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FOREWORD

This report was prepared by PRC Toups under Bureau of Mines Contract number
J0265022. The contract was initiated under the Advancing Metal and Nonmetal
Mining Technology Program. It was administered under the technical direction of
the Twin Cities Research Center, with William H. Engelmann acting as Technical
Project Officer. William P. Battle was the Contract Administrator for the
Bureau of Mines. This report is a summary of the work recently completed as a
part of this contrac t during the period June, 1976 to December, 1978. Thi s
report was submitted by the authors on December 22, 1978 and in final form
December, 1979.

No patentable features were developed during the conduct of this study.
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CHAPTER 1

EXECUTIVE SUMMARY

DESCRIPTION OF INVESTIGATION

This study evaluates selective environmental impacts caused by two distinct
in situ mining techniques. In situ leaching of uranium, porphyry copper and
native copper, and in situ borehole slurry mining of uranium, sandstone, and
pebble phosphate ores are the techniques and minerals investigated. The
potential impacts on sites in the arid southwest (porphyry copper), Michigan
(native copper), Texas and Wyoming (uranium), and Florida and North Carolina
(phosphate) are addressed and discussed. The study emphasizes those impacts
which are unique to in situ solution leaching and borehole slurry mining.
Impacts characteristic of all construction projects in the general geographic
areas are not investigated (see abstract). These include socioeconomic effects
on surrounding connnunities. Site specific impacts and impacts on rare and
endangered species are beyond the scope of this study.

For each of the in situ processes and associated ores investigated, the
physical and chemical characteristics of the systems are described, the toxicity
of the leaching solutions are presented, and potential lmpacts on the environment
are developed.

The developmental states of the solution leaching and borehole slurry
mining techniques differ significantly. Currently, there are more than twenty­
five pilot solution leaching projects recorded for uranium and four to eight
projects for copper. There are only two to four documented demonstration sites
of the borehole technique. At the present time, the major interest in in situ
processes is in the recovery of uranium from sandstones.

For solution leaching of uranium, the adopted monitoring programs are
generally adequate for detection of excursions (1). Presently, restoration of
groundwater quality techniques are in an infancy stage, and appear to be capable
of generally restoring water quality of the leached ore body and aquifer to near
original levels. Several pilot sites in Texas have been successfully restored,
thus enabling production scale operations. Future improvements should result in
more effective groundwater quality restoration techniques that may be more
economical and effected in a more timely manner.

A major environmental factor of solution leaching involves the disposal of
waste process and other solutions generated during groundwater quality resto­
ration activities. Connnonly used disposal methods are deep well injection and
evaporation ponds.

An evaporation pond depends on direct solar evaporation for concentration
of waste solutions. Recent regulations generally require that such ponds be
lined with impervious materials. Closed, sealed ponds will require future
monitoring to assure that leaching and leakage do not occur. Wells are used to

9



inject waste solutions into non-potable water bearing strata which can occur at
deep depths.

Borehole slurry m~Il~ng has a less significant potential impact on the water
environment since the minerals are not solubilized and are not in a state which
can be transported into the environment. The borehole slurry technique does
produce tailings, the majority of which can be backfilled into the borehole
unless subsidence occurs first. Additional demonstration and documentation
studies are required before more definite conclusions regarding environmental
impacts can be made.

Reviews of Federal and State environmental laws and regulations having
direct and indirect jurisdiction over the in situ methods are presented in
Chapters 13 and 14. Th·e complexity of permitting processes for approval of in
situ mining opera.tions varies greatly from state to state, depending on which
specific mineral is being rec1overed. Many states have no experience with in situ
mining and tend to adopt conservative environmental protection approaches. Due
to the overlap of State and Federal regulations there is often a duplication of
efforts in obtaining permits. In many instances, different levels of input data
are required for the cognizant agencies.

The regulatory requirements for mining are being revised and redeveloped at
the present time. The information in Chapters 13 and 14 was prepared in the
latter half of 1978. ReadelrS are cautioned that such information is rapidly
outdated.

PRIMARY CONCLUSIONS

General

In general, in situ muung techniques do not remove vast quantities of
overburden and/or ore. This results in significantly less disturbance of the
environment than is caused by conventional mining techniques.

Application of the in situ techniques enables recoveries of lower grade ores
which previously were economically unrecoverable. The availability of
additional quanti.ties of uranium could have significant future environmental
effects; such indirect considerations are beyond the scope of this report.

Disturbances to the environment by in situ construction and operational
activities are relatively sm~lll and of short duration when compared to conven­
tional mining methods" M:any environmental disturbances of conventional
operations arise from the disposal of tailings and overburden in the surface
environment. Both in situ techniques greatly reduce the volumes of materials
requiring surface disposal.

In Situ LeachinE

For in situ leaching the major potential impact would be on the water
resources. Adverse impacts can be minimized or even eliminated by proper
monitoring and by groundwater quality restoration activities.

10



The lixiviants applied to three types of ore amenable to solution leaching
may be generally undesirable due to high salinities, presence of mobilized trace
metals, and/or low pH.

The current monitoring techniques appear to be adequate for detection of
excursions in sandstones. It is highly improbable that similar monitoring
(developed for sandstone strata) would suffice in areas surrounding porphyry or
native copper ores since these are generally hard rock. Excursions could flow in
crevices, fractures, faults, etc., and would be detected only if the monitoring
well intake intersected the fault. Monitoring techniques specific to porphyry
ores will have to be developed.

Limited studies on a small scale indicate that aquifer restoration in
uranium bearing sandstone for mine closure or excursion control is technically
possible. The economics of aquifer restoration are specific and must be
evaluated for each site.

A properly designed and operated in situ leaching operation will avoid
surface discharges of liquid effluents. This should eliminate adverse impacts to
surface waters. Discharge caused by excursions via faults and fissures may still
be possible, but are controlled by monitoring requirements. Nevertheless, a
"properly designed operation" may discharge to an evaporation pond.

Evaporation ponds will probably be used for retention of process waste­
waters. Resulting residual solids will ultimately be disposed of in accordance
with State and Federal regulations. Seepage from unlined ponds can transport
toxic solutions to the surrounding environment. Such seepage will generally
cause unacceptable levels of environmental degradation, and it is highly
probable that all evaporation ponds will require impervious liners.

Any mining operation in the arid Southwest impacts the available water
supplies. In situ operations have relatively low consumptive water usages,
because of recycling and treatment of process water.

The qualities of native groundwaters in most uranium ore deposits often do
not meet drinking water standards. In many instances the waters are also unfit
for consumption by livestock. The waters in the vicinity of the roll front
deposits generally have total dissolved solids (TDS) concentrations in excess of
500 mg/l which exceed proposed National Secondary Maximum Contaminant levels for
public water systems (40 CFR part 143, Federal Register 42 No. 62, March 31,
1977, pp. 17143-17146). --

The possibility of undetected, long-term excursions is extremely small if:
1) adequate premining hydrologic studies are performed to define the character­
istics of the ore deposit; 2) mass balances on the leaching solutions are
performed on a routine and frequent (monthly) basis. If such excursions do
occur, dispersion will dilute the levels of all constituents as the solutions
migrate from the leaching site. Insufficient general data exists for prediction
of the maximum contaminant concentrations as functions of distances from the

11



plant sites located in the study areas.
specific sites and specific lixiviants.

Such analyses can be performed for

A special problem exists 1n restoration of ore bodies leached with
lixiviants containing annnonium ions. Ammonium ions generally adsorb on the
contained clays in the sandstone strata, and r'equire large volumes of pore­
flushing water to achieve groundwater quality restoration. Alternatives to the
annnonium ion in the lixivants and various aquifer restoration techniques are
currently being evaluated. Results now indicate that restoration of most
aquifers can be restored to water quality levels consistent with baseline or
starting conditions.

Impacts on ,air quc:tlity are very small and will generally be negligible if
proper control measures are adopted. Emissions requiring control measures are
sulfuric acid mi.sts (porphyry copper) and annnonia gas and annnonium chloride
particulates (uranium). The atmospheric radiological emissions from in situ
uranium leaching operations are significantly less than from those of
conventional uranium mills. It is estimated that the radon gas and uranium 238
dust would produce a dose of only 0.009 millirems/year at a distance of
6.4 kilometers (4 miles) from the mine. This is only 0.002 percent of the annual
maximum whole body dose recolmnended by the Nuclear Regulatory Connnission (NRC).

Borehole (Slurry) Mining

The borehole (slurry) mining technique is currently in its infancy and
analytical data documenting its environmental impacts have not been developed.

The technique has been established only recently as a viable mining method
for the softer, more friable ores and appears to also have a potential for
significantly fewer environmental impacts than conventional mining methods.

One potential advantage of the borehole technique is that after segregation
of coarse and fine ore fractions, the coarse sands can be backfilled in slurry
form into the borehole" This proposed backfilling will eliminate disposal of
large volumes of solid wastes on the surface and protect against subsidence. In
the case of uranium ore tailings, burial of the sands in the borehole effectively
will dispose of c:l major fraction of the radium.

Disposal of the finest fractions of tailings (slimes) has not been
demonstrated. It is known that these fine fractions are most difficult to
dewater. Slimes constitute a significant environmental problem in the
conventional pebble phosphate industry (~). Uranium ore slimes will contain a
major fraction of radium and other radionuclides.

There is a potential for solubilization of trace metals from ores during the
borehole mining operations. However, the short: duration of mining and the use of
water without additives provide little opportunity for transport of solutions to
the environment.

12



With regards to the potential impacts of borehole m1n1ng on the surface
environment, compaction of backfilled solids in boreholes could occur and allow
surface subsidence. The magnitude of any subsidence depends on particular site
conditions. While damage to structures such as buildings or pipelines could
occur, the overall combined effects on the environment will probably be minimal.
Site specific conditions such as a shallow groundwater table could result in
ponding of subsided areas. This could result in minor changes in the surface
ecology.

13
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CHAPTER 2

INTRODUCTION

GENERAL

Worldwide improvements in standards of living and overall population
increases have greatly increased demands for minerals, metals and energy. These
increased demands occur at a time when high grade, easily recoverable ore
reserves are dwindling. Recently discovered reserves generally tend to have
lower mineral values and are more difficult to extract by conventional mining
techniques. Environmental protection measures have become a necessity as man has
developed an understanding of the fragility of most parts of his ecosystem.

