three units. For this purpose, four three-well arrays, p‘aced in
triangular formation, plus one additional well, are used. Three of the
arrays are installed to collect data on the ore-zone aquifer, one array
being in the ore bcdy, one in the reduced rock area, and one in the
oxidized rock area. The Jourth array is installed in the aquifer above
the ore-zone aquifer. The single observation well should penetrate the
aquifer below the ore-zone aquifer (Figure 3.2).

s few as three observation wells could be constructed into the ore-zone
aquifer to develop a rudimentary potentiometric surface map of that
aquifer. However, it is recommended that three such arrays be constructed
to provide a better definition of ground-water movement to and through

the ore body itself. Additional observation wells may be constructed

into the aquifers above and pelow the ore-zone aquifer if there is

reason to believe that extensive exploratory drilling has opened potential
avenues for the exzursion of fluids.

The direction of horizontal flow will be determined from a comparison of
water-level readings taken in the completed wells; Figure 3.3 illustrates
otte method to accomplish this. Once the ground-water elevations are
known, a map showing ground-water contours and flow directions can be
prepared.

vertical flow components can be determined by comparing water-ltevel
measurements for each of the three aquifers. The ground-water flow in
the vertical direction is from the acuifer showing the highest water
level (potentiometric level) into the unit showing the lowest water
level,
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Water-level measurements in the 13 wells .in the system should be made
within a short period of time (preferably on the same day) to rule out
water-level changes attributable to seasonal, daily, or barometric
fluctuations. In most situations, pre-mining water-level measurements
need be made only once, irasmuch as the natural ground-water flow pattern
will not vary significantly over a short period of time, if at all.
However, if pumping wells are located nearby, it would be desirable to
repeat the measurements in the network, on perhaps a weekly or monthly
basis, to ascertain whether radical shifts are taking place.

Hydraulic Properties

The observation wells installed to determine the flow regime of the
ground~water system may also be used in an aquifer testing program (pump
test). One of the wells installed in the ore body should be selected as
the pumping well for the testing program. Results of the pump test will
be used to determine (!) the capacity of the ore-zone aquifer to transmit
water (transmissivity), {2) the storage coefficient of the ore-zone
aquifer, (3) the permeability of the ore-zone aquifer, (4) the aniscciopy
of the ore-zone aquifer, ard (5) the relative extent and capacity of the
confining beds to transmit fluid.

The pumping well should be pumped fur at least 2k hours at a constant
rate at least equal to the bleed anticipated for the production scale
leach operation. The water levels in all other wells should be observed
and recorded during the pumping, either by means of continuous water~
level recording instruments or by manual water-level measuring. Standard
methods presented by Krauseman and De Ridder,? Lohman,® or Walton“ and
others may be used to determine the transmissivity, storage coefficient,
anistropy, and permeabi'ity of the system.

The capacity of the confining bed to transmit {luid is defined by the

response of observation wells in the uquifers above and below the ore-

zone aquifer. Water-level change is not expected in these wells unless

the confining bed has been artificially breached, has natural paths of

higher permeability, or is not laterally extensive. The integrity of

_ these confining beds is critical to the prevention of vertical excursions
of lixiviant.

3.1.2.2 Baseline Water-Quality Data Collection

It is important to note that baseline water~-quality, which is called the
background water quality by many, refers to the natural water-quality
conditions occurring in and around the uranium ore body prior to leach
mining. Because NRC utilizes the information on baseline conditions to
gauge aquifer contamination due to in-situ leach mining practices,

it is necessary to develop a program to collect sufficient baseline
information to cover any condition. The program outlined below for
collection of baseline water-quality data is therefore particularly
intensive, and NRC should continue to evaluate its usefulness as excursion
and restoration programs are developed and modify the data-collection
program accordingly.
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Baseline water-quality levels must be determined not only for the

common constituents of natural waters, but also for minor constituents,
particularly trace and hecavy metals, whose cuncentrations are likely to
change as a result of chemical reactions initiated during leach mining.
Although solubilities and theoretical equilibrium reactions under varying
Eh and pH conditions can be determined for relatively s:mple compounds,
it is not yet possible to adequately predict the effects of the mobili-
zation, reprecipitation and adsorption of trace metals in a complex ore
body undergoing solutior mining. Therefore, comprehensive chemical and
radiochemical analyses of water samples obtaired within the ore body and
at locations away from the ore body should be made to determine pre-
mining conditions. A list of water-quality parameters (Table 3.1) to be
measured has been prepared, based on an evaluation of uranium-ore body
mineralogy, EPA drinking water standards (Table 3.2), water-quality
standards for agricultural uses (Table 3.3), and uranium leaching
processes (lixiviants used).

An analysis of ore-zone aquifer mineralogy and the ground-water flow
regime indicates that several different baseline warer-quality con-
ditions are present in different parts of the potential mining area.
The major differences are in the: (1) oxidized rock areas, (2) the
reduced rock areas, (3) the ore body, and (L) the transition zone
immediately downgradient from the ore body (Figure 3.4). Data thus far
supplied to NRC by mining companies do not reflect a recognition of
these different water-quality zones.

For the purpose of this investigation, the water sampling system is
designed to determine whether the inferred water-quality prefile across
the ore zone actually exists. This system may be modified to suit
unique conditions. Figure 3.5 shows the 22 wells which will be used to
collect baseline water-quality data. Two linear arrays consisting of
eight wells each are completed in the ore-zone aquifer, and three wells
each are installed in both the overlying and underlying aquifers. The
ore-zone wells describe baseline water quality conditions within approxi-
mately 250 ft (76 m) on either side of the ore body. Although the two
linear arrays will be adequate for most standard mining operations, it

is suggested that there be one array for each 300 ft (100 m) of length
of the mining well field. The wells used for sampling the other aquifers
should be installed directly above and below the ore body, approximately
every 100 ft (30 m) between the linear arrays.

For the determinaticn of the baseline water quality conditions, it is
suggested that two sets of samples be collected. The samples should be
split and sent to different laboratories to varify the natural conditions.
The sets of samples should be taken within a week or two of each ovher.
Natural ground-water flow rates and recharge conditions suggest that
additional sampling is not necestary as rapid or extensive quality
variation would not be expected. 1if, however, mining is planned in an
aquifer system that is e<_~ntially unconfined, seasonal water-quality
changes could be expecte. .nd.a more intensive sample collection program
would be needed.
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TABLE 3.1

BASELINE WATER-QUALITY PARAMETERS TO BE
DETERMINED DURING PREMINING DATA COLLECTION

A. Trace and Minor Elements

Aluminum
Arsenic
Barium
Boron
Codmium
Chromium
Cobalt

B.

Ammonium
Bicaroponate
Calcium
Carbonate

C.

Specific ConductLVLtyl/

Temperatureg/
pHL

Copperx
Fluoride
Iron

Lead
Manganese
Mercury
Molybdenum

Comnon Constituents
Chloride

Magnesium
Nitrate

Physical Parameters

Gross Betass

Gross Alphaz/

Nickel
Radium 226
Selenium
Thorium 230
Uranium
Vanadium
Zinc

Potassium
Sodium
Sulfate

Total Dissolved Solids

Appearance, color, odorz/

l/Fleld and laboratory determaination.

Q/Fleld only.

3/

' Laboratory only.
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TABLE 3.2

SELECTED EPA INTERIM PRIMARY AND PROPOSED
SECONDARY DRINKING WATER STANDARDS2s0)

Parameter Maximum Level
{(mg/1) 1/
A. Interim Primary
Arsenic 0.05
Barium 1.0
Cadmium 0.01
Chromium (VI) 0.05
Fluoride 1.4-2.4
Lead 0.05
Mercury 0.002
Nitrate (as N) 10
Selenium 0.01
Silver 0.05
Radium 5 pCi/l
Gross Alpha 15 pCi/1
Gross Beta 4 millirem/yr
Turbidity 1 71U
B. Secondary
Chloride 250
Copper 1
Hydrogen Sulfide 0.05
Iron 0.3
Manganese 0.05
Sulfate 250
TDS 500
Zinc 5
Color 15 Color units
Corrosivity Non-corrosive
Odor 3 Threshold odor number
pH 6.5-8.5
1/

~’ Concentrations in milligrams per liter unless otherwise noted.
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TABLE 3.3

EPA WATER-QUALITY CRITERIA FOR

INDUSTRY AND IRRIGATION7)

Irrigation Industry
Parameter (mg/1)1/ (mg/1)
Alkalinity - £0-500
Aluminum 1.0 0.01-~5
Ammonia (as N) - 0.1-0.7
Arsenic 1.0 -
Beryilium 0.5 -
Bicarbonate .- 48-600
Boron 0.75 -
Cadmium 0.005 -
Ci.loride - 200-1.,007
Chromium 5 -
Cobalt 0.2 -
Copper 0.2 0.01-0.5
Hardness (as CaCC3) - 100-850
Iron - 0.01-1
Lead 5.0 -
Manganese 2.0 0.01-5
Magnesium - 12-36
Molybdenum 0.005 -
Nackel 0.5 -
p4 - 5~10
Selenium 0.05 -
Silica - 0.01-50
Sulfate - 200-620
Total dissolved solids 5,000 1,000
Vanadium 10 -
Zinc 5 -

1 .
Y All constituents in mg/)l except where otherwise noted.
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Figure 3.4. Cross section of an uranium-ore body showing the location of gbservation
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metals) resulting from that data.
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3.2 CRITERIA AND METHODOLOGY FOR MONITORING EXCURSIONS

3.2.1 The Excursion-Mon'toring System

The excursion~monitoring -ystem is designed to detect excursions of
lixiviants into the ore-zone aquifer, outside the ore body itself, and
into aquifers above and below the ore~zone aquifer. Where possible, the
monitar wells installed to collect hydraulic and water-quality background
data -.ould be incorporated into the excursion-monitoring system.