Mining developments typically require movement of very large volumes of
overburden and/or low grade ores. Environmental awareness which has matured over
the last two decades has resulted in the establishment of numerous Federal and
State agencies which have jurisdiction over various mining operations, including
processes of in situ mining. Development of all types of mining operations is
directly affected by the requirements of the various regulatory agencies. In
situ mining techniques are methods for extracting minerals without removing or
disturbing the overburden or the ore matrix. In this report, two in situ mining
techniques are evaluated to determine their potential environmental impacts.
The investigated techniques are in situ leaching and in situ borehole (slurry)
mining.

In situ leaching is a method that is currently being applied to uranium and
copper m~n~ng. The method has potential application to any mineral which can be
solubilized from its host ore. The current (1979) markets for uranium and copper
have resulted in almost all in situ leaching shifting to uranium. The
technological approach of in situ leaching is general and is applicable to
extraction of metals other than uranium and copper.

In this study, in situ leaching is evaluated for: 1) porphyry copper ores
in the desert southwest; 2) native copper in Michigan; 3) uranium-bearing sand­
stones in Texas and Wyoming. Many characteristics affecting the environment are
related to the process and certain conclusions can be applied to other
geographical settings.

Borehole (slurry) mining is a method for hydraulically eroding and pumping
ores (slurried) to the surface without removal of overburden. The technique has
been proposed and tested for certain phosphate and uranium ores. In this report,
the environmental impacts of the application of the technique to phosphate ores
in Florida and North Carolina and to uranium ores in Wyoming and Texas are
analyzed. The technique has much broader potential application and, as with in
situ leaching, many of the findings of this study are applicable to other
locations and minerals.
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OBJECTIVES

The objectives of this: investigation are to assess and summarize the
environmental effects of t,01O in situ mining techniques and to assess the
regulatory requirements presently affecting the industry. Both State and
Federal regulatory agencies ,are considered. Emphasis is placed on determining
chemical and radiation hazards of specific leaching solutions at typical
geographical settings.

A major factor affecting the scope of this study is that it is primarily
concerned with environmental effects unique to the in situ processes investi­
gated. No attempt is made to identify all factors which are site specific. For
example, the socioeconornic impacts on surrounding communities are not unique for
the in situ processes. Ore recovery by surface or underground mining, or any
other conventional mining technique, would produce basically the same type of
socioeconomic impact on surrounding communities. In situ development would
probably resul t in reduced magnitudes of socioeconomic impacts due to the smaller
labor forces required for in situ operations. Such impacts have been summarized
in a matrix forma,t for each scenario and are presented in Appendix A.

REPORT ORGANIZATION

This report is divided into three parts, each of which comprises a complete
unit. Part I evaluates in situ leaching processes for porphyry and native copper
and for uranium-bearing sandstones. It consists of an introductory chapter
(Chapter 3), three separate chapters on the three ores of importance, a chapter
on general environmental considerations and a chapter summarizing environmental
effects of in situ leaching.

Part I represents the major part of the study in view of the further
advances of in situ leaching over that of borehole (slurry) mJ.nJ.ng. Many of the
environmental considerations presented in Chapter 7 are general in scope but
have potential application to certain aspects of borehole (slurry) mining.

Part II evaluates the borehole (slurry) mining technique for phosphates and
uranium-bearing sandstones. TI1e four chapters included in this section of the
report are: 1) an introduction and general description of the technique;
2) analysis of potential borehole phosphate mining operations in Florida and
North Carolina; 3) analysis of potential uranium borehole operations in Texas
and Wyoming; 4) conclusions.

Federal and State regulations are presented in the final two chapters which
comprise Part III of the report.

Environmental Impaet Assessment matrices for typical geographical settings
of the principle ores discussed for the in situ processes are presented in
Appendix A. Appendix B is a glossary of terms used in the report and in the in
situ mining (leaching and borehole) industry.
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APPROACH

The lack of definitive data documenting environmental effects or certain
characteristics of the in situ techniques under consideration necessitated
extrapolation of limited data and application of general analytical techniques.
This approach resulted in the identification of both real and potential environ­
mental effects. Additional studies should be performed to determine the extent
of certain potential environmental effects identified.

For each of the ores and techniques investigated, a "typical" physical
setting is developed to enable evaluation of general effects on the environment.
Specific emphasis is given to those impacts which are unique to the in situ
processes under consideration. The general mineral or ore extraction method and
the processing required for concentrating the product is described for each ore
system investigated. Definition of process variables thus resulted in the
environmental impact analysis.
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CHAPTER 3

IN SITU LEACHING

Leaching is m~n~ng and beneficiation processes combined, applicable to
recovery of such metals as uranium, copper, nickel, and potash. Two above-ground
leaching techniques are heap and vat leaching. These techniques are controlled
processes in that a known amount of leaching solution is applied and recovered.
The conventional vat and heap leaching techniques require that the ore be placed
in vats or in heaps on impervious pads. The mineral typically constitutes only
0.03 to 1 percent of the ore and vast amounts of ore are transported for each
pound of product recovered. In many instances the ores are crushed or pulverized
to increase surface areas exposed to the lixiviants thus speeding up the leaching
process. Agitation in vats is also practiced to promote rapid mineral solubili­
zation as the lixiviant or leaching solution percolates through or around the
ore. . Chemical or biochemical reactions occur which solubilize the metal being
recovered. The pregnant or mineral-bearing solution is then recovered from the
ore and transported to the beneficiation plant where additional treatment and
product concentration is performed. The leached ore or tailings are typically
disposed of into tailing ponds or dumps.

A third leaching technique is dump leaching. Beneficiation processes
employed today have greater efficiencies than those previously used. Many of the
tailings and overburden set aside in previous years contain economically
leachable quantities of metals in terms of current values and process efficien­
cies. Leaching solutions have been applied to such dumps to recover the low
grade minerals for many years.

In situ leaching is the process in which leaching solutions are applied to
ores in their naturally occurring location. A significant advantage of the
technique is that the metal values can be recovered without removal of the bulk
of the ore. A significant economic advantage results from not having to move
100 to 3,000 pounds of ore (1 to 0.03 percent mineral contents) for each pound of
mineral recovered. There is also an environmental advantage since there are no
large volumes of tailings which would require disposal in surface ponds or heaps.
The in situ liquid wastes generated are similar to those generated in the liquid
circuit of conventional vat or heap leaching, that is, concentrated solutions
containing toxic species.

The application of any technique which can recover minerals from lower grade
ores than economically minable or accessible by conventional techniques extends
the recoverable ore reserves. This is a significant advantage when the uranium
ore produces energy which can reduce the need to mine coal deposits or reduce oil
imports.

In situ leaching can be used to recover any metals or minerals which can be
solubilized from the ore. Primary factors which affect the economics of the
process are the rates at which solubilization occur and the magnitude of leach
solution consumption by the gangue material. The rate of solubilization is
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affected by the surface area exposed to the lixiviant, the strength and composi­
tion of the lixiviant and the rate of lixiviant circulation through the ore,
among other factors. It is necessary for the ore deposit to be permeable so that
the leaching solution can be injected and recovered. Sandstone hosts for copper­
or uranium-bearing minerals are prime candidates for the technique. Porphyry
copper, or any other hard rock deposits, require fracturing for development of
voids which would enable fluid to pass through the processed ore body •

. Candidate deposits for in situ leaching include both undisturbed ore bodies
and low-grade materials backfilled into former underground mine workings. A
classic example of low-grade ores buried, in former workings, are the native
copper mines in upper Michigan. Stopes at depths exceeding 3,000 meters
(10,000 feet) have been backfilled with low-grade copper ores.

In any new developing technology, standardization of terminology does not
occur immediately. In this report, the term "in situ leaching" is used instead
of other common terms such as in situ solution mining, in situ mining, in situ
leach mining, or solution leaching.
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CHAPTER. 4

PORPHYRY COPPER.

INTRODUCTION

Over the last 100 years, the grade of economically minable copper has
declined from 20 percent copper to the present lower economically minable limit
of about 0.4 percent (1). Greater than 80 percent of the world's copper
production is currently-derived from porphyry copper deposits. These deposits
are usually large with many individual ore deposits and exceeding 3 billion tons.
One of several methods of extracting copper from these low-grade reserves is by
in situ leaching, a technique discussed herein, with emphasis on its application
to southwestern United States deposits.

Porphyry copper is defined as a disseminated replacement deposit in which
the copper minerals occur as discrete grains and veinlets throughout a large
volume of rock, which commonly is a porphyry. It is a large tonnage, low-grade
deposit. In the commercial sense, the term is not restricted to ore in porphyry
but is applied to deposits characterized by huge size, particularly with respect
to horizontal dimension, uniform dissemination, and low average per ton copper
content. It should be noted that this commonly accepted definition of porphyry
is in part geological and in part economic and thus lacks precision. The ore
includes the oxide copper minerals which are most readily solubilized by leaching
solutions.

PHYSICAL SETTING

Geographic Location

Porphyry copper deposits are distributed worldwide. In the Western
Hemisphere, the preponderance of the deposits are distributed along the
Cordilleran Belt which includes the mountainous western portions of both the
Northern and Southern Hemispheres. In North America, the porphyry belt passes
from Alaska southward through western Canada and the United States into Mexico
and Central America (Figure 4-1). The southwestern United States component of
the porphyry province comprises portions of the States of Arizona, Nevada, New
Mexico, and Utah.

Nature of Deposits

Porphyry copper deposits range from small veins, usually mined underground,
to the huge porphyry coppers--currently the prime source of copper and also an
important source of associated metals such as gold, silver, and molybdenum. Both
veins and the large disseminated porphyry deposits occur in various conditions
and are found in a wide range of geologic environments. Felsitic igneous rocks
(quartz, monzonite, granodiorite, etc.) predominate as hosts but significant
deposits may also occur locally in sedimentary strata, metamorphic rocks, and
more basic igneous types.
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NORTH AMERICA

FIGURE 4-1. OCCURRENCE OF PORPHYRY COPPER DEPOSITS IN THE
WESTERN HEMISPHERE
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The principal cop:per-bE~aring mineral in porphyry coppers is chalcopyrite
which is disseminated in large volumes of rock as blebs or small veinlets.
Because copper porphyrites are also susceptible to secondary enrichment, the
basic copper level in many has been enhanced with deposition of secondary
chalcocite. Ma,ny southwestern United States porphyry deposits have been
rendered economically minabl.e by such enrichment.