The pre-mining aquifer test results and other data will be used to
determine the method of monitoring the aquifers above and below the ore-
zone aquifer. For example, if the aguifer test shows no evidence that
an adjacent aquifer is susceptible to excursion from the ore-zone aquifer,
the need to monitor the aquifers during mining is decreased. As a
precaution, however, monitor weils should be constructed in whichever
adjacent aquifer has 3 water level or potentiometric level that is lower
than the water level in the ore-zone aquifer. |[f it is desired, monitor
wells may olso be constructed into any other water-bearing unit to
provide an additional lavel of safety. At least three monitor wells
should be used to monitor the non-ore-zone dquifer. These wells should
be constructed above the ore body segment being mined.

If the pre-mining aquifer test shows a susceptibility to excursions
between the ore zone and the aquifer above or below, no mining should

take place until it is determined if the connection is natural or is the
result of improper construction of wells. If the wells are not sealed
opposite the confining beds, for example, the annular spaces around the
wells may serve as direct pathways for the excursion of iixiviants.

Such wells would of course have to be plugged or sealed to prevent such
excursions. Brcause naturally leaky confining beds cannot be artificially
sealed, the ooeration of the well field must Le closely controlled to
prevent vertizcal excursions,

To monitor excursions within the ore-zone aquifer, two tiers of monitor
wells will be used. The wells are installed 50 ft (15 m) and 250 ft
(76 m) outward from the outmost injection wells {Figure 3.6). The
location of the monitor-well tiers corresponds to the locations used to
collect pre-mining water-quality data; in fact, the pre-mining data
collecticn welis should be used as excursion-monitor wells. {n addition,
the location of ronitor wells has been selected to provicde meaningful
data for the water-level monitoring program outlined below. It is
important also to note that the excursion-monitor well network is not
greatly different than that being used or proposed by wining companies
today.

3.2.2 Water-Level Monitoring

The procedure being followed at present to detect excursions of lixiviants
is to collect water-quality samples from monitor wells located 200 to

400 ft (61 m to 122 m) from tae well field. Generally, the samples are
collected biweekly and analyzed for specific conductance, uranium,
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ommonia, and chloride or sulfate. However, the hydraulic properties of
the ore-zone aquifer are such that the natural ground-water flow rate is

very slow, and even though the addition of pressure provided by injection

cf Lixiviants causes the flow rate to increase, it is ..ot expected that
the operational flow rate will exceed 1 ft (3¢ zm) por day. Thus, there
s little likelihood of detecting water-quality -~hanzes in the widely
paced monitor wells unless a large volume of nateriai has «scaped over

4 long period of time.

Jn the other hand, pressure ch.aqes resulting from ¢~ imbalance in
injection and withdrawal rates are transmitted instantaneously throughout
the aquifer system and therefore should serve as a much more timely
indicator of an excursion. Lixiviants will flow in response to the new
tydraulic gradients developed, and if there is a complete reversal of
gjradient, the lixivianis will flow away from the well field as an ex-
cursion. The lixiviant will move a distance into the aquifer that is a
function of the hydraulic properties of the aquifer and of the volume of
excess fluid being put into the system during any increment of time.

Based on the foregoing, monitorirg of water levels in a system of monitor
wells should provide sufficiert lata to detect an excursion event imme-
diately, long before any change in chemical quality could ever show up

in samples from the monitor weils. Evidence to support this position
has begn documented at the Wyoming Minerals Corporation site in Bruni,
Texas.

All monitor wells in the ore-zone aquifer should be equipped with water-
level recorders capable of easily recording water-level changes as small
as 0.01 ft. When an evaluation of all water-level measurements shows
that an outward hydraulic gradient has been established in part of the
well field, it should be presumed that an excursion is taking place.
Several days of continued reversed conditions (maybe § to 7 days) should
be allowed before action is taken to assure that the problems are not
the result of routine adjustments of the mining operation. To locate
the cause of the excursion, water-level readings for the three wells
surrounding the presumed excursion area should be analyzed (see Figure
3.3). Appropriate action, as described in Section 5, should be taken.
It is important that someone knowledgable in hydrology be responsible
for evaluation of the water-level data to confirm the excursion.

-

> Water-Quality Monitoring

W2ieo-quality monitoring will be used as a backup indicator to assure

that tYe water-level monitoring program provides adequate detection and
earl, warning of lateral excursions, and will be the only indicator uscd
. monitor vertical excursions. Any program to monitor water quality
shoulZ be basea on a 'fingerprint' of the excursion. Because relatively
simple chemical compounds are used as lixiviants, ground-water degradation
will be demonstrated by increased concentrations of the common catiens

and anions of the lixiviant. Determinaticn of the electrical conductivity
of the fiuid in a monitor well, which is a measure of the TDS content
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(major common cations and anions), should provide an adequate fingerprint
to monitor excursions.

Biweekly electrical conductivity readings are to be made in all wells in.
the excursion monitoring system, by lowering a conductivty probe into

the monitor well to position the probe approxinately one-third of the
way opposite the length of the well screen or open hole above the bcttom
of the hole. The conductivity should be read at that depth and recorded.
When the probe is retrieved, it should be rinsed with distilled water
before being used in other wells.

Natural water quality normally wiil vary within rather narrow ranges,
although there also may be instances where large natural changes in
conductivity may be seen. it is therefo.e necessary to set criteria
which will denote a possible excursion. Several possible alternatives
exist to define excursions. Based on baseline conditions, excursion
criteria can be set with respect to the average of the specific con-
ductivity readings or with respect to the high naturally occurring
value. Excursion would then be indicated if the criteria were exceeded
by a pre~defined amount. If the mean condition is used, it may be
logical to require a conductivity increase of at least one standard
deviation; if the high naturally occurring value is used, a percent
increase above this value might be set. Current practice in Texas
considers an excursion to be indicated if the conductivity increases {l)
30 percent above the mean baseline cordition within a short period of
monitoring or (2) 15 percent above the mean baseline condition over a
protracted menitoring period.

To differentiate between normal vater-quality changes and excursion
events, as may be indicated by conductivity readings, water samples

should be collected and analyzed to determine the concentrations of the
major cations and anions, including calcium, sodium, wagnesium, potassium,
chloride, sulfate, and carbonate/bicarbonate. Results should be plotted
graphically on bar graphs, vectors, or Stiff diagrams and compared with
pre-mining conditions {see Figure 5.1). Uepartures from background
concentrations of the common ionic censtituents will confirm the excursion
event. Samples should be collected daily until the excursion is reversed.

Although it is current practice to monitor such water-qua ity parameters
as uranium, arsenic, selenium, or ammonia, it is felt that these parameters
are not good indicators for an excursion rmonitoring program. These
materials are removed from solution in the ground water within a very
shors distance of the well field as a result of oxidation/reduction
reactions, precipitation, or sorption and there is littie reason to
believe that they will persist in solution long enough to be detected in
samples from distant monitor wells (See Section 5).
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L. DESIGN AND INSTALLATION OF THE MONITOR-WELL NETWORKS

4.1 MONITOR-WELL DESIGN ‘

The monitor-well system, as described in the preceding section of this
report, must be designed to function satisfactorily throughout the

period of its use, employing materials and methods of construction which
in themselves do not offer a possibility of contributing to erroneous
measurements. Moreover, the system must be designed to conform with regu-
latory standards imposed by State or other Federal regulatory agencies.

4.1.1 Casing

Material normally used for monitor-well casing is either metal or plastic.
The possibility that chemical reactions may take place between the
casing and the mineral constituents in the water affects the cheice of
the casing material to be used in the monitor wells. For example, iron
oxide in steel-cased wells will adsorb trace and heavy metals dissolved
in the ground water, so that in the baseline water sampling program,
which seeks to determine the concentration of trace metals, cas ng must
be used that is inert to these metals, such as PVC or fiberglass. Use
of PVC or fiberglass in wells over 500 ft (152 m) deep or where high
pressure cementing techniques are used is not recommended because casing
collapse can be expected.

The casing should have an inside diameter of % in (10.2 cm) or larger,
to accommodate pumps of sufficient size to evacuate the casing to obtain
water samples. Pumping by air lift, which requires smaller casing, is
not recommended as some constituents to be analyzed are susceptible to
aeration. The h-in casing will also accemmodate a continuous water-
level recorder (3 in [7.6 cm] diameter float) and the conductivity
probe.

4.1.2 Bottom Hole Completion

The method used to complete the monitor well is determined by the type
of material penetrated and its susceptibility to collapse. Wells com-
pleted into indurated sands can be left as an open hole through the
sampling horizon without fear of collapse; however, it is necessary to
use some type of casing or screening in zones that are less stable. The
screening material should be PVC or fiberglass. An artificial gravel
pack should be placed around the screen to allow free water movement
into the well while preventing sand from entering. Evaluation of the
available geologic data will indicate the bottom-hole completion method
to be used at any particular site.

bL.1.3 Backfilling and Sealing

The annular space between the casing and the side of the borehole above
the open portion of the well should be backfilled with a sealant to the
ground surface. Proper backfilling isnlates the screened formation
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against vertical migration of water from the surface or from other
formations, and also provides support for the casing. Leakage caused by
head differentials between formations in an improperly backfilled well
may result in misleading water-level readings.

Cement grout should be used for the monitor wells. The grout should be
placed by pressure cementing or tremie methods.

b 1.4 Developing Monitoring Wells

When the well is completed, it must be developed by pumping and/or
surging until production of essentially sediment-free water is assured
for the life of the well. One technique of surging involves the use of
a surge block or plunger in the well to create a vacuum on the upstroke
and positive pressure on the downstroke. A similar effect may be
obtained by alternately turning a suction pump on and off or alternately
increasing and decreasing the discharge. All fine-grained materials
brought into the well during development should be removed.

k.1.5 Costs

Five wells meeting the basic design criteria discussed above are shown
in Figures 4.1 through 4.5. The wells are completed to depths of 150 ft
(45.5 m), 400 ft (121 m), and 1,500 ft (455 m), typical of the range of
depths expected to be needed during a monitoring program. The 150-ft
and 400-ft wells are constructed using PVC casing; the 1,500-ft well
uses black steel casing. Construction methods will vary with each
drilling contractor, but special care should be taken to assure proper
completion.

Unit well costs, including those for the drilling of the hole, installing
casing and screen, cementing, emplacing of gravel, and mobilization/
demobilization of the drill rig and crew. are presented in Table 4.1.

in addition, it will be necessary to conduct downhole testing to assure
that the well has been completed in the proper zone for monitoring. Due
to the lenticularity of the formations involved, this coul' be the most
critical phase of the project. Table 4.2 presents the total construction
cost for each of the five wells.

In addition, allowance must be made for the services of a geologist/
hydrologist to assure proper completion of the wells. Other testing may
be required such as coring or running of additional logs, which will
increase the cost of each monitor well,

4.2 SAMPLING OF MONITOR VELLS

Stagnant fluid in the well casing must be evacuated prior to any sample
cedlection to prevent contamination of the sample caused by mixing of
fluids in the well. The well casing need not be evacuated to make
conductivity readings because there is little probability that this
activity will result in the mixing of bore-hole fluids. An accurate
measurement of the static water level in the well should be made prior
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TABLE 4.1
UNIT COSTS: MONITOR WELL CONSTRUCTION
(1978 Dollars)

Cost Items unit Cost
DPrilling

22 in. $ 36.00/ft

17 in. (diameter) 24.00/f¢t

14-3/4 in. 24.00,/ft

12 in. 23 J0/ft

9-7/8 in. 18.00/ft

7-1,3 in. 15.00/ft
Casing

16 in. 22.00/ft

12 1n. (diameter) 15.00/€t

10 in. 12.00/ft

8 in. 9.00/ft

4 1in. 6.00/ft
Cement Baskets 180.00/unit
Screen (4 in. diameter) 43.00/ft
Cement 113.00/yd3
Gravel 75.00/yd3
Mobilization 1,200.00/hole
Logs

(Resaistivity and Gamma) 2,400.00/hole
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TABLE 4.2
TOTAL COST OF I.-SITU LEACH MINING MONITOR WELLS

Depth of well in feet

Screened Open Hole
Locst Items

e 15% 400 1,500 400 1,500
Drilling S 3,500 s 8,520 545,180 $ 7,180 342,100
Casinyg 1,417 2,765 13,360 2,550 16,680

Screen 86O 2,150 2,130 - -
Cenment 373 795 4,365 460 3,170

Gravel 24 75 100 - -
Cement Baskets -~ - - 180 180
Zabtotal: S 6,687 314,363 574,55% $10,340 $62,130
Mokilization 1,200 1,200 1,200 1,200 1,200
Logs 2,4%0 2,490 2,400 2,400 2,499
Total: $Y L, 2087 517,707 278,155 213,940 $65,730




to removal of water, in order to compute the volume of stagnant water to
be evacuated. This volume of water should be pumped to waste prior to
sampling. Dewatering may be accomplished by bailing or pumping.

k.21 Mater Sample Withdrawal

Pumps or bailers may be used to collect water samples. Because of the
low yields of the aquifers to be sampled and the large depth to water in
the principal uraniun~leaching areas, electric submersible pumps may
prove to be the most practical sampling devices.

The monitoring program necessitates the use of portable pumping devices
for well sampling because samples will not be collected frequently
enough to justify the expense of equipping all wells with pumps. Partic-
ular care should be taken to clean the pump and the sampling equipment

to prevent the possibility of getting erroneous readings due to water
left over from prior sampling operations. The use of a self-priming
pump can prevent such cross-contamination. |f the well has a very low
yield, the combined use of pumping and bailing equipment may be the only
practical way to secure a water sample.

b,2.2 Sample Collection and Field Analysis

After evacuating the stagnant fluid from the casing and allowing the
water level 'n the well to recover, a sample is collected and placed in
an appropriate ccntainer for transport. Each container should be labeled
prior to or immediately after collecting the sample. The label should
include the site designation, monitoring well number, sampling date and
time, any treatment applied (preservatives, filtration, etc.), and a

list of the specific constituents to be included in the analysis.

Several other types of wmeasurements should be made during sawpling to
provide useful data. Temperature measurements should be made as the
water leaves the well. Specific conductance (related to total dissolved
solids concentration} and pH can be determined easily with portable
battery-operated instruments.

The ph of ground water freguently changes after the water sample contacts
the ataosphere. Gas exchange between water and the atmosphere induces a
change in oxidation-reduction {redox) potential that alters the water
chemistry. Therefore, pH should be measured as soon as possible after
the water sample is collected. The physical appearance, qdor, and color
of the water sample should be noted at the time of collection.

4.2.3 Settling and Filtration of Warer Samples

fons adso:bed on silt, clay, and organic particles suspended in water
samplec may go into solution if certain preservatives are added directly
to the sample. In the chemical analysis, this can result in higher
concentrations of these ions and not reflect the true water quality.
Settling and filtration are the two primary field methods for reducing
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or eliminating suspended matter. The method(s) selected depends upon
the particle size of the suspended matter and the specific analyses
indicated for the sample.

Sand and silt-sized particles settle out fairly rapidly under the influence
of gravity. Clay-sized particles, colloidai precipitates, and other
smaller particles will remain suspended for much longer periods of time,

in which ccse filtration it the field should include gravity filtration

and vacuum filtration.

2.4 Preservation of Vater Samples

Water samples should be analyzed as soon as possible to assure repre-
sentative water-quality measurements. Because the laboratory may be far
removed from the well location, sample preservation is important to

insure that the chemical quality of the formation water remains unchanged
until the sample can be analyzed. During transit of water samples,
exposure to the atmosphere and changes in temperature can lead to changes
in pH and subsequent alteration of the original ionic balance in solution.

Volztilization of organics, oxidation of heavy metals, and many other
chemical as well as biological reactions can occur, which may ultimately
affect the concentration of the constituents present at the time of
analysis. Storage at low temperature (4°C) is perhaps the best way to
preserve samples. Chenical preservatives for a given constituent should
be chosen with regard to potential interference with other determinations
that are to be made. Because interference occurs, as many as six or
seven bottles, each treated with preservatives for various special
groups of cnemical constituents, may be necessary to contain a suffi-
cient sample volume foir a compirehensive analysis of water from one
source. Table 4.3 provides information as to the specific preservation
methods to be used for each of the parameters tc be sampled.

EPA, USGS, and APHA standard methods for laboratory analysis!???3? of all
parameters to pe evaluated are available for use and should be adhered
to unless some alternative method has been approved by NRC. All have
beeit shown to be highly reliable «nd legallv ac:eptable.

h.2.5 Monitoring Costs

4,2.5.1 Water-Level Recorders

Depending on the size of the ore body to be monitored, several dozen
recorders may be needed. Recorders are designed to meet individual
conditions; consequently, prices are variable. Table 4.4 presents the
unit cost of materials needed to custom fit a recorder. A recorder for
a monitoring well with a depth to water of 100 ft (30 m) is estimated to
cost approximately $836.
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TA3LE 4.3

EAMPLE SIZE AND FRESERVATION TECHNIQUES

FOR STANDARD ANALYSISl:2.3)

Vol.
Req. HOld;i;
Measurement (ml) Container Preservative Tim L
Ammonia 400 P,bg/ Cool, 4°C 24 Hrs.z/
S t <2
H2 04 o pH
Arsenic 100 Fa HRQ4 to pH<2 & Mos.
Barium 200 N HRO3 to pH<2 6 Mos.
Boraon 100 P.“ﬂ/ Cool, 4°C 7 Days
Cadmium 200 G HNO, to <2 6 Mos.
Calcium 200 PG Filter on Site, 6 Mos.
HNC3 to pH<2
Carbonate/Bicarbonate
Alkalinity 100 F,.G Cool, 4°C 24 Hrs.
Chlorade 50 P.G None Required 7 Days
Chromium 200 G Cool, 4°C 3 Days
Copper 200 G HNO3 to pH<: 6 Mos.
fluoride 300 7,6 Cocl, 4°C 7 Davys
Gross Alpha and
Gross Beta 100 F.G None Required 7 Days
Iron 200 P.G Filter on Site, 6 Mos.
HNO3 to pli<2
Lead 200 P,G HNO3 to pH<2 6 Mos.
Magnesium 200 G Frlter on Site, 6 Mos.
HNO; to pH<2
Manganesa 209 P,G Cool, 4°C 24 Hrs.
Mercury 100 .G Filter 38 pays (G)
HNO3 to pH<2 13 Days
{Haxd P)
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TABLE 4.3 (Continued)

vol.

Req. Holdin
Measurement {ml) Container Preservative Timeig
Radium~2206 200 P,G None Required 7 Days
Selenium 50 P,G HNO3 to pH<2 6 Mos.
Silica 50 P only Cool, 4°C 7 Days
Silver 200 P,G HNO3 to pH<2 6 Mos.
Sodium 200 P HNO3 to pH<2 6 Mos.
Specific Conductance 100 P,G Cool, 4°C 24 Hrs,é/
Sulfate 50 P,G Cool, 4°C 7 bays
Total Dissolved Solids 100 P,G Cool, 4°C 7 Days
Temperature 1,000 P,G DetegTége on No Holding
Uranium 200 P,G None Required 7 Days
Vanadium 200 P,G HNO;3 to pH<2 6 Mos.
Zinc 200 P,G HNO3 to pH<2 € Mos.