Most porphyry copper deposits contain small amounts of other metals such as
molybdenum and uranium" The composition of ,a typical porphyry copper ore is
presented in Table 4-1. The ranges in values indicated for various constituents
are based upon analysis of se'\7eral samples taken from different parts of the same
ore body. The magnitude of the variation of composition illustrates that it is
difficult to make generalizations concerning the amounts of minor constituents
in a given ore body. Thus, it is impossible to generalize minor constituent
levels for specific minerals located in different ore bodies.

Table 4-2 presents the results of a more thorough analysis performed on a
copper ore obtained from a boring near Safford, in southeast Arizona. This was
accomplished in the course of a feasibility study (2) conducted by the Lawrence
Livermore Laboratory to evaluate the potential for nuclear explosive fracturing
followed by in situ leaching and recovery of copper. Specific attention was
addressed to those elements that might be affected by the action of the nuclear
explosive. (Due to environmental, social and economic considerations, nuclear
fracturing was not conducted, and the technique is not considered further in this
report. )

Nature of Surface Conditions

Soils

Materials overlying domE!stic porphyry copper deposits in the western United
States range from outcrops of bedrock, typical of higher elevations, to thick
accumulations of alluvium ov€:r deposits situated below the valley floors. In the
arid and semiarid southwestern United States, climate is probably the dominant
soil forming influence. Soils formed in an arid environment constitute the
aridsol, a major class in soil science. Caliche is a common soil constituent and
is caused by the accumulation of lime. Intermediate phases of calcification are
reflec ted by the incomplete removal of alkali elements and compounds from bedrock
and the conversion of alkaline earths to carbonates. A relatively low percentage
of insoluble residue in thesE~ lime-rich soils is common. With the exception of
climate and time, the effects of other standard soil-forming factors are minor.
Topographic relief can be important locally. Parent material (bedrock),
vegetation, and organisms generally play subordinate roles in the formation of
arid and semiarid soils.

Hydrology

Southwestern United States porphyry copper deposits generally occur in the
low and intermediate elevation deserts, which are semiarid. Both the surface and
subsurface hydrology of the region differ between the alluvial fills, which
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TABLE 4-1. - Ty~ical C~mp_osi_tion of Porphyry Copper QIe _DepJ>_sit_s (~)

Range in Composition (Percent by Weight)
Granite Quartz Quartz Quartz Quartz

Constituent Porphyry Monzonite Monzonite Monzonite Granodiorite Diorite

Si02 69-79 63-71 65-78 60-72 60-81 52-60

A1 203 10.2-13.4 12.1-16.1 9.2-17 .4 13.6-17.6 10.6-17.6 15.3-17.0

K20 3.1-6.4 3.2-5.5 1. 9-7.5 3.0-8.0 0.65-7.6 2.3-17.0

Na20 0.5-2.9 1.4-4.3 0.05-5.2 1.6-4.0 0.07-4.3 2.2-3.6

CaO 0.1-1.4 0.9-3.9 0.01-3.3 0.08-2.4 0.10-5.0 2.4-6.6

FeO 0.01-4.6 1.5-4.4 0.04-9.0 0.02-4.6 0.23-5.2 2.2-6.6

MgO 0.33-1.3 1.2-2.5 0.20-1.2 0.13-1.8 0.03-2.3 2.6-4.3
N MnO 0.01-0.04 0.01-0.04 0.01-0.04 0-0.04 0-0.26 0.04-0.09.l:-

Ti02 0.17-0.67 0.33-0.67 0.17-0.67 0.17-0.83 0.33-0.67 0.67-1.17

S 0-2.6 0-2.9 0.04-5.0 0.02-1. 70 0-3.4 0.04-6.3

"
Fe203 0-4.0 0-4.2 0-8.2 0-3.7 0-5.4 0-4.1

-.
CD CO2 0-0.95 0-2.6 0-1.2 0-1.6 0-2.1 0-0.7
0
CD CuS 0.002-1.5 0.002-1.5 0.04-3.6 0.03-0.9 0-1.5 0.06-0.60~:::s

OQ MoS2 0-0.03 0-0.17 0-0.17 0-0.10 0-0.10 0.001-0.002
"0 PbS 0.002-0.006 0-0.0023 0.001-0.03 0.001-0.006 0-0.006 0-0.006I»
OQ
CD ZnS 0 0 0-0.21 0 0-0.04 0
t:T

NiOI» 0.001-0.003 0.0006-0.004 0.0013 0.0013-0.0025 0.006-0.002 0.001-0.006
:::s
~ Cr203 0.03-0.06 0.03-0.06 0.006-0.06 0.02-0.06 0.01-0.06 0.02-0.06

V205 0.02-0.04 0.02-0.04 0.01-0.04 0.02-0.06 0.02-0.06 0.04-0.07





TABLE 4-1. - Typical Composition of Porphyry Copper Ore Deposits (1) - Continued

Range in Composition (Percent by Weight)
Granite Quartz Quartz Quartz Quartz

Constituent Por~ Monzonite Monzonite Monzonite Granodiorite Diorite

Zr02 0.02-0.04 0.02-0.04 0.01-0.04 0.02-0.06 0.006-0.023 0.011-0.035

BaO 0.03-0.16 0.05-0.22 0.008-0.17 0.02-0.11 0.11-0.22 0.081-0.17

BeO 0-0.003 0.0006-0.001 0.0006-0.003 0-0.0028 0-0.0014 0.006-0.0019

Sr02 0.01-0.02 0.03-0.12 0.01-0.18 0.01-0.08 0.02-0.11 0.035-0.059

Cl 0.002-0.02 0.005-0.02 0.001-0.019 0.003-0.033 0.005-0.061 0.007-0.040

F 0.03-0.2 0.03-0.09 0.03-0.20 0.05-0.10 0.02-0.16 0.07-0.19

N
V1

Number
of Samples 25 41 40 27 40 16



TABLE 4-2. - Complete Chemical Analysis of Safford, Arizona, Copper Ore [a]

Concentnl- Concentra- Concentra-
Constituent tion[b] Constituent tion [b] Constituent tion[b]
Lithium 10 Gallium 20 Samarium 9.3
Beryllium 5 Germanium 1.4 Europium 1.1
Carbon 300 Arsenic 8 Gadolinium 6.0
Nitrogen 20 Selenium 0.05 Terbium 2.5
Oxygen 480,000 Bromine 1.7 Dysprosium 2.8
Fluorine 220 Tantalum 3.5
Sodium 26,000 Rubidium 687 Holmium 2
Magnesium 5,000 Strontium 300 Erbium 4
Aluminum 77 ,000 Yttrium 34 Thulium °Silicon 330,000 Zirconium 200 Ytterbium 4
Phosphorous 800 Niobium 20 Lutetium 1
Sulfur 120 Molybdenum 141 Hafnium 1
Chlorine 210 Rhodium 0.01 Tungsten 1.5
Potassium 34,000 Palladium 1.0 Rhenium 1
Calcium 14,000 Silver 150 Gold 15
Scandium 3 Cadmium 2.0 Mercury 0.08
Titanium 2,300 Indium 0.26 Thallium 1.5
Vanadium 17 Tin 45 Lead 20
Chromium 150 Antimony 0.26 Bismuth 0.01
Manganese 900 Tellurium 0.001 Thorium 0.4
Iron 24,000 Iodine 6 Uranium 3.5
Cobalt 6 Cesium 5
Nickel 154 Barium 830
Copper 10,000 Lanthanum 60
Zinc 60 Cerium 100

Praseodymium 4
Neodymium 54

[a] Lawrence Livermore Laboratory, Livermore, California. Analytical
technique - spark source mass spectrography. Arranged in order of
increasing atomic nunmers.

[b] Values expressed in ppm by weight.
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predominate in the region, and the mountains that border the basins. Generally,
the mountains are composed of crystalline granitic rocks and relatively
impervious sedimentary and volcanic rocks. Aquifers usually do not occur in the
mountain regions.

The alluvial fills in the basins or valleys are composed of poorly consoli­
dated gravel, sand and silt with certain amounts of clays and caliche. These
alluvial fills are the principal aquifers of the region and, in general,
constitute the major water supplies.

The annual potential evaporation and transpiration greatly exceeds the
annual precipitation in the area under consideration. Precipitation occurs
primarily during the winter and summer seasons. Winter storms originate over the
Pacific ocean and are characterized by low-intensity precipitation of several
days duration. Relatively little runoff or streamflow is produced during these
storms because the ability of the soil to absorb the moisture exceeds the
precipitation rates.

Summer precipitation usually occurs as thunderstorms originating" from
moisture masses formed over the Gulf of Mexico. These thundershowers are
characterized by high intensities and short durations and frequently result in
flash floods. Many of the arroyos traversing much of the low mountain areas and
the alluvial fills contain runoff only during, and for several hours after, these
summer thunderstorms. Diversion and retainment structures for the control of
surface streams in most of the porphyry ore areas should be designed for the
summer thunderstorm runoff.

The porphyry ore deposits generally occur in rock of little or no permea­
bility. Aquifers composed of porous media do not usually exist directly adjacent
to porphyry ores. Flow of water through or in the vicinity of ore bodies, if
existent, usually occurs only in fractures and faults. The hydrologic properties
of rock types typical to the porphyry region are presented in Table 4-3.
Transmission of water through a region occurs only if the rock is fractured to a
degree so that faults intersect each other. These intersections provide
hydraulic interconnections between faults which permit the continuous flow of
water.

Figure 4-3 illustrates the groundwater hydrology typical in rock zones
bearing porphyry copper deposits. In both illustrated examples, alluvial fill
overlays the ore deposit. It is possible, however, that the ore deposit could
outcrop and no porous deposits would lie directly adjacent to the ore. If the
ore deposit is overlain with alluvium, an aquifer could be present depending upon
local physical and hydrologic characteristics. Generally, any overlying
aquifers contain only limited amounts of water. Mining in an alluvial valley
floor is becoming very controversial for coal mining which is regulated by the
Office of Surface Mining. The total mineral industry could be affected by
similar regulations in the coming years.
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(B.) SURFACING OF WATER FLOWING IN FAULTS
PASSING THROUGH THE ORE BODY

FRACTURE OR FAULT --

FIG 4-3 TYPICAL HYDROLOGY OF PORPHYRY COPPER ORE DEPOSITS
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TABLE 4-3. - Rock Types and Hydrologic Properties

ROCK TIPES

Crystalline and
Metamorphic complex

Pre-tertiary sedi­
mentary rocks

Cretaceous and
tertiary sedimen-

I\.) tary
\0

Tertiary or Quater­
nary terrace deposits

Cretaceous and ter­
tiary volcanic rocks

Quaternary volcanic

DESCRIPTION

Coarse crystalline granite to fine­
grained schist and dikes

Conglomerates, quartzites, shales,
sandstones, and limestones

Conglomerates, sandstones, gyp­
siferous beds and fresh-water
limestones

River gravels

Rhyolite, latite, dacite, trachyte,
and esite

Basalt flows

FEATURES

Highly fractured
at some locations

Folded and faulted
and highly frac­
tured in many
places

Limited faulting

Granular

Interbedded with
sedimentary mate­
rials. Fault
blocks are common

Extensively
jointed. Generally
above groundwater
table

GROUNDWATER

Limited amounts of
groundwater in weathered
zones and at fractures.