1/

~* 1t has been shown that samples properly preserved may be held for extended
peraiods beyond the recommended holding time.

2/

— Plastic or glass.

é/Mercmclc chloride way be used as an alternate preservative at a concentration
of 40 mg/l, especially 1f a longexr holding time 1s required However, the

use of mercuraic chloride is discouraged whenever possible.

Q/Use boron free glass.
§/If the sample is stabilized by cooling, it shotld be warmed to 25°C for
reading, or temperature corrcction made and results reported at 25°C.
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TABLE 4.4
UNIT COSTS: WATER~LEVEIL RECORDER
{1978 Dollars)

Cost Item Cost/Unit
1/
Basic Recorder— $315
Clock (30-day battery driven) 200
Float Pulley (10 in. circumference} 19
Float (3 in. carcumference) 21
Float Cable (200 ft) 120
Gears (1%1) 26
Charts (Box of 54) 10
Recorder Shelter 125
Total $836

lfstevens Type F-11 Recorder.
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k.2.5.2 Water-Quality Analysis

Table 4.5 provides a range of costs for different sets of water-quality
analyses that may be made during the course of the monitoring program.
The costs shown in this table are based on a single sample analysis only
and do not include collection or transportation charges. Discounts of
as much as 50 percent may be given for multiple analyses. Comprehensive
analyses will only be necessary for the wells used in the pre-mining
data collection program (22 wells total) unless NRC determines that
additional such data are needed during other phases of the in-situ
Jranium leaching operation.

During well field operation, a specific-conductivity meter will be used.
The meter will have to be equipped with a windlass device to raise and
lower the conductivity probe. The price of this specially designed
conductivity meter is estimated to be $931 (including the meter @ $413,
the probe @ $43, the cable @ $400 (400 ft), and the windlass B $75).
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TABLE 4.5

COST OF WATER QUALITY ANALYSLS

(1978 Dollars)

Uranium
Vanadium
Copper
Selenium
Molybdenum
Arsenic
Radaium 226

Iron
Magnesium
Chloride
Sulfate

Lead

Iron
Manganese
Chromium
Nickel
Cobalt
Cadmium

Gross Alpha
Gross Beta

Major Inorganic Chemicals

Carbonate
Bicarbonate
Sodaium
Calcium

Group Rate:

$53.50 to $107.00

Comprehensive Analysis

Mercury
Zinc
Barium
Fluoraide
Boron
Magnesium
Chloride

Group Rate:

Radiochemical

Group Rate:

Sulfate
Carbonate
Bicarbonate
Nitrate
Ammonia
Sodium
Calcium

$206.00 to $447.00

Radium 226
Uranium

$41.00 to $94.00

Potassium

Electracal Conductivity

Potassium

Silica

Gross Alpha

Gross Beta

Total Dissolved Solids
pH

Elactrical Conductivity
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5. METHODS APPLICABLE TO EXCURSION CONTROL

5.1 LATERAL EXCURSION

Lateral excursions in th: ore-zone aquifer will occur only when the
hydraulic gradient is directed away from the well field. If flow away
from the well field is relatively uniform, it should take a considerable
period of time for an excursion to reach monitor wells that now are
usually placed 200 to 400 ft (61 m to 122 m) from the well field.
Geologic conditions favoring unusually rapid excursions are:

. The presence of a zone of high permeability
relative to the sandstone as a whole that would
allow perferred movement along a small portion
of the sandstone.

2. The presence of fractures along which preferred
movement could occur.

3. Completion of an injection well or wells in a
sandstone unit that extends only a short distance
away from the well field and is thus not penetrated
by a production well.

The present practice of using water-quality data only as the indicator
of excursion events is probably the reason why significant lateral
excursions have been able to develop undetected in some field operations.

The monitoring program developed for this study (Section 3) recommends
water-level or hydraulic monitoring as the preferred indicator to pro-
vide early detection of developing excursion. Even though a well field
may be pumped at & net inflow rate, the flow pattern associated with any
one well is generally unknown. Also, metering devices are not accurate
enough to maintain a total leach field production rate that 1s reported
to be I to 2 percent above the total leach field injection rate.

If the system is properly monitored, it should be possible to reverse an
excursion of lixiviant in a short period of time without causing en-
vironmental problems. |If an excursion is verified, action should be

taken to adjust the well-field operation to restore the desired inward
hydraulic gradient. The principal corrective actions are: over-production,
reordering the pumping balance of the well field, or reducing or stopping
injection. These methods may be applied locall to a few wells within a
cell, to the entire cell, to several cells, or to the entire well field

as the situation dictates.

If the lateral excursion is extensive, corrective measures are similar
to those used for restoration (Section 6). The cnly significant dif-
ference between correction of excursions and restoration is that the
main body of a lateral excursion may not have wells centered within or
close to it. Injection into a well that is within the body of the
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excursion, but outside of any production wells, could drive the con-
taminated water away from the well field rather than towards it, making
it difficult to recover the contaminated water by pumping of the well
field.

An excellent example from Texas of the development and correction of o
lateral excursion shows that the excursion to three monitor wells was
caused by an injection-production imbalance.! Excess injection in parts
of the mining area established a hydraulic gradient away from the well
field that led to the movement of well-field water to adjacent monitor
wells. The behavior could be directly related to rises in water levels
in the monitor wells. It is probable that, had action been taken to
restore the injection-production balance when water levels in the monitor
wells began to rise, the excursion would not have reached the monitor
wells. Background water quality was apparently restored successfully at
the affected monitor wells when the hydraulic system was rebalanced
(Figure 5.1).

Extensive water sampling during the excursion provided an excellent
opportunity to study the pattern of water-quality change that accom-
panied the excursion (Table 5.1). The best indicator of the excursion
was an increase in total dissolved solids attributable to large changes
in calcium, magnesium, sodiim, chloride, and sulfate. 1in spite of the
fact that ammonium bicarbonate was being injected and uranium mobilized,
none of these three parameters was found to be an indicator of the
excursion, probably because the ammonium was adsorbed, the bicarbonate
consumed, and the uranium reprecipitated before reaching the monitor
well,

The water-quality results also indicate that the surrounding ground
water was impaired only as a result of the increase in total dissolved
solids. Such an increase may or may not affect the usability of the
water, No hazardous or toxic material was detected in concentrations
that would impair use of the water as a drinking-water supply.

5.2 VERTICAL EXCURSION

A vertical excursion takes place when ieach field fluids move “nto
aquifers above or below the ore-zone aquifer, as a result of:

1. Vertical leakage upward around the casing of an
improperly cemented operating or monitoring well
or through the casing and cement of a damaged well.

2, Vertical leakage upward and/or downward through
improperly plugged exploration boreholes.

3. Vertical leakage upward and/or downward through
semi-pc-meable confining beds.
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TABLE 5.1
APPARENT CHANGE OF SELECTED WATER-QUALITY
PARAMETERS RESULTING FROM A CONFIRMED EXCURSION

1)

Parameter

Apparent Change

Specific Conductance

Large Increase

Calcium Large Increase

Magnesium Moderate to Large Increase
Sodium Moderate Increase

Chloride Large Increase

Sulfate Large Increase

Potassium Small Increase

Boron Moderate to Large Increase
Manganese Large Increase

Radium Inconsistent Laboratory Results
Bicarbonate Very Small Increase

Fluoride No Measurable Change

Ammonia No Measurable Change

Arsenic Inconsistent Laboratory Results
Barium Inconsistent Laboratory Results
Cadmium No Measurable Change

Chromium No Measurable Change

Copper No Mcasurable Change

Iron Inconsistent Laboratory Results
Mercury No Measurable Change

Lead Inconsistent Laboratory Results
Molybdenum No Measurable Change

Nickel No Measurable Change

Selenium No Measurable Change

Silver No Measurable Change

Uranium No Measurable Change

Vanadium No Measurable Change

Zinc No Measuralkle Change

Nitrate No Measural:le Change
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L, Vertical leakage upward and/or downward along ...
natural fractures in confining beds.

5. Vertical leakage upward along induced hydraulic
fractures.

Monitoring for vertical excursions is best achieved by pumping from a
well in an adjacent aquifer so that the water-level cone of depression
around the well extends to the boundaries of the field. With such
monitoring, any significant vertical leakage of well-field water will be
drawn to the monitor well where it will be detected by a water-g.ality
change. ’

Determining the precise source and the path of a vertical excursion may
be difficult, in that the monitor well can only detect a change in
chemical quality and not the direction from the monitor well to the

point where the excursion is taking place. At best, it is only possible
to conclude that the leakage is the result of two or three possible
causes. For example, it is seldom possible to distinguish, unequivocally,
between leakage from an injection well and leakage through an improperly
plugged exploration hole.

If the source of vertical excursion can be determined, several elimi-
nation or control actions can be used (Table 5.2). After the source of
vertical excursion has been eliminated or controlled, action ca~ be
taken to remove or immobilize the contaminants introduced during the
excursion. Methods availabie are the same as those discussed for re-
storation. The difficulty in the case of vertical excursions is that
the wells needed for pumping or pumping and injection in order to con-
trol the excursion are not in place in the affected aquifer and would
have to be constructed, unless one or more of the monitor wells couv'd be
converted to that use.



TABLE 5.2
POTENTIAL ACTIONS TO CONTROL VERTICAL EXCURSIONS

Source Action

When source of vertical excursion can be determinecd:

Improperly cemented casing Remedial cementing

A well whose casing has failed Plug and abandon

Semi-permeable or naturally fractured ? Reduce operational pressures so that little or
confining beds no outward hydraulic gradient exists across

the confining beds

Artifically fractured confining keds Keep 1injection pressures below fracture pressure

When source of vertical excursion cannot be determined:

Maintaining injection pressures below the
natural pressures in the vertically adjacent
aquifers

Abandonment of the field or that portion of the
field in which the vertical excursion has de=-
veloped

L -~ A % ML
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6. METHODS OF AQUIFER RESTORATION

As us=d here, restoration means the reduction of the concentrations of
dissolved minerals, within the leaching field and in adjacent affected
portions of the aquifer, to an acceptable level, based on requlatory
considerations. Several techniques are being used or have been proposed
te achieve restoration. Thus far, however, efforts have been limited to
pilot-scale projects. Experience and consideration of geochemical and
geological principles indicate that restoration of all eilements and
parameters to baseline levels will be very difficult, if not impossible.
However, restoration based on water uce. apoears to be possible.

6.1 GEOCHEMISTRY OF AOUIFER RESTORATION

In-situ leach mining takes place in an environment of complex mineralogy.
All of the common trace elements associated with the ore body are
susceptible to solubilization, which is likely to occur as a result of
oxidation, complexation, or replacement reactions under favorable
chemical conditions. The major elements, such as sodium, calcium,
magnesium, and iron can be put into solution by common dissolution or
replacement reactions or ijon-exchange reactions brought about by direct
contaci of the host rock minerals with injented lixiviant agents, or by
contact with chemical agc 1its formed within the ore body during leaching.

The mobility of an element i *he "n-situ mining environment is defined
in terms of the tendercy for ixiv..nt waters to transport significant
concentrations of th. zlement over some distance. The usual mode of
transport is as star >, soluble Tons or ionic complexes. Mobil. y will
depend upon: {1} t* M of the lixiviant, (2} the type of complexing
agent introduced by tle ieaching sciution, and (3) the ef.iciency ot the
natural geochemical (-aps capable ¢- irging minor and tirace amounts of
deleterious elements from the lixivy t.

The extent of aqu’v2r contaminaticn may be controlled by selecting
lixiviants _hat ar. effective or uranium but that minimize the dissolution
of associated trace elements. As a general rule, more trace elements

will be mobilized by acid lixiviants than by base lixiviants.

Lixiviants are prepared with salts known to form stable aqueous complerzs
with uranium, however, some will also st3hilize unwanted trace elements.
For example, ammonium bicarbonate/carbonate lixiviants form staible

aqueous amine complexes with environmentally sensitive arseni., copper,
zinc, cadmium, and mercury. Such complexation may retard thke effect./eness
of natural geochemical mechanisms that purgec a lixiviant of these con-
taminating trace elements. A simi.ar problem may arise with the oxidant
used. Chlorites and chlorates, for example, introduce chloride ion

which complexes readily with heavy metals.

Natural geochemical traps are likely to restrict the mobility o' con-
taminating elements. Reprecipitation and ion-exchange mechanisrss tend
to immobili ¢ carbonate, sulfate, ammonium, iron, manganese, uranium,



and vanadiun, whereas adsorption Is most effective with the common heavy
metal trace elements., These mechanisms can purge ground water of
significant amounts of contaminating ions.

Once solution mining has started, tiae mined aquifer will remain in an
owidizing state until reducing conditions are re-established. The mere
te-nination of lixeviant injection may have negligible short-term effects.
M.sration of contaminated waters outside the lmmediate miring-affected
area will bring the dissalved metal complexes into contact with reduced
+nd less altered rock where reduction and precipitation of dissolved
cuemical species are likely to occur. The transition metals susceptible
to reduction reactions will be purged from solution in preference to the
stable alkali, alkaline earths, and halogens. 1t is important to note
that these reactions are analogous to reactions responsible for the
deposition of ore and associated minerals described elsewhere in this
report. Indeed, redeposition has been observed where uranium-bearing
lixivients have come into contact with reduced sandstones on the periphery
of a producing well field.

Table 6.1 lists the common elements susceptible to robillization by both
milcly acid and alkatine lixiviarts during In-situ leach mining and
cites the mechanisms likely to lwnit their mobility. Four mechanisms
are included for purposes of comparision: (1) rerrec.pitaticn rest*ions
as a resul: of solubility considerztion, (2) ion excnange »ith comrun
clays, (3) adsorption onto hydrous iron and manganese oxides, and (&)
chemical reduction by means such as contact of solution with more
reducing strata. The table is not intended to be absolute; reactions
that are questionable or effective only under very specific conditions
were purposely omitied.

6.2 EVALUATION OF RESTOR-T ON TECHN TUES

Teerniques of lsach field restoration that have been attempted or propc.c.d
are: (1) p.mping of selected leach field wells; (2} pumring of selected
leacn f.eld aells in combination with injection into other selected
wells +f natural ground qater, recirculated treated leach tield wate-,
or one of the above t(ypes of water with chemicals adoed; and (3) natural
restoration. In evaluating these te~hniques, it must be realized that,
as> previously mentioned, the only existing experience with leach field
restotation is at the pilot project level. Some problems with extra-
palating piiot-scale res'oration results to production-scale operations
therefore exist. First, the geologic a-d geochemical framewcrk of the
rilot-scale operations may be different. For example, a pilot-scale
project might be entirely within and wurrounded by an ore body, whereas
tte» production-sc.le operation would oe expected to extend to the limits
of the ore bodv. t~cont, a pilot-scale operation, because of its srmall
sizz (typicaily only a singie five-spot array of wells), would not be
expected to encouncer the stratigrashic variations that will commonly be
found over the area of a production-scale operation.
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TABLE 6.1
NATURAL MECHANISMS LIMITING MOBILITY OF ELEMERTS
IN MILDLY ACID AND ALKALINE LIXIVIANTS

SR NN b 5 AT ST RnFRE = T DT er

Mechanism Elements Immobilized

Mildly Acid Lixiviants

2
Reprecipirtation S(504, ), Mo, Se, As, V, Ba, Ra
+
Ion Exchange Na, Ca, Mg, Hi{NH, }. U, V
2
Adsorption £(504 }, kn., Mo, Se, As
2
Reduction S(80, 1}, U, Fe, Mo, Se, As, O, Pb,
Zn, Cd, Hg
Mildly Alkaline Laxaviants
Reprecipitation Ca, My, C(COy 1}, S{50. ), U, Fe,
Mn, Se, As, V, Cu, Pb, Ba, F, Ra
’.
Jon Exchange Na, ta, Mg, N{ul, ), U, Vv, Cu, Pb,
Zn, Hg
Adsorption S(s0. ), J, Mn, V, Cu, Ph, 2n, Ba,
cd, Ha
Reduction S{86. ), U, te, M3, se, As, Cu, Pb,

on, Cd, Ha
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6.2.1 Pumping of Selected Leach Field Wabds

The initial concept of leach field restoration, as developed in Texas, -
involves only the pumping of selectcd leach field wells after cessation
of lixiviant injection. The pumping Is Intended to draw uncontaminated
ground water from outside the leaching field to displace the injected
tixiviant and the constituents mobilized by it. Under ideal conditions,
It is believed that ground water from outside the leaching field wiil
completely displace the lixiviant, thus producing a water-quality
condition that is the same as average baseline quality.

The best data examined for restoration by pumping alone are those
obtained by the Exxon Company at the Highland Uranium Mine.! ‘the pilot
project involved a single injection well surrounded by six producing
wells (Figure 6.1) and a single ring of six monitor wells. The ore
bearing sandstone at the site averages 23 feet in thickness and has a
porosity of 29 percent.! Based on this thickness and porosity, the pore
volume within the ring of production wells is about 1.27 million gal
(4,800 m3) and within the ring of monitor wells is about 3.53 million
gal (13,350 m3). Because excursion beyond the ring of production wells
did occur during mining, it can only be concluded that the aquifer
voiume affected by mining was greater than i.27 million gal, but iess
than 3.53 miltlion gal.

During mining of the pilot project, 11,55 million gal (43,890 m3) of
lixiviant (NaHC03 and 02) were injected and 10.29 million gal (39,100 m3)
were withdrawn, leaving 1.26 million gal (4,770 m3) in place when
injection ceased on November L, 197k, After injection of lixiviant
ceased, pumping of the six production wells continued and pumping of the
injecticn well began. _Aggregate production from the scven wells averaged
about 21,600 gpd (80 m3/day).

It is not known what the uranium concentraticon w~as in the produced
pregnant lixiviant during well-field operation, but it would be expected
to be in the hundreds of mg/l, in contrast to the baseline uranium
values which were less than 1| mg/}, By October 26, 1977, after production
of about 22.7 million gal of water (Table 6.2 and Figure 6.2), the
uranium concentration in water produced from the former injection wetl
was 61 mg/1 and concentrations were from 9 to 33 mg/l in the production
wells. Figure 6.2 shows an irregular, but clear, tendency toward
reduction in uranium concentration in the water pr.duced from the in-
jection well until late 1977, although uranium levels at that time were
still more than 100 times the original average baseline value of 0.2 mg/1
(Table 6.3).