Groundwater where faulted
or where solution channels
have developed in lime­
stone

Many contain groundwater
in small quantities

Not known to carry
groundwater

Limited quantities of
water in fissures and in
porous pyroclastic mate­
rials - springs

Minor importance in the
storage and transmission
of water



Biology

The subject porphyry copper area lies principally within the Sonoran Desert
of the southwestern United St,ates, with its southeastern portion extending into
the Chihuahuan Desert. The oll1ly major perennial stream traversing this area is
the Colorado River, which ex(~rts a very restricted influence upon the desert
vegetation. Portions of its meandering course, which are flat and subject to
inundation, are covered 1with E~mergent swamp plants or cottonwood forests. There
are . few places where the 1width of palustrine (marsh) vegetation exceeds
3 kilome ter (2 mile s ) •

Two major vegetational associations comprise the portion of the Sonoran
Desert under consideration: the Lower Colorado Valley microphyllous (small­
leaved) association and the Arizona Upland crassicaulescent (large-stemmed)
association. The Lower Colorado Valley embraces the lower drainage of the
Colorado and Gill::L Rivers and! the Salton Basin, and is one of the most arid
portions of the Sonoran Desl~rt. Surface features are diverse and include
volcanic and granitic mountains, sandy plains and dunes, and alkali flats. The
greatest percentage of the art:~a is characterized by the flat sandy plains. The
vegetation of the Lower Colorl:ildo Valley is distinguished by its simplicity, with
two shrub species, creosotebuBh and white bur-sage, forming 90 to 95 percent of
the plant population in low open stands covering the intermontane plains. On the
upper slopes and pediments and along drainageways, small trees occur, notably
honey mesquite, paloverde and ironwood. A large variety of ephemeral herbaceous
species produce dramatic flowering displays annually following winter rains.

The Arizona upland cOImllunity characterizes the eastern portion of the
designated porphyry copper area and consists of several species of small-leaved
trees as well as shrubs and 111UmerOUs cacti. Principal non-riparian trees are
foothill paloverde, sahunro, ironwood, elephant tree, crucifixion thorn, desert­
olive, ocotillo, holocantha, the tree-like chollas, and the columnar organ-pipe
cactus and senita. Principal riparian trees of the arroyos and washes include
blue paloverde, honey mesquite, catclaw, smoketree, desert willow, jumping bean
and hackberry.

Creosote bush is an important member in the upland community as are a large
variety of cylindropantia and platyopuentia cacti, and several perennial grass
species.

The Chihuahuan Desert is essentially a shrub desert and lies mostly above
1,070 meters (3,500 feet) in the designated porphyry copper area. The four major
plant association-types of the desert, occurring within the designated area, are
dominated by tarbush, creosotE!bush, sandpaper bush, or white thorn. In various
areas these dominnnts are associated with such species as desert sumac, senna,
ocotillo, honey mesquite, and others. Grasses are in greater abundance in the
more highly elevated Chihuahu~m Desert than in the Sonoran.

Wildlife inh.!ibitants of the subject porphyry copper area are typically
small, arid-adapted species, many of which are nocturnal. Due to their moisture
conserving adaptations, or lack thereof, reptiles and small rodents display the
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greatest species diversity of the vertebrate groups in this area, and amphibians,
the least.

MINING AND MILLING

Ore Body Preparation

The primary objective in preparing a porphyry copper ore body for in situ
leaching is frac turing the ore into rock sizes less than several centimeters
(inches) in diameter, creating increased permeability and permitting a leaching
solution (lixiviant) to flow at a sufficient rate to effect an economically
viable mining operation. Leaching of copper from the ore by the lixiviant is
basically a dissolution process. Large surface areas increase the rate of copper
recovery; therefore, the smaller the original rock sizes, the more rapid the
copper leaching process. Figure 4-4 illustrates a leached zone, a reaction zone
and a virgin zone within a single rock. Blasting and block caving are the two
fracturing techniques utilized for ore body preparation.

Blasting

Blasting is the most commonly used fracturing technique applicable to ore
preparation for in situ leaching. Table 4-4 describes the recent large in situ
blasting operations. The Zonia No. 1 blast holds the record as the largest non­
nuclear blast.

Development of the permeability required for leaching is accomplished by
providing void spaces within the ore body. A typical ore body expansion of up to
15 percent is generally sufficient to provide the required void spaces in most
porphyry copper ores. Expansion of the ore body may result in the formation of a
mound immediately above the deposit. The actual increase in surface elevation
depends upon the depth of the ore fractured and the resulting porosity. Typical
mound heights are 3 to 9 meters (10-30 feet) for previous large blasts.

Currently, tests are underway at sites in Arizona and New Mexico of blasting
in deep ore bodies approximately 600 meters (2,000 feet) in depth. In these
tests, small glass beads are forced into the blasted ore body to prevent
collapsing of the newly formed fissures. These blasts have reportedly caused no
noticeable uplift of the ground surface.

There are several techniques for setting the explosives, and various types
of explosives are normally considered for each site. Factors such as rock
characteristics, slope of ore body, the presence of groundwater, existence of
previous mine tunnels, and topography dictate the design of the blast. Proper
design of a blast, incorporating basic field data from test blasts, such as the
frequency of ground movement, the ground transmission constant and the wave
amplitude, can minimize both environmental and structural damage. In general,
charges are set in holes drilled for the blasting operation, or in abandoned mine
tunnels located beneath the ore body, if previous mining operations existed.
Thorough descriptions of the design of large blasts have been presented in Porter
and Carlevato and Ward (1-~).
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TABLE 4-4. - Copper Ore Body Fracturing by Blasting f9r In Situ Preparation

Location Date Charge Ore Fractured (tons) Swell Fractured Rock Size

Big Mike July 182,000 Kg [b] [b] 50% < 22 cm
Nevada 1973 400,000 lbs ANFO [a]

Old Reliable March 1,818,000 Kg 5 million 7% 85% < 22 cm
Arizona 1972 4,000,000 1bs ANFO

Zonia No. 1 April 1,826,000 Kg 5 million 6% [b]
Arizona 1973 4,150,000 1bs ANFO

Vol Zonia No. 2A March 405,000 Kg 1 million [b] [b]
Vol Arizona 1974 890,000 1bs ANFO

Ge1-ANFO

Zonia No. 2B May 200,000 Kg 2 million [b] [b]
Arizona 1974 1,540,000 1bs

water ge1-ANFO

[a] Ammonium Nitrate-Fuel Oil
[b] Information not presented in articles analyzed for preparation of this table.



Block Caving

The second method for ore fragmentation is block caving. This method has
been employed for many years in the removal of relatively low grade ores which
are too deep for conventional surface mining operations. In a block caving
operation, tunnels are excavated below or within an ore body and the rock
ceiling, directly above speciCllly constructed draw points, is repeatedly blasted
and removed which affec ts a gradual caving and downward movement of the entire
ore body. As the l:>re body proceeds downward, progressive fracturing occurs. The
degree of ore body fragmentation achieved is a function of vertical distance
traveled, which is a function of the amount of ore withdrawn at the draw points.
Ore samples from certain ore bodies, block caved during deep mining operations,
have displayed average fragment diameters of a few centimeters (inches), a size
amenable to in situ leaching.

The only ore body that ha.s been block-cave fractured exclusively for in situ
leaching is at Mountain City, Nevada. It was necessary to remove approximately
12 percent of the ore to achieve the required degree of fragmentation in the
remainder of the ore body. It is possible that ore bodies with different
structural characteristics would require removal of a greater percent of the ore
to achieve adequate fracturing. The Mountain City ore body was 60 meters
(200 feet) thick and covered hy 60 meters (200 feet) of overburden. Removal of
12 percent of the ore body resul ted in fracturing of the overburden and some
surface subsidence.

An inherent product of in situ fracturing by block caving is the surface
deposition of large quantities of ore or spoil withdrawn to promote caving. A
sulfide milling plant would not be required to process this ore if it were
amenable to dump or heap leaching. The size of the dumps or storage areas
occupied by the withdrawn material can be predicted from the ore body fraction
required for removal (usually 5 to 20 percent) and the expected expansion factor
of the material when placed in the surface (usually 15 to 30 percent).

At Miami, Arizon~l, in situ leaching has been employed following
conventional block caving. In this deposit recovery by deep tunnel, block caving
became uneconomical as the copper concentration of the ore decreased. Thus, in
situ leaching was implemented rather than abandoning the low grade ore.

From a mining viewpoint, there is little difference between in situ leaching
a virgin ore body prepared by block caving fragmentation and leaching a
previously mined area frag~mented by block caving. There are, however,
considerable differences in the environmental implications of mining virgin, as
opposed to previously mined, areas. Previously mined areas typically have
extensive disruption of surface flora and fauna, such as waste dumps, tailings
ponds, access roads, shops and office buildings.
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Leaching Facilities and Processes

Lixiviant Application and Recovery Facilities

Following fragmentation by controlled blasting or block caving, a lixiviant
may be introduced into the fractured ore body in a number of ways which include:

1. Surface spray application above the ore body;

2. Flooding a small rather than a large surface area by a staggered grid
system of ponds;

3. Strip or ribbon flooding as commonly used in agricultural irrigation;

4. Injection into wells thus facilitating lixiviant application directly
to the ore without percolating through an overburden.

Spraying and injection are the more common application methods. Spraying is
effective for even solution application where permeabilities are equal over a
large surface area. However, evaporative losses are high and windblown spray may
be hazardous. Injection is effective in placing the lixiviant under overburdens
with low permeabilities or high percentages of alkaline material. It is also
effective in introducing lixiviant into ore pockets not accessible through
gravity application.

Presented in Figure 4-5 and 4-6 are typical leaching scenarios for a blasted
and a block caved ore body. Figure 4-5 depicts a block caved ore body overlain by
an alluvial cap with an injection lixiviant application system. Figure 4-6
depicts a block caved ore body with no alluvial cap and a sprinkler application
system. It should be recognized that several other potential scenarios may be
construed by recombining the variable conditions presented in each illustrated
scenario.

In all types of application systems, the lixiviant flows through an ore body
which is in an unsaturated condition except for an area around the collection
area. It is therefore unlikely that lixiviant will escape from the ore body
along faults unless they intersect the saturated flow zone at the bottom of the
fractured ore body. In unsaturated conditions, lixiviant could escape through
faults, while in saturated conditions, a hydraulic gradient toward the leach zone
can be maintained.

Chemistry of Leaching

Two principal leaching solutions are currently used for in situ copper
leaching: 1) dilute sulfuric acid; 2) dilute oxidizing sulfuric acid. Details
of the chemical compositions of the leaching solutions are presented in the
following two paragraphs. The solution choice depends upon the composition of
the copper ore. Copper in completely oxidized ores can be dissolved by any
dilute acid; partially reduced or reduced ores (sulfides) require oxidation
before dissolution will occur in dilute acids. There is little difference
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FIG 4-5 IN SITU COPPER LEACH - BLOCK CAVED ORE BODY
IN,JECTION APPLICATION - WITH ALLUVIAL CAP

36



FIG 4-6 IN SITU COPPER LEACH BLASTED IMPERMEABLE ORE
BODY WITH SPRINKLER APPLICATION-NO ALLUVIAL CAP
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between the two l:txiviant sysltems in terms of potential environmental effects. A
discussion of ore deposit characteristics affecting lixiviant selection and
action follows.

Oxidized copper ores (copper oxi.des, carbonates, silicates) are readily
leached by dilute sulfuric acid in concentrations of approximately 10 gil
(pH 1). Sulfuric acid is used because it is more economical and more readily
available than other acids. Acid alone without an oxidizing agent will yield
theoretical COppE!r recoveries of 100 percent only if the copper is in the
completely oxidized form (divalent, or cupric species) and is not combined with
sulfur.

Sulfide and partiCillly oxidized copper ores can be leached by a dilute
sulfuric acid solution containing an oxidant. To date, atmospheric oxygen has
been universally employed as the oxidant. Pyrite, which is naturally present in
the ores, provides the sulfuric acid and ferric sulfate for the leaching cycle
when it is leached. Iron o:ddizing bacteria serve an important role in the
leaching of copper ores by nccelerating the oxidation of pyrite. Bacterial
action is enhanced by su.itable pH, good aeration, appropriate temperature range
(3Soc is optimum), absence of light, and presence of nutrients (2-~).

Other oxidants such as chlorine and nitrate (sodium, potassium nitrate)
have been considered, but chlorine is expensive and causes equipment-corrosion
problems. The injec tion of c1xygen direc tly into leaching areas has been tried
experimentally, but detailed testing and cost data are not available.

Of the important sulfide copper ore minerals, chalcocite (Cu 2S) is the most
soluble in the acid ferric sulfate leach solutions. Bornite (Cu

S
FeS4 ) and

covellite (CuS), less important as ore minerals, are less rapidly dissolved.
Chalcopyrite, a most important ore mineral, is the slowest to dissolve. The
dissolution reactions B.re not instantaneous and are slowed by intermediate
coatings of sulfate formed on the mineral surfaces.

Experience indicates that fragmented chalcocite copper sulfide ore contain­
ing some oxides at maximum ore sizes up to about 1 meter (3 feet) in diameter may
yield an estimated 20 percent of the copper during the first year of leaching and
S to 10 percent per year thereafter. Chalcopyrite ore without the oxides may
release only 4 to 8 percent of its copper value during the first year, depending
upon the amenability to leaehing of the particular local chalcopyrite, and
decrease to 1 to 2 percent pE!r year thereafter. The duration of the economic
life of a leaching-recovery operation at a given site may exceed from
S to 8 years.

As indicated earlier, typical metal ore bodies contain many minor metals in
addition to the major metal. Sulfuric acid is non-selective in its action as a
leaching agent. Thus, not only are most metals (including the relatively
abundant iron) put into solution during porphyry copper leaching, but many gangue
constituents are also dissolvlad and consume considerable reagent. The list of
elements comprising a typical copper ore has been presented earlier (Table 4-1)
and serves as an example of th,e trace elements which may be present in a porphyry
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copper body. Most of the elements listed are soluble in sulfuric acid to some
extent. Many facilities are designed to recover some of these trace metals as a
byproduct (particularly uranium and molybdenum). Due to the site specific nature
of these byproduct operations, this chapter deals only with primary copper
recovery.

It should be emphasized that compositions of pregnant leach solutions
cannot be predicted completely from ore analyses. An ore analysis should be
considered a list of potential constituents of leaching solutions, as many of the
elements in an ore may not be solubilized by the lixiviants. Predicting minor
constituent levels can be accomplished only in the laboratory in pilot scale
tests.

Figure 4-7 is an example of the composition of a solution used for leaching
of a primary prophyry copper ore (San Manuel Mine, Magma Copper Company,
Arizona). The data in the figure was obtained in laboratory leaching studies
using a sulfuric acid lixiviant by Braun, Lewis and Wadsworth at the Lawrence
Livermore Laboratory (9). It is seen that the laboratory study approached a
steady state within 60-to 100 days after commencement of leaching. In a full
scale in situ leaching operation, the time required for attainment of a steady
state would probably be substantially longer due to the longer elapsed times
required for flow from the application point to the recovery point.

In examining Figure 4-7, it should be realized that the only constituents
actually added to the lixiviant are the sulfate and the iron species. The other
species present result from the chemical action of the lixiviant upon the ore
body. The data indicate that substantial concentrations of sulfate, copper,
calcium, magnesium, and aluminum occur. The total dissolved solids exceed 30,000
mg/l which is approximately the salinity of seawater. Chemical species dissolve
from the ore increasing solution concentrations until equilibrium is attained
whereby dissolution stops or reprecipitation occurs at a rate equal to the
dissolution rate. Ions such as calcium and ferric iron achieve saturation values
rapidly. Braun and others believe that iron, sodium and potassium are limited by
the formation of jarosites. Calcium probably precipitates as the sulfate (2).

The continued accumulation of dissolved impurities in recycled lixiviants
can inhibit copper dissolution by coating the copper minerals with scale of
precipitated salts, which also reduces the permeability of the fractured
deposit. This salt buildup in the recycled solutions is controlled by running a
waste stream or bleed-off of the barren solution. This bleed-off has a
composition similar to the pregnant solution with the exception of a much lower
concentration of copper. At the present time, bleed-off is typically dumped into
tailing ponds.

Beneficiation Facilities and Processes

Presently, copper is recovered from leach liquors by two processes: scrap
iron cementation and solvent extraction (SX). Scrap iron cementation is still in
use at older facilities but modern plants are designed with SX because this
method produces cathode copper which does not require smelting, as does scrap
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iron cementation copper. Due to the high cost of smelting and refining and the
current very real shortage of smelting capacity, the combined techniques of
solvent extraction-electrowinning (SX-EW) has become the primary beneficiation
process for copper. A simplified flow sheet for a typical SX-EW plant is
presented in Figure 4-8. Detailed discussions of the beneficiation processes
are beyond the scope of this study. The reader is referred to Extractive
Metallurgy of Copper (IO) for excellent, detailed information on the
beneficiation processes.

The solvent used for metal extraction in solvent extraction systems
commonly consists of about 5 percent active metal extractant dissolved in a
hydrocarbon diluent such as refined kerosene. This organic solvent is mixed
intimately with the pregnant liquor containing perhaps 0.5 to 1.0 grams copper
per liter. Next, since the mixture is essentially nonmiscible, the organic and
aqueous constituents are allowed to separate in a settler. The copper has
transferred from the aqueous to the organic, whence it is stripped into a
purified and concentrated solution suitable for product recovery. The leaching
liquor, with its copper values removed, is fortified in strength and returned to
the ore.

The stripping solution with a copper concentration of between 25 to 40 gil
is fed to an electrolytic tankhouse to produce quality copper cathodes. Power
consumption by electrowinning is approximately one kilowatt-hour of electricity
for 0.45 Kg (lIb) of copper. Precipitation of one unit of copper as cathode
regenerates about 1.5 units of sulfuric acid, which is returned to the leach
circuit. The amount of copper which is solubilized by a unit of sulfuric acid
depends on the ore composition. Alkaline ore constituents can consume large
amounts of acid.

Every effort is exercised to m1n1m1ze losses of the expensive mixed organic
via the raffinate (liquid ion exchange barren solution). Normal losses are about
0.05 liter of organic solution per 1,000 liters of leach liquor treated.

As indicated earlier, salt buildup in the lixiviant circuit is controlled by
wasting from the raffinate. This is a high salt content waste with a typical
constituent concentration as shown in Table 4-5.

Typical In Situ Copper Leaching Operation

To give the reader an indication of the size of the various components of an
in situ leach operation, the characteristics of a typical operation are presented
in Table 4-6. It should be recognized that this is a composite plant and that
sizes of the components, grades of ore, flow rates and other factors will vary
with each facility.
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TABLE 4-5. - Estimated Chemical Characteristics of a Typical In Situ
Copper Waste Stream, Adapted From Sheffer and Evans (1)

Constituents

Sulfate

Magnesium

Aluminum

Calcium

Copper

( ++ Fe+++)Iron Fe ,

Sodium

Potassium

Organic ion exchange media

Kerosene

[a] In mg/l.
[b] Unknown but will occur in raffinate.
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Concentrations [a]

20,000

2,000

800

500

100

100

10

2

5

[b]



Component

TABLE 4-6 •.. In Situ Copper Leaching Scenario

Characteristics

Ore Body
Size of ore body

. Grade of ore
Depth of overburden
Depth of ore
Plan area of ore body

Ore Body Preparation
Type of ore body preparation
Size of charge

Surface expansion

Leaching Facilities
Type of application

Flow rate
Concentration of copper in

pregnant liquor

Beneficiation Facilities
Type
Production
Waste flow

Area Required for Evaporation
[Assume 25 cm/yr (10 in/yr)]

Without volume reduction
With volume reduction

(RO unit) 60% rejection

Summary of Area Required
Mine & associated roads
Mill & maintenance area
Waste disposal area
Buffer & protective
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5 million tons
0.5 percent
15 m (50 ft)
45 m (ISO ft)
4 ha (IO ac)

Blasting
2,273,000 Kg (5 million lbs)

ANFO
6 m (20 ft)

Injection and extraction
wells

132 l/sec (2100 gpm)

1.0 gil

SX-EW
10 TPD
6.3 l/sec (100 gpm)

6.4 ha (I6 ac)

2 ha (5 ac)

8 ha (20 ac)
2 ha (5 ac)
8 ha (20 ac)
40 ha (IOO ac)



ENVIRONMENTAL REVIEW

Introduction

When considering the impact of the development of a mine operation upon the
desert southwest it is important to bear in mind the uniqueness and comparative
fragility of this ecosystem. The deserts of the southwestern United States
comprise one of the largest unbroken sections of wilderness remaining in the
continental United States, excluding Alaska. Many desert species are highly
specialized to withstand extremes of aridity, temperature, and light, and are the
subject of intense research to disclose adaptive mechanisms that might be of use
to man.