The restoration of other parameters includiny carbonate, bicarbonate,
radium-226, thorium-230, arsenic, and seleniun was evaluated. Inspection
of available data, without a rigorous statistical analysis, shows that
both carbonate and bicarbonate levels remained very high in water samples
from the injection well until April 1977, when the levels of both declined
rapidly, with the bic rbonate level reaching baseline (Tables 6.4 ana
6.5). Radium~226 we. originally high (120 pCi/l) and has remained in
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Figure 6.1, Well configuration of Exron's Highland in-situ leach
mining pilot project.1
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URANTUM CONCENTRA''ION DURING RESTORATION,
HIGHLAND SOLUTION MINE PILOTL)

TABLE 6.2

Observed Uranium Concentrations

Milligrams Per Liter By Well

Date 1 2 3 4 5 6 INJ.
08/19/76 34 72 9 14 57 60 157
09/25/76 *E/ 62 6 12 - 58 165
10/11/76 - 49 9 - - 111
10/19/76 - 62 10 15 - 46 145
10/29/76 8 %4 13 le6 - 50 133
11/04/76 7 52 6 13 - 46 131
11/15/76 6 42 11 15 - 42 126
11/24/76 19 60 13 14 14 48 134
12/03/76 16 42 11 12 31 41 135
12/07/76 24 44 7 11 37 38 128
12/20/76 22 54 10 11 45 42 139
01/13/77 12 - 13 - 47 48 129
01/30,77 27 - - 60 49 112
02/14/77 27 - - 60 43 103
03/01/77 27 33 10 - 61 54 121
02, .2/77 31 38 21 - 21 - ¥ 54
03/25/77 is 37 50 - 24 19 89
04/2Y/77 31 47 24 - 59 - 94
0u/26/27 17 37 S - 42 31 73
05/21/77 3¢ 55 28 - 69 - 110
06/23/77 11 31 5 - 42 39 €8
07/21/77 10 32 - - 32 31 54
08/04/77 9 31 1 - -3 - 54
09/25/77 31 3 - - 31 57
10/26/77 14 26 9 - - 33 51
1/

~ Dash 1indicates well not producing, and no sample was taken on that date.
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TABLE 6.2

ORE~ZONE BASELINE WATER QUAIITY,L/
HIGHLAND SOLUTION MINE PILOTL)

Parameter Value
Sodaunm 161 ppm
Calcium 77 ppm
Magnesium 13 ppm
Chloride 27 ppm
Sulfate 119 ppm
Bicarbonate 237 ppm
Selenium <0.5 ppm
Uranium 212 prb
Radium 226 1.2 x 1077 uCa/ml

Thorium 230

8.6 x 1072 uC1/ml

A/Average of 3 samples taken from 3 production wells
in oraginal pilot area during May 1970.
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CARBONATE CONCENTRATIONS DURING RESTORATION,
HIGHLAND SOLUTION MINE PILOTL)

TABLE 6.4

Date

08/19/76
09/25/76
10/11/76
10/29/76
11/04/76
11/24/76
12/07/76
12/20/76

01/30/77
02/14/717
02/21/77
03/06/77
02/25/77
04/21/77
04/26/77

Observed Carbonate Concentration

Milligrams Per Litexr By Well

1 2 3 4 5 6 INJ.
51 181 0 42 51 173 554
- 163 0 23 - 209 650
- 147 2 - - - 505
0 165 0 11 - 143 569
- 174 34 33 - 152 535
11 161 0 11 0 97 550
48 145 16 48 11 0 469
24 167 24 24 24 71 547
70 - 11 - 34 139 550
47 - 0 - 6 104 485
0 258 11 - 47 - 469
50 71 0 - 14 50 264
20 22 0 - 0 7 242
30 60 0 - 10 40 20
0 86 0 - 21 29 21
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TABLE 6.5

BICARBONATE CONCENTRATIONS DURING RESTORATIGN,
HIGHLAND SOLUTION MINE PILOTY)

Observed Bicarbonate Concentration
Milligrams Per Liter By Well

Date 1 2 3 4 5 6 INJ.

08/19/76 512 849 157 353 506 792 1,503
09/25/76 - 495 142 355 - 520 1,511
10/11/76 - 619 255 - - - 1,233
10/29/76 236 418 259 351 - 489 1,275
11/04/76 165 472 178 311 - 495 1,145
12/07/76 220 477 145 187 207 477 1,224
12/20/76 387 676 290 338 436 556 1,718
01/30/77 311 - 228 - 456 519 1,494
02/14/77 328 - 234 - 517 434 774
02/21/77 332 519 199 - 519 477 1,286
03/06/77 181 226 113 - 266 226 447
03/25/77 147 194 68 - 158 136 520
04/21/77 119 201 174 - 174 146 137
04/26/77 20 271 102 - 254 226 243
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the raage of 50 to 100 pCi/1 during the restoration phase (lables ¢.6).
There does not seem to have been a clear trend toward reduction in the
level of arsenic during the restoration period, but selenium levels
appear to have decreased during restoration (Table 6.7).

It can be concluded that pumping for the purpose of drawing in natural
ground water does produce a trend of water-quality improvement, but

it can be very time consuming, and perhaps impossibie, to bring the
levels of all elements of concern back to within the original baseline
range. Furthermore, the volume of water pumped to produce significant
irprovement in quality was large, and handling of such volumes of water
would ve a major waste-disposal problem during a full-scale project.

Pilot leaching projects using an alkaline leach, with the exception of
the Exxon test, have used ammonium bicarbonate in the lixiviant. The
use of ammonium has caused a special restoration problem. Figure 6.3
shows the results obtained by Wyoming Mineral Corporation during restora-
tion by pumping alone at that company's Irigaray site.?’™ The pumping
or ''ground-water sweep'' test was a single-well test, and, thus, particu-
larly unrepresentative of a production-scale effort. However, the
inability of pumping alone to lower the ammonium level is typical of
other such test data that have been examined. The total dissolved
solids were restored to below baseline, but manv of the individual
parameters, in addition to ammonium, remained at many times the initial
values measured in the 5i7-well area (Table 6.8).

The threz principal reasons why pumping alone is only partly successful,
as evidenced by available data, are:

(1) Sandstone bodies of the type in which uranium leaching is
being practiced are naturally inhomogeneous and commonly
include preferred paths of fluid flow. During restoration
by pumping, it is expected that inflowing ground water will
readily sweep contaminated water from the areas through which
flow is preferentially channelled, but will bypass contaminated
water in other areas. As restoration cc~tinues, water that
was originally bypassed will be slowly removed.

{2) Some ions, of which ammonia is an extreme example, adsorb
to minerals (particularly clays) in the aquifer. During
teaching, these minerals are present in the water in
relatively high concentrations. During restoration, as
the amounts in solution decrease, the ions begin to desorb.
The desorption process can be very slow, resulting in the
presence of the desorbing ion for a long period of time.

(3) Prior o mining, water in contact with minerals in and
around the uranium ore hody is expected to have reached
some state of chemical equilibrium with the winerals.
During leaching, the existing chemical equiltibrium will
be disturbed and itmay he difficult, if not impossible,
to reestablish it-
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TABLE 6.6
RADIUM AND THORIUM CONCEXTRATIONS DURING RESTORATION,
HIGHLAND SOLUTION MINE PILOTI)

Radium 226 Thorium 230
Date (nCa/ml x 1c-8) (uCi/ml x 10°7)
05/01/70%/ 12.0 0.86
07/04/72 9.2 39.5
09/04/72 1.1 21.0
01/19/73 21.4 68.1
05/10/74 110.0 1040.0
08/05/74 - 42.0
11/12/74 40.0 280.0
02/04/75 8.8 67.0
05/02/75 ) 4.4 1.6
08/08/75 12.5 0.5
09/03/75 6.8 1.2
10/02/75 10.0 0.3
11/03/75 14.0 3.6
12/01/75 9.0 4.3
01/05/76 8.2 20.4
02/03/76 12.2 3.4
03/01/76 8.2 0.3
04/05/76 5.2 0.1
05/03/76 7.9 1.3
06/04/76 8.6 0.9
07/02/76 5.9 0.7
08/02/76 6.4 0.9
09/01/76 5.6 1.0
10/13/76 7.3 1.4
11/09/76 7.7 2.1
12/01/76 5.6 1.0
01/03/77 7.4 .1
02/01/77 7.6 1.2
03/04/77 9.2 1.4
1/

Average of 3 samples taken pricr t¢2 solution mining operations.
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TABLE 6.7
ARSENIC AND SELENIUM CONCEKRTRATIONS
DURING RESTORATIOXN, 1)
HIGHLAND SOLUTION MINE PILCTE

Date Arsenic Selenium

(mg/1) (mg/1)
May 19705/ - <0.5
09/03/75 J.36 .17
01/05/76 0.38 0.14
02/03/76 0.37 .17
04/05/76 0.33 G.16
05/03/76 0.36 6.17
06/04/76 0.44 - 0.21
07/02/76 0.31 0.14
08/02/76 0.28 0.08
G9/01/76 0.40 €.13
12/01/76 0.09 0.05
01/03/77 0.23 ¢.10
02/01/77 0.32 g.08
03/04/7%7 0.21 a.08
1/

=" Sample taken in pilot area prior to initiatirg solu-
tion mining test.
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TABLE 6.8

WATER-QUALITY CHANGES RFSULTTNG FROM 3

5T7-3 PILCTS)

GROUND-WATER SWEEP, IRIGAIY
Initial Final 517 Baselire?/

(opm)i/ (pom) (prm)
KHy 180 123 < 1.0
As .033 .017 < .0G25
Ba .03 .03 .12
B 8.3 0.26 1€
cd 0.30 < .002 < .065
Ca 58.5 13.5 —
co3 4.2 4.7 —
C1l 531 229.9 10.75
Cr < .002 .004 .0135
Cond {pmhos) 3.30 & 103 1.95 x 103 —
Cu .215 .041 .019
F 2.73 4.10 —
cacos 616 445 23z
Fe 2.15 .65 e
Pb .32 0.58 .3035
Mg 19.5 5.4 ———
Mn .784 .150 .1z
Hg . 0002 < .0002 0628
Mo < .02 .42 -
N1 1.79 < .20 .013
NO3 4.92 1.24 -
NO, 2.76 0.151 -
pH 7.9¢ 8.14 —
K 8.14 2.9 -
Se 1.02 . 339 .013
S1 5.3 3.3 ——
Ag < .002 < .002 < .005
Na 208 210.8 ———
S04 270 233 -
TDS 1,30 712 793
v < .05 .21 ——
U;0g 18 12.3 .09
Zn .218 .02 003
Ra-226 (£1/1) 478 + 9 105 = 10 26.8 * 5.2
Gross Alpna 12,317 + 288 5,412 t 177 168 = 11
Gross EBeta ™ 5,374 t 115 2,052 t 85 164 = 19
Th 230 " 640 * 21 1.5 * 0.9 -

1/
2/

Values in ppm, except pH and as otherwise noted.