Several unique and poorly understood habitats occur in isolated fashion
throughout the desert, including springs and oases, humid mountaintops, sand
dunes, and playas (flat desert basins). These habitats exist in a delicate
ecological balance extremely sensitive to disturbance and harbor many specially
adapted plants and animals found nowhere else. Experts contend that many
invertebrate species, yet to be described, reside in these habitats,
particularly in the sand dunes. Studies of the impact of recent extensive off­
road vehicles' encroachment upon the desert have served to illustrate the high
susceptibility of this ecosystem to damage and emphasize the importance of
careful design and siting of any development therein.

Natural surface and subsurface conditions may be altered either directly or
indirectly in the course of a typical in situ porphyry copper mining operation by
several activities. Principal impact-producing activities in this respect are
associated with: 1) establishment and operation of general mine facilities;
2) ore body preparation by blasting or block caving; 3) lixiviant application;
4) waste disposal; 5) subsurface lixiviant action. Specific impacts associated
with each of these activities are discussed in the following sections. Impacts
which do not directly involve physical regime modification include those
associated with energy consumption and accidents and are discussed elsewhere.

Establishment and Operation of the Facility

As is true of any mining operation, a certain amount of vegetation removal
and disturbance to soil and landform is incurred in the accommodation of surface
facilities required to implement an in situ porphyry copper mining operation.
The areal extent of this disturbance is a function of the size of the ore body and
magnitude of the mining effort. Surface areas of facilities involved in a
typical in situ porphyry copper mine have been discussed earlier in this chapter.
As described, facilities are generally sparing and limited to fieldhouses,
maintenance areas, roadways, injection wells and/or solution application equip­
ment, recovery wells, monitoring wells, beneficiation facilities, and waste
disposal (evaporation) ponds. Careful planning of the site layout in a manner
that minimizes desert floor disturbance encourages optimum restoration of the
mining site towards natural conditions following mine closure.
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Construction activity associated with mine establishment and operation may
be expected to produce dust and exhaust emissions, and noise disturbance
characteristic of any construction operation. Such disruption is usually of a
relatively short·-term naturE~, although it may be of comparatively greater
adverse aesthetic and biological impact than most construction operations due to
the frequent impa.ct on the plristine nature of the area. Once established, in
situ leaching operations are very quiet and involve much less equipment noise,
dust and exhaust emissions, and human and vehicular activity than conventional
mining operations.

Most desert soils have a mantle formed by the cementing action of various
carbonates or by the filaments of soil microbes, or by both in combination.
There is often also a cobble, or "pavement," of close-set gravel or pebbles that
have been sorted out into a surface layer by wind action occurring over the
years. The delicate mantle or pavement crust acts asa lid which minimizes
disturbance of the fine soil beneath.

When the surface crust: is broken by vehicle passage or construction
activity, the underlying soil is exposed to dessication and erosion by water and
wind. Vehicular passage: over the soil also results in compaction, an increase in
density and decrease in air spaces within the soil. The resultant decrease in
permeability and porosity reduces the ability of the soil to hold and transport
wa tel' and therefore great ly limits plant growth in the compac ted zone. Slow
growth rates and harsh desert conditions compound the difficulty of native
perennial recovery in a denuded compacted area. A compacted area also signifi­
cantly increases surface runoff.

Another general impac t c:ategory, which should be discussed briefly at the
outset, is wildlife disturbance and eviction. This results from the establish­
ment of mine facilities and from almost all activities associated with operation
of the mine. It is often implied that when an area is disturbed by man, wildlife
inhabitants can simply move tlO adjacent undisturbed territory. This is true only
to a very limited extent. Natural biotic communities may be extremely complex
and embrace very large numbE!rs of animals within small areas. Many of these
organisms are of low mobility and may be killed outright by disturbance. Other
highly mobile species may simply refuse to emigrate, and still others which do
move are often rapidly eliminated by predation, accidents, and unsuccessful
competition for food and territory.

An adverse impact, often accompanying the advent of human activity in an
undisturbed natural area, is the inadvertant introduction of alien flora. Once
such exotic species are introduced, they may often take over the area around the
disturbance and exclude native growth due to the exotic species' superior
adaptive mechanism and the absence of native control agents. Care must be
exercised during vegetation efforts to ensure that seeds of alien plant species
do not accompany desired varieties.
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Ore Body Preparation

As previously explained, porphyry copper ore is usually found in hard rock
strata which requires fracturing to induce a permeability sufficient for desired
lixiviant action. Fracturing is accomplished either by blasting or block caving.

Blasting may be conducted near the surface or at considerable depths,
depending upon the location of the ore body. In the case of near-surface blasts,
desert floor integrity is usually severely disrupted and vegetation completely
removed either directly by the blast itself or by preparation of the area for the
blast. As described earlier, ore body expansion by blasting may alter landform
by producing a mound above the deposit. If the blasted area is overlain by an
aquifer or if groundwater flows along fissures and faults within the ore body,
blasting may severely disrupt the groundwater hydrology in the area. Some
wildlife may be killed or injured by the blast, although often most will have
been evicted from the area prior to the blast by site preparation. Through
proper blast design, projectiles can be minimized thus restricting substantial
disturbance to the general area directly above the ore body.

The extent to which animal populations may be disturbed by the sonic and
vibrational properties of a blast is difficult to determine. It is well known
that certain vertebrate behavior patterns are rather easily upset by foreign
auditory and/or tactile stimuli, and that such disruptions may result in short­
term reductions in reproductive success. If blasting were to be performed on a
recurring basis, it is likely that certain species of wildlife would refuse to
inhabit the surrounding affected area.

Minimizing the l~kelihood of property damage to wells, industrial
structures, homes, and other improvements from near-surface blasts is
fundamental to a successful blast design. Demonstration projects conducted in
Arizona and New Mexico in extremely deep ore bodies have shown that surface
disturbance from blasting at such depths is reduced to simple ground
acceleration (1l-1l).

If block caving is employed to fracture an ore body, ground subsidence over
the caved area is a long-term eventuality. With appropriate engineering
measures, subsidence may be reduced or eliminated over the short term; however,
the long-term effects of block caving are largely unpredictable in this respect
and are specific to the site and magnitude of the operation in question. As with
blasting, subsidence may have a significant impact on the groundwater hydrology
depending upon the site specific geohydrologic characteristics. Progressive
ground subsidence may, over a period of several years, affect dramatic changes in
landform character by creating a large unstable depression. Surface depressions
formed by subsidence are usually characterized by surface fractures, stepped
terraces and near vertical walls. The amount of subsidence caused by a block
caving operation is, of course, dependent upon the amount of underground material
removed to promote the required degree of ore body fragmentation. A review of
the current literature reveals no surface reclamation attempts.
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Surface alterations to soil and local topography brought about by the
subsidence process can be deleterious to nati.ve plant cover in several ways.
Direct damage may be incurred by actual uprooting when abrupt earth slippage
occurs. Surface cracki.ng may expose root systems to injury and reduce their
ability to anchor the plant: and perform their natural nutrient acquisition
functions. Longer term complications may arise from soil creep and general
instability, increase in topsoi.l erodability by wind and thundershowers, removal
of topsoil by small landslides during abrupt earth slippages, and decrease in
moisture retention abi.lity of substrate where subsidence has produced or
increased vertical aspect of slopes.

Cracks produced by surface fracturing are usually relatively small and
easily traversed or, if necessary due to size, avoided by humans and vehicles.
It is conceivable, however, that the cracks might be hazardous to cattle or
wildlife traversing the subsi.ded area.

Potential degradation of vegetative cover by subsidence over the short-term
is a moot consideration if surface lixiviant application is anticipated, since
this procedure is necessarily preceded by surface clearing. Surface clearing
will completely remove the flora in a given area and require migration of the
wildlife. These impacts would usually be minor due to the small area of land
directly affected.

If, on the other hand, the lixiviant is to be applied by injection, the
disturbed surface of either a blasted or a block caved ore body could be
reclaimed by regrading and revegetation.

The small percent~lge of the ore body removed during block caving may be
leached (dump or heap) to recover the copper values. The resulting tailings
disposal site, although smaller, will create problems similar to other tailings.
These include wind and water erosion (if not stabilized or revegetated), the
possibili ty of le:aching gangue minerals, and aesthetics.

Lixiviant Application

As described earlier, a leaching solution may be introduced to a copper ore
body via two basic routes: 1) through the overlying soil mantle by surface
application, or 2) directly into the ore body by injection wells. A discussion
of the environmental implications of each technique follows.

Leaching by application of an acid lixiviant (usually sulfuric acid) to the
surface over an ore body poses both short- and long-term threats to native
vegetation and wildlife. As previously mentioned, all ground cover is cleared
initially from the application area in the course of its preparation. Continual
introduction of a strong acid into the soil over an extended time period
sterilizes it of all micro-organisms and fosters a considerable accumulation of
salts and other toxic compounds. This combination of effects can be expected to
produce a soil environment that is very difficult for recolonization by native
plants, long aftE~r cessation of a leaching operation and the reclamation steps.
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No present data are available which quantify chemical changes in soil
composition promoted by extended strong acid application such as would occur in a
typical full-scale leaching operation. Even if such data were available, present
understanding of soil dynamics does not enable forecasting of the period after
cessation of acid application for a desert soil ecosystem to return to a
condition permitting colonization and establishment by native vegetation. It is
reasonable to assume that the scarcity of rainfall in the desert environment
would extend the recovery period since little water is provided to act as a
natural mineral leaching agent. It is conceivable that certain acid-adapted
halophytes (salty-soil plants) could be introduced successfully to a surface­
leached site long before it became inhabitable by other desert vegetation. Other
techniques, such as providing a topsoil blanket over the sterile zone, may be
effective in allowing native growth to reestablish itself. However, capillary
action could draw toxic minerals up into the topsoil rendering it an unsuitable
habitat for revegetation. With this technique, topsoil would be removed and
stockpiled prior to mining.

If lixiviant is applied to the surface by a spray or sprinkler system, the
sphere of environmental hazard is extended beyond the application area itself by
the potential for airborne transport of acid aerosol. While such migration and
eventual deposit of acid may not occur on a scale sufficient to cause significant
degradation to the soil beyond short distances, vegetation and wildlife are
threatened with injury over an undetermined radius. It may be hypothesized that,
in practice, wind patterns and application design act to establish a gradient of
environmental damage of ever decreasing magnitude as distance from the
application area increases. It is possible to minimize aerosal problems
encountered with surface application by designing an application system which
disseminates large droplets or by utilizing a flood application method.

Most surface damage can be avoided by introducing the leaching solution
directly into, or in the proximity of, the ore body through a series of injection
wells. This technique is considerably costlier at the outset, although a limited
amount of this cost is recovered over a period of time through conservation of
the leaching agent. Important surface effects of injection wells are limited
essentially to vegetation removal in the immediate vicinity of the well. Several
injection/recovery fields may comprise an in situ copper leaching operation.

A study should be conducted for each specific site to identify the most
cost-effective, environmentally-acceptable method for lixiviant application.
Injection wells may be cost-effective due to relatively low reclamation costs
when compared to surface spraying.

Waste Disposal

The accumulation of dissolved impurities in a recycling lixiviant solution
necessitates a small percentage bleed-off of barren solution and replacement
with fresh solution to maintain effective leaching action. The waste then must
be disposed of in some manner. Since, with the exception of certain recent pilot
projects, most in situ leaching operations have been associated with deposits
previously mined by conventional methods, waste disposal practice has been to
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discharge wastes to the tailings or evaporation ponds. It is outside the scope
of this report to discuss the hydraulics of tailings ponds beyond noting that two
schools-of-thought prevail regarding their hydraulic balance. One maintains
that the ponds are self-sealing as a result of the fine slime discharge they
receive; the other contends that such is not the case and that downward seepage
of water does occur, posing the very important possibility of underlying aquifer
pollution. The impacts of such pollution could be significant depending upon the
present and future uses of the water. Obviously, the most negative impacts would
occur if the aquifer is used for human consumption.

A porphyry copper mining operation designed exclusively for in situ
leaching would likely use .m evaporation pond for waste disposal. Since
negligible s limes are present in barren lixiviant bleed streams, the pond
definitely would not bE! self-sealing, and downward percolation of wastewater
could occur if the pond were situated above permeable strata. Two avenues for
dealing with this problem are: locating the di.sposal pond above an impermeable
geologic member, away from potentially affected groundwater; and/or sealing the
pond with an impermeable liner such as plastic or clay. Careful attention must
be directed to the design ofa plastic-lined earthen pond to avoid formation of
large air bubbles or "whales" between the lining and earth when the pond is in
use. These air bubbles can significantly reduce the capacity of a pond and, once
formed, are difficult to eliminate while at the same time maintaining the
integrity of the seal.

A different approal:h to dealing with wastes, particularly if anticipated
flows are large enough to require excessive area and costs for evaporative
disposal, might be to reducE~ the waste discharge through treatment, such as
membrane desalination. However, this approach would still produce a waste, and
it would be potentially very hazardous due to the concentration factor.

Subsurface Lixiviant Action

As discussed earlier, porphyry copper ore bodies in the desert area under
consideration are usually not associated with aquifers. However, as noted, water
may flow through, or in the vicinity of, the ore bodies through faults and
fissures. Such is apparently the case at the Miami Copper Mine in Miami,
Arizona, where approximately 13 l/sec (200 gpm) of groundwater, presumably
flowing through a nearby fault, is being intercepted at present by a leaching
operation. The w~lter is being used in the mining operations.

Fracturing of an ore body prior to leaching may create hydraulic inter­
connections between the deposi.t and nearby faults. Such hydraulic communication
between a water-bearing fault or fissure and a lixiviant leached ore body poses
the theoretical threat of contamination eventually entering a water supply.
Since an in situ leaching operation maintains an unsaturated flow condition in
the majority of the ore body systems, it is unlikely in practice that water would
escape from an ore body during leaching along faults or fissures, unless they
were located near the bottom of the ore body which is saturated. Unsaturated
conditions tend to retard lixiviant escape along faults.
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Once a mining operation ceases, however, hydraulic conditions in the mine
will slowly assume a steady state wherein one of two possible conditions will
generally prevail: 1) a regional groundwater flow will occur providing
saturation that sufficient water is present and that faults allow regional
transmission, 2) surface evapotranspiration will balance incoming water
resulting in no net regional flow. If the first condition prevails, leaching
solutions, remaining in the ore body after cessation of lixiviant recovery, will
be flushed out by the flowing groundwater. Since such groundwater movements in
most areas in question are typically quite slow, several hundred years could
conceivably expire between the time of mine closure and the theoretical migration
of lixiviant contamination into a groundwater resource. During this period of
time, interaction of contaminants with contacted minerals might reduce levels of
contamination. Monitoring would be required to determine if and when the water
becomes suitable for future usage.

ENVIRONMENTAL MONITORING

Presently there are no established groundwater quality modeling practices
for in situ copper leach operations. This isposs ib ly due to many factors
including:

1. Location of an ore body in non-waterbearing strata;

2. Site specific nature of geohydraulic conditions;

3. Limited number of in situ copper leach operations;

4. Lack of known water quality problems associated with copper in situ
leach operations;

5. Lack of existing state groundwater quality control regulations.

The last factor is being eliminated rapidly. The Surface Mining Act of 1977
(PL 95-87) and the Underground Injection Control regulations have jurisdiction
over various aspects of groundwaters.

Water quality monitoring programs especially need to be established for
leach operations where water resources are affected, which is an infrequent
occurrence. Monitoring water quality in aquifers which may be effected should be
done in much the same manner as is done at uranium mine sites (refer to
Chapters 6 and 7 for a more detailed discussion).

The feasibility of monitoring the quality of water flowing along fissures is
doubtful because their exact location would be difficult to determine. In lieu
of monitoring, the escape of lixiviant may be predicted by detailed routine mass
balance calculations. It would be necessary to maintain accurate logs of
quantities of lixiviants injected and recovered and to make predictions of other
losses such as evaporation and transpiration. This method will allow only the
prediction of lixiviant excursion if an excursion is indicated by a lack of water
balance; it would be necessary to make a detailed assessment of its potential
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effect on water resources. If nearby aquifers may be affected, observation wells
should be installed to monitor groundwater quality and steps should be taken to
correct any groundwater pollution.
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CHAPTER 5

NATIVE COPPER

INTRODUCTION

Native copper refers to deposits of copper which occur as particles of pure
metal dispersed in gangue materials. Native copper from the Keweenaw Peninsula
in Upper Michigan was one of the earliest and largest sources of copper in the
United States. By 1930, copper production had exceeded four million short tons
of metal, but large scale output ceased in the mid 1960's because of the high
cost of conventional underground mining methods and high processing costs. There
remain, however, enormous amounts of copper in both virgin and worked deposits
which are believed to be recoverable by in situ leaching techniques.

PHYSICAL SETTING

Geographical Location

One of the most significant deposits of native copper known underlies
portions of the igneous and sedimentary terrains within three midwestern states
of the Great Lakes region. As shown in Figure 5-1, this native copper miner­
alization extends in a 480-kilometer (300-mile) belt from eastern Minnesota,
across northern Wisconsin and into the Keweenaw Peninsula of Upper Michigan, on
the south shore of Lake Superior.

Deposits with the highest potential for in situ leaching are concentrated in
Houghton County, Michigan. These desposits occur in a mineralized belt between
6-10 kilometers (4-6 miles) wide and 104 kilometers (65 miles) long in the
Calument-Hecla areas of Houghton County, which is shown in the shaded area on
Figure 5-1. The location of the major producing mines on the peninsula are shown
on Figure 5-2.

Nature of Deposits

Precambrian volcanic layers and Cambrian sedimentary beds are the primary
hosts of native copper mineralization in Michigan. A geological cross-section
illustrating the native copper beds at Houghton, Michigan is presented in
Figure 5-3. This series of beds ranges from 7,600-9,100 meters (25,000­
30,000 feet) in thickness and is comprised primarily of basaltic lava flows, with
interbedded conglomerates derived from the flows during intermittent periods
between volcanic activity in which early Cambrian seas eroded and reworked the
volcanic rocks. In addition to the volcanic layers and conglomerates, the
Keweenaw Series includes red arkosic (containing feldspar) sandstones and
shales. This complete sequence of rocks trends (strikes) generally northeast­
southwest and is inclined at variable degrees toward the northwest, sloping under
the glacial drift near the shore of Lake Superior.
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Native copper in the Michigan deposits occurs in veins generally
1.2-6 meters (4-20 feet) widl~ in amygdaloidal basalt flows or conglomerates.
The veins are typically dipping about 70 degrees at the surface, decreasing in
dip to 30 degrees at greater depths. Deposits within the volcanics are most
comnon in, or near, the vesicular and brecciated upper surfaces of certain flows.
Many of the more significant deposits reflect critical phases in the probable
history of their formation, lol'ith stronger copper mineralization concentrated in
portions of the host rock more highly d.isturbed during the flow and
solidification stage of the lavas. Both the angular fragments of the
conglomerates and amygdaloidal (vesicular) nature of the basalts thus may
contribute to naturally higher permeabilities. With these features, in addition
to low percentages of soluble gangue materials, the deposits may be favorable for
copper extraction by in situ leaching methods. Some care must be taken, however,
to avoid portions of any depc1sit that may be sufficiently porous (or cavernous)
to cause a loss of either the leaching or pregnant solutions.

Native copper, the dominant ore mineral, is crystalline and ranges in size
from microscopic particles to masses weighing 500 tons. The deposits also
contain minor percentages of chalcocite (copper sulfide) and copper arsenides.
Rare amounts of native silver occur as intergrowths with the metallic copper.
Gangue minerals include microcline (feldspar), chlorite, quartz, epidote,
carbonates and prehnite. The chemical analysis of several native copper ores
from Michigan are presented in Table 5-1.