Original 5I7 baseline values were determined on & single sanple
analysis and did not include all parameters of interest.
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6.2.2 Pumping in Combination With Injection

Restoration could be expedited by simultaneously pumping selected wells
and injecting water that h3s been tailored by pretreatment and/or chemical
adcition into other wells, Pumping would draw out the injected lixiviant
and mobilized ions, while injection would drive the contaminated water
toward the pumping wells,

6.2.2,1 iInjection of Natural Ground Water

Injection of natural ground water is perceived to have no advantages
over pumping alone. Pumping alone draws in natural ground water without
the added cost and technical difficulty of injection. In fact, if the
injected water were to contain oxygen, it would be expected to have a
negative effect by sustaining the mobilization of uranium and other
oxidizable elements. For example, | mg/l of dissolved cxygeén is capable
of oxidizing 17.5 mg/1 of U30g.

6.2.2.2 Inje.tion cf Treated Leach Field Water

One cf the major problems associated with restoration by pumping alone

is the dispusal of the contaminated water brought to the surface (Section 7)
Treatment of pumped water, for reduction of some or all of the contami-
nants, and reinjection of the treated water to the well field reduces

the volume of contaminated water that must be disposed. A variety of
partial or compiete treatment methods are available. For example,

partial treatment might consist of uranium stripping and precipitation

of radium-226. Complete treatment by one of the delonization methods,

such as reverse osmosis, may be utilized where partial or seiective
treatment is precluded.

Wyoming Mineral Corporation is the only company known to have experimented
with injection of treated well-field water. At its irigaray, Wyoming site,
water produced from the well field was run through a reverse-osmosis

unit and reinjected during the '"clean water recycle! test. The effective-
ness of the reverse-osmosis treatment of produced well-field water is
shown in Table 6.9. It is estimated that the concentrate containing the
contaminants comprised only 20 percent of the volume of water treated,
thus eliminating 80 percent of the water that would otherwise have to be
disposed.?’" Obviously, injection of the treated water will achieve a
considerable reduction in the average levels of dissolved constituents

by dilution.

As discussed above, injection of treated water would be expected to
introduce oxygen into the ground-water system that will cause continued
oxidation and mobilization of uranium and other metals, unless some form
of deaeration is use! prior to injection.

6.2.2.3 Injection of Water Containing Added Chemicals

An alternative restoration technique is the injection of water containing
appropriate chemicals to remove uranium and trace metals from solution.
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TABLE 6.9
EFFECTIVENESS OF REVERSE OSMOSIS 3)
IN WYOMING MINERALS IRIGARAY PROJECT

Concentration of constituent an mg/ly

Before reverse After reverse Percent
Constatuent osmosis OSmMeS1S Reduction
0308 43 <1 > 97.6
CO3 8 < 4 > 50.0
Cl 686.8 26 . 96.2
504 641.8 4.3 99.3
Na 434 10.7 97.5
Ca 71.5 - 2.2 96.9
Mg 23.3 < 1.0 > 95.7
NH4 54.3 2.7 95.0
pH 4.7 4.9 -
Conductaivaity 3,237.3 umhos 149 umhos -

}‘/Constituents in mg/l except pH and conductivity.
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The most effective chemical would reduce oxidized elements, and combine
with them to form insoluble compounds. Sulfides, such as hydrogen
sulfide or sodium sulfide, appear suitable because of their assumed
chemical effectiveness, environmental compatibility, and relatively low
cost. Readjustment of the reduction potential of the ground-water
system is expected to have only a minor effect on the major cations and
anions (Na, Ca, Mg, S04, HCO3, €03, Cl1). The injection of reducing
agents is not known to have geen applied in the field.

The injection of a solution to promote rapid ammonium ion desorption has
been suggested. The affinity of cations to adsorb to minerals generally
increases with increasing valence and concentration. Therefore, it is
expected that adsorbed ammonium fons can be displaced from clay minerals

by high concentrations of multivalent ions. Bivalent calcium and magnesium
ions appear to be good candidates because of their affinity to adsorb

and their common occurrence in nature.

Wyoming Minerals performed a test at the Irigaray site in which a solution
high in calcium, sodium, and/or magnesium was injected to desorb ammonium
(Figure 6.4).%3** As expected, the concentration of ammonium in trne
recovered solution increased during injection of the ion-bearing solution
from about 65 mg/1 to over 200 mg/1, reflecting the increased desorption
of ammonium. The concentration then decreased as the ammonium was de-
pleted. After recovery of about 450,000 gal (1,710 m3) of fluid,
injection of water treated by reverse-osmosis was begun to remove the
injected saline solution. After recovery of an additional 550,000 gal
(2,090 m3) of fluid, the ammonium level was about 35 mg/l as compared
with the value of 65 mg/l before the test began. 1t is concluded that
additional reduction in well-field ammonium values can be achieved by
irjection of a saline solution, but that the test failed by a consid-
erable margin to achieve complete ammonium removal.

6.2.3 Natural Restoration

Thus far, state and Federal regulatory agencies have made pumping or a
combirnation of pumping and injection the required means of leaching
field restoration. No study has yet been made to determine what the
result would be if reliance were placed upon the natural capacity of the
ore~bearing stratum and uncontaminated ground water to restore or
partially restore the affected area.

The concept of natural ground-water quality restoration may have par-
ticular merit in uranium leaching. It is believed that, under the

proper circumstances, most of the objectionable elements that have been
introduced or mobilized during leaching will be removed by reprecipitation,
ion exchange, adsorption, or reduction, as discussed earlier in the
introduction to the section.

Problems associated with the concept of natural restoration include the

difficulty of predicting (1) the time and distance required for the
contaminant removal processes *to be effective, (2) the degree of
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contaminant removal that will be achieved, and (3) the ultimate fate of
some elements or ions, e.g., chloride and ammonia.

6.3 ENVIROMMENTAL IMPACTS OF RESTORATION TECHWIQUES

The uranium leaching process mobilizes varying amounts of natural uranium,
thorium, arsenic, selenium, and other metals that are found in and
adjacent to uranium ore bodies. In addition, leaching agents containing
such chemicals ws ammonia, carbonate/bicarbonate, sodium, sulfate, and
chloride are added to the ground-~water system.

it has been shown, in pilot restoration projects, that most of the
introduced and mobilized chemicals can be significantly removed by
mechanical and chemical restoration methods, It is believed that natural
geochemical mecharisms, either alone or after mechanical restoration,
are capable of causing significant water-quality improvement but pre-
diction of the effectiveness of natural restoration is not now possible.

Mechanical restoration methods are time consuming, expensive, and, for
geclogical and geochemical reasons, perhaps even incapable of returning
every ion and parameter to its original baseline level. Additionally,
mechanical restoration by ground-water pumping, the method most widely
favored today, results in large volumes of waste water that must be
handied, This may present environmental problems which are discussed in
Section 7. Treatment and reinjection of pumped water produces a smaller
volume of waste water, but the contaminants still must be handled at the
surface in a concentrated liquid and/or solid form. In-situ restoration
by chemical injection may have an advantage because no wastes are brought
to the surface. This process, however, has only been proposed thus far.
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7. MWASTE GENERATION AND DISPOSAL

Wastes are generated during uranium recovery aud aquifer rastoration,
though the quality and quantity of the wastes are variable. In general,
the process wastes have a low volume but a high dissolved solids content,
wher:as the restoration wastes are high volume and low solids. Appendix D
and Section 6 discuss the process methods and restoration methods in
detail.

Because most wastes will be either liquids or slurries, the following
methods for disposing of wastes associated with in-situ leach mining

have been evaluated: (1) disposal wells, (2) lined evaporation ponds or
tailings ponds, and (3) liquid/solid separation with use of the residual
water for such purposes as irrigation. Additionally, direct surface-
water discharge was evaluated as a potential waste-aisposal method,
however, current EPA effluent guidelines prohibit the discharge to streams
of any material from uranium mills,!

Several assumptions were made concerning the waste streams prior to
making the assessment. The waste from a typical uranium recovery process
(Figure 7.1) will be a liquid or a slurry of suspended solids produced
at a rate of 27.9 ac-ft/yr (34.4 bm3) [30 gpm (1.9 1/s)] or more.

Table 7.1 presents a crude estimate of the chemical quality of this
fluid {(no complete chemical analyses are available from the industry).
The restoration waste stream will be the fluid p* ‘uced by the ground-
water sweep restoratiocn method. This method res > sn the handling of
very large volumes of waste. The waste is produced at 1,300 ac-ft
(1,600 hm3) or more per year (800 gpm [50.4 1/s]) and has a chemical
composition similar to that shown in Table 7.2. The quziity of the
recovered water will improve with time for any one area of restoration,
but because two or more areas may be under restoration concurrently,
only the poorer quality waste has been shown.

7.1 DISPOSAL WELLS

For a subsurface disposal system to be environmentally acceptable, it is
necessary to locate a porous, permeable formation of wide areal extent
at sufficient depth to ensure retention of the injected fluids. A low
permeability zone should separate the injection horizon from horizons
containing potable ground water and/or mineral reserves to prevent
vertical migration of the wastes or displaced formation brines into
these "'usable' strata.? The disposal zone should contain water with a
TDS quality poorer than 10,000 mg/l.