Nature of Surface Conditions

Soils

General features of the soil mantle overlying the native copper deposits of
Michigan include characteristics defined 'and classified within the order of
alfisols, a soil typical of humid regions. Thus, they have a high percentage of
insoluble residul~ (the elemElUts iron and aluminum) and correspondingly lower
contents of soluble matE~rials such as lime. Locally, glacial drift is intermixed
with indigent soi.ls. In undisturbed ground, a typical profile would consist of
the following horizons listed in descending order:

o Mature, zonal soils -- topsoil, influenced by climate and biological
conditions;

o IntermEldiate, intrlizonal soils -- a subsoil, primarily reflecting the
chemical influence of its parent material (bedrock), and topographic
relief;;

o Azonal soils -- a "younger" horizon at the bottom of the soil profile,
consisting primarily of immature soils mixed with rock fragments
derived from the underlying bedrock.

Modifying factors in these Michigan area soils include the types of vegetation,
and rate and degree of leaching and oxidation.
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TABLE 5-1. - Analyses of Typical Native Copper Gangue from Michigan (2)

Constituent Concentration[a]

.si02 49.40 46.78 42.71 45.70 47.00

A1 203 16.12 17.04 14.93 20.44 20.80

Fe203 11.51 7.95 7.45 9.50 6.60

FeO 2.13 6.31 3.45 8.95 4.20

Total Fe 9.71 10.46 7.92 13.60 7.88

MgO 3.52 6.31 2.70 2.24 4.30

CaO 10.90 6.94 22.76 7.46 11.80

Na20 3.02 3.44 0.54 0.80 2.70

K20 0.58 1.10 0.04 0.28 - [b]

H 0- [c] 0.10 0.66 0.352

H2O+ Cd] 2.30 3.62 3.56 2.78 3.00

Ti02 1.29 1.10

CO2 0.59 0.08

Summation 109.88 110.69 107.35 108.30

[a] Concentration in percent by weight.
[b] Not available.
[c] Conate.
Cd] Interstitial.
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Hydrology

The Keweenaw Peninsula is surrounded by Lake Superior. A proximity of vast
amounts of water causes the area to have high humidity throughout the greater
portion of the year. The average annual rainfall exceeds 75 cm (30 inches),
which includes an average annual snowfall in excess of 150 cm (l00 inches). The
precipitation in the area exceeds both the annual free surface-water evaporation
rate of approximately 55-60 em (22-24 inches) per year and the average potential
evapotranspiration rate of 50-55 cm (20-22 inches). Significant amounts of
surface runoff occur primarily during the spring snowmelt.

Undisturbed native copper ore bodies have extremely low permeabilities and
are not considered to be developable aquifers. Naturally occurring faults and
fissures, test holes, drifts and fractures, resulting from prior mining
operations, are the primary channels through which water can flow. At, and
before, the turn of the 20th century, there were minimal amounts of water in the
mine shafts and StOPE~S at depths as great: as 3,000 meters (l0,000 feet).
According to Lindgren (1), at depths of 900-1,500 meters (3,000-5,000 feet),
mine water was almost entilrely absent. There were only small quantities of
drippings which 'were collected and were initially hauled to the surface via the
mine elevators .':lnd/or lifts. In some of the larger mines, a series of low
capacity high lift pumps were installed. Immediately overlying the tilted beds
of conglomerates in native copper ore, a horizontal soil mantle of intermediate
permeability has developed. This nonartesian aquifer receives substantial
recharge from surface strE~ams and small ponds and continually discharges
(subsurface) to Lake superior. The shallowness of the aquifer, 6-15 meters
(20-50 feet), has precluded its development as a major industrial or municipal
water supply.

Abandonment of the mining operations has resulted in significant seepage of
groundwaters from the surface aquifer into the inactive mine shafts and stopes.
Figure 5-4 illustrates the surface aquifer and the flow of groundwater into the
shafts in the native copper beds. Inactive mining operations have been filling
with water for over 40 years.. In 1976, it was estimated that the water level had
risen to 490 meters (1,600 feet) below the surface (1).

Interconnections between the extensive mine workings permits water to flow
horizontally for distances as great as 16-24 km (10-15 miles) at the lower levels
of the mining activity. There are several hydraulically isolated shafts at
deeper depths which di.d not: fill with water initially. As the water rose,
eventually a level was reached where water could flow horizontally to an adjacent
mine and then gra.dually fill that mine before the overall water level in the area
would rise again. It has recently been estimated that water level in the major
abandoned mines is rising at approximately 30 meters (l00 feet) per year. In
several areas, plugs have been constructed to prevent filling areas currently
used for research projects by the Bureau of Mines.

The comnunities of Hanc:ock and Houghton obtain their water supplies from
wells located in abandoned mine shafts. The water is of relatively good quality
with a TDS of less than 400 mg/l. In a recent study performed by the Institute of
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Mineral Research at Michigan Technological University, Houghton, Michigan, for
the Bureau of Mines, v.ariouEi water samples from several depths of the Seneca
No.2 mine were collected and analyzed (4). The conductivity ranged from
approximately 200 to 400 (~~los/cm) which corresponds to dissolved solid levels
of approximately 120 to 250 milligrams per liter (5). The primary cation present
was sodium. -

At deeper dl~pths of the native copper deposits, it has been reported that
brine solutions exist. Lindgren (1) presents the analysis of one sample from the
Quincy mine which shows 28 percent solids. This corresponds to a brine approxi­
mately 8 times stronger than I;eawater. It is possible that these submerged brine
fields could provide a disposal site for concentrated waste liquors and bleed-off
streams from mining operations, if environmental review by the cognizant
regulatory agency allowed.

Biology

The native copper area is essentially a rolling plain with no great or
abrupt differencE!s in elevati.on, and thus the physiographic features of greatest
importance in determining vegetational character are degree and direction of
slope, soil types, and pres,ence of permanent surface water. The area under
consideration is generally referable to the Wisconsin/Michigan Northern Conifer­
Hardwood Forest Vegetational Province. Typically, the forest communities are
characterized by the presence of coniferous trees such as pine, spruce, hemlock,
fir, cedar and t~lmarack, although a large hardwood element is present also.

The major plant communities comprising the northern forest province may be
categorized as mesic forest, xeric forest, lowland forest, and boreal forest.
Mesic forest is widely distri.buted throughout the subject area and is the typical
forest type of this section of Michigan and Wisconsin. The other forest types
are much less prevalent and ()ccur in scattered fashion only in certain portions
of the area.

Throughout the subject area, northern mesic forest displays a certain
similarity of character, but varies in species composition since the ranges of
several important dominants do not coincide with the range of the forest type.
Thus the beech is common within the area in certain parts of Michigan, but not
Wisconsin. The leading dominant within the community is sugar maple with hemlock
holding second position.. NClrthern mesic forests are harvested on a selective
logging basis for white pine and hardwoods. They are also used to a considerable
extent in the large-scale production of maple sugar.

In addition to scatterE!d occurrences throughout the area, northern xeric
forest is present in limited development on the banks of most lakes and streams
of the entire area. The most important trees comprising the community are jack
pine, red pine, white pine, l~ed maple, and red oak. Lumber yields from red and
white pine forests can be quite high.

The northern lowl~md sw'amp forests are found associated largely with two
types of topography -- lake beds and river flood plains. Because of these rather
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specialized topographic requirements, the forest type tends to be distributed as
small discrete bodies and rarely covers an extensive contiguous area. The
community type includes tamarack-black spruce bog forests, the white cedar­
balsam fir conifer swamps, and the black ash-yellow birch-hemlock hardwood
swamps. Dominant species of this community are black spruce, tamarack, white
cedar, and balsam fir. Sugar maple and red maple achieve a dominant position in
some swamps. Northern lowland forests are selectively harvested for white cedar
and black spruce.

Boreal forest is restricted in distribution to only a few localities within
the subject area. Most of the stands occur on heavy soils which are frequently
wet and are located on ridges or on slopes. Dominant members of the community
are balsam fir, white pine, white cedar, white birch, and white spruce. Boreal
forest is of such limited extent within the subject area that it is not of great
economic importance. Young stands of balsam fir are important sources of
Christmas trees, and the older stands of both spruce and fir are used as sources
of pulp.

Several community types of lesser importance occur within the subject area.
These include pine barrens, bracken-grassland, alder thicket, sedge meadows, and
various aquatic communities.

Wildlife common to the subject area include the abundant white-tailed deer,
black bear, snowshoe hare, woodchuck, porcupine, beaver, red squirre1, and
bobcat. A few moose and an occasional timber wolf are present in the Upper
Michigan Peninsula. Waterfowl are extremely abundant in the area as are ruffed
grouse. These, along with deer and snowshoe hare, are the major subjects of
hunting activity in the area.

Thousands of kilometers of streams and thousands of lakes with high quality
water support a valuable cold- and warm-water fishery. Most streams are
designated trout streams, while the lakes embrace a wide variety of warmwater
fish.

MINING TECHNIQUES

At a copper price of $1.65/kilograms ($0.75/pound) the U.S. Bureau of Mines
has estimated (6) the ore reserves in the Keweenaw Peninsula area to be
482,000,000 metric tons (430,000,000 short tons) at an average grade of
1 percent copper, yielding 4,820,000 metric tons (4,300,000 short tons) of
recoverable metal. Part of the mineralized rock occurs as broken and waste
material left in old underground mine workings.

The advance of in situ leaching technology has created renewed interest in
these native copper deposits of Michigan and possibly the remainder of the
mineral deposit in Minnesota and Wisconsin. In situ leaching, using an ammonia
lixiviant, is apparently the most feasible process, since it has been success­
fully applied commercially since 1915 to heap leaching the native copper-bearing
tailing sands in the Keweenaw district.
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Based upon experience in leaching operations for porphyry copper and
current economic conditions, a reasonable size of an in situ native copper plant
would be one capable of producing 15 metric tons per day (MTPD) or larger. This
daily output could be achieved by a leach field producing a pregnant solution
containing 1.0 gil of copper at a flow rate of 180 l/sec (2,850 gpm). This
section will review thE! three broad categories of mine operation, which include
ore body preparation, leaching, and beneficiation. The latter two sections will
present sizes of typical unit processes associated with a plant of the above
indicated size.

pre Body Preparation

It is possible that native copper may be leached in situ from either virgin
unmined areas or the abandoned stopes of previously mined areas. Prior to
leaching, these areas must be prepared to optimize the application of lixiviant
and the recovery of pregnant liquor and to prevent the escape of lixiviant into
other areas.

Virgin Areas

As discussed previously, the Michigan native copper deposits