7.1.1 Regulatory Feasibiliiy

A1l States in which in-situ leach mining may take place have a regulatory
position that allows the use of disposal wells. The requirements to
operate such wells differ considerably, although in general, extensive
preliminary data collection and engineering safeqguards are necessary.
Disposal wells of any type are eoperating only in Texas and New Mexico.
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TABLE 7.1
URANIUM PROCESS WASTE PRODUCTS

Waste Generating
Process

Waste Volume Produced (yr)
Liquid (ac-ft) Solid (tons)

Composition

D&

Material

Calcaum Control

Over-Produced Lixiviant

Resin Wash

Yellowcake Processing

3.1 800

4.6 80O

3,000
(0.4-0.92 C1)

15,0005

Calcaium
Uranium
Radium 226

Ammonia
Chlorade
Carbonate
Metals

Chloride
Ammonia
Metals

Barium
Ammonia
Carbonate
Chloraide
Sulfate
Metals
Uranium

1/

= Over-produced lixiviant, resin wash, yellowcake process combined effluent quality.
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TABLE 7.2
QUALITY OF WATER PRODUCED DURING
"GROUND-WATER SWEEP" RESTORATION

f
{
. v , :’z}—lz‘,.\ .
H z
)
)

Qualitf/

Parameter {mg/1)=

Ammonia 235 !

Arsenic .021

Barium . 069

Bicarbonate 805

Boron .283

Cadmium .014

Chromium .002

Chloride 524

Copper .220

Lead .110

Manganese .97

Mercury . 0002 ]
Nickel .218 3
Selenium 1.75 1
Silver 0.15 ;
Total Dissolved Solids - 1,324

Uranium (U30g} 24.4 ]
Zinc 0.22 3
Gross Alpha 22,815 *+ 296 pCi/l 3
Gross Beta 21,043 * 441 pCx/1

Radium 226 371 ¢ 5.6 pCa/l

1/

=/ Constituents in mg/l unless otherwise noted.
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Uraniym wastes are routinely disposed via wells in Texas. One well to
dispose of mill waste is operaticnal in New Mexico.

Currently, EPA is preparing regulations applicable to disposal wells,
under the mandate given to that agency by the Safe Drinking Water Act
(PL 93-523). These EPA Underground Injection Control Regulations pre-
scribe minimum fFederal standards which are to be administered by the
States.? Only Colorado, New Mexico, Texas, and Wyoming will Se required

to comply with the EPA program in the near future. The proposed regulatiocns

do not appear to represent a great change from requirements already in
use in those States.

7.1.2 Well Design and Cost

Figure 7.2 is a schematic diagram of a disposal well, designed in a
manner consistent with existing or proposed requirements for this type
of well, The specific design criteria will differ but certain require-
ments will have to be met in all cases. The major factor in design and
construction is the protection of potable water supplies and minerals of
economic value in the rock through which the well is drilled. Casing
strings are set and cemented into the borehole and usually, an injection
tube is used to conduct the injected waste to the disposal formation.

The well should be designed to handle the largest volume of fluid poten-
tially available for injection; in this case the combined flow rate of
830 gpm 52.4 1/s. Assuming that the disposal well will be constructed
to a depth of approximately 4,000 ft (1,212 m) and will have a final
diameter of 8 in. (20 cm), it is estimated that the well will cost
between $500,000 and $750,000. This cost includes construction and
testing. HNot included is the cost for hydrologic field supervision,
planning, pre-mining data collection, or other administrative costs.

7.1.3 Disposal-Well Practicability

Although disposal wells are currently in use in Texas for in-situ leach
mining operations, it is unlikely that such wells can be used to any
great cxtent in Wyoming, Utah, or South Dakota. The fluvial basins of
Wiyoming, for example, are made up of sedimentary materials that are of
low permeability, and even though the sediments are areally extensive,
the permeable zones are lenticular in nature. Moreover, the quality of
the ground .ater through the entire sequence of sediments in the Wyoming
basins is generally good. In most basins, for example, the Madison
Limestone, whose base is at a depth of + 10,000 ft (+ 3,000 m}, contains
usable water. lInjection above such depths would be precluded in order
to protect this water.

in South Dakota, though a thick sequence of carbonates, sandstones, and
siltstones containing saline ground water underlies the uranium mining
districts, the permeability of these rock units is very low, thus raising
serious doubts about their usefulness as an injection zone. Similar
conditions also are believed to exist in southeastern Utah.
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Figure 7.2. Diagram of a disposal well to handle in-situ leach

mining wastes,
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7.2 EVAPORATION PONDS

Evaporation ponds are designed to separate the dissolved and suspended
solids from a waste liquid by means of solar evaporation. Pure water is
removed from the pond, leaving behind the solid constituents. If
unlined, part of the water held in the impoundment may seep to the water
table presenting a threat to the potability of the near surface ground
water.

7.2.1 Regulatory Feasibility

Both Texas and New Mexico have 2xtensive guidelines for construction and
operation of evaporation ponds. Both States geunerally require that the
pond be constructed in natural earth materials which have very low
water-tran-icting characteristics. Where this is not possible, man-
made syrthetic iiners or emplaced clay liners should be used.” In some
instances, double liners may be required. Wyoming and Colorado both
call for such construction methods, although the regulatory requirements
are not as specific. Utah and South Dakcta apparently have no detailed
programs relating to impoundments.

A+ the Federal level, EPA is preparing regulations regarding disposal
and treatment of hazardous wastes in impoundments, pursuant to the
Resotrce Conservation and Recovery Act (PL 94-580). The requi ements
will be similar to those in the States outlined above. The program is
to be State-administered, based on minimum Federal requirements. NRC
has required the lining of ponds for many years.

7.2.2 Pond Design and Cost

The evaporation pond should be lined with a material that is inert to

the chem cal conditions to be encountered to assure its durability end
integrity. It must be compatible with the regional climatic conditions
and care must be given to avoid overflowing of contaminants tc the land
surface. Several liners were evaluated including bentonite clay, asphalt,
and polymeric membranes such as polyviny! chloride (PVC}, Hypalon, 3110,
ethylene propylene diene monomer (EPDM), and chlorinated and polyethylere
{CPE). Bentonite and aspnalt appear to be less safe ithan the plastic
membranes, because they are subject to drying and cracking. The asphalt
also will be subject to extensive frost action during the winter.

Vhen installing polymeric membranes, the soil under:iying the membrane
rmust be cleared of rocks, debris, and sharp osjects and it should be
smoothed and compacted. As movement caused by wind 1ift (Venturi effect)
or wave action can cause the seams on some liners to break, they may be
weighted by & scil cover, sand filled bags, or old tires. |{f the liner
has poor r=sistance to weather, a soil cover should be used to protect

it from ozone attack and weathering.

Table 7.3 lists the uninstalled unit cost of various polymeric membrane
liners. The total cost of installing a lined pond depends on the typs
of liner material, its thickness, and the site-preparation and finishing
operations required.
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TABLE 7.3
UNIT COSTS: POLYMERIC LINING MATERIALS
(1978 Dollars)

Delaver Cost

Lining Thickness Uninstalled
1 i i d

Materia {mil) Reinforced Unreinforce ($/££2)

PVC 30 v -23

CPE 30 / -26
30 / -40

EPDM 30 v -42
30 4 -52

HYPALON 30 v -32
30 v .45

3110 20 v .24y
20 Y .27
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The size of a lined pond is determined by comparing the yearly waste inflow
with the net evaporation rate (evaporation minus precipitation) for the
site (Figure 7.3). The pond design must include sufficient freeboard
(extra depth} to prevent overtopping the impoundme.t as a result cf
unusually heavy precipitation or wind-induced waves,

Table 7.4 lists the cost for two ponds of different sizes, located in an
area where the net evaporation rate is 38 in./yr (36 cm/yr). One pond
covers 15 ac (6 La) and handles only waste from the uranium precipitation
process at an estimated flow rate of 30 gpm (1.9 1/s). The other pond
covers 400 ac {166 ha) and is designed *o handle restoration waste from

a ground-water sweep operation at an estimated flow of 800 gL (50.4 1/s).

The assumptions used to arrive at the cost are: (1) all costs are in
early 1978 doltars; (2) ponds are constructed of 8-foot berms with 2:1
slopes, from material obtained near or on the site {no importation costs
for fill material); (3) the liner is reinforced on slopes and unrein-
forced on the botlom of the ponds and is installed at unit costs of
$.045/1t2 ($4.90/m?) and $0.41/ft2 ($4.47/m2) for the 15-ac (6-ha) and
400-ac (160-ha) size ponds, respectively. Land prices are not included
in the figures for total pond cost.

7.2.3 Evaporation Pond Practicability

Lined evaporation ponds can be used successfully in all uranium mining
areas covered by this study. Problems may arise, however, when ponds
are used in conjunction with certain water-intensive restoration methods
(ground-water sweep}. As indicated above, several tundreds of acres of
pond(s) may be needed to handle the waste fluid. The liner cannot be
installed as one sheet in these large ponds thus providing a high potential
of weak, leaky seams. Additionally, the large ponds are difficult to
monitor with respect to ground water. As it may take years for con-
taminated fluid to move from the center of the pond to any monitor well
tocated on the periphery, large volumes of water will be contaminated
before it is detectad. Smaller ponds may be used successfuly, however,
to handle process wastes, as short term storage prior to well disposal,
and to evaporate reverse osmosis wastes.

As much as 230 ton (209 tonne) or more of solids may be precipitated
from the restoration pond and 1,320 ton (1,200 tonne) from the uranium
process pond each year. These wastes will contain up to | Ci of Ra-226
plus uranium, arsenic, selenium, and emmonia, as we'f as chloride,
calcium, sodium, etc. Ultimately, this waste must be disposed of at an
NRC-approved disposal site. When the pond is no longer needed, the
liner and any other materials must also be disposed of at an NCR-approved
disposal site.
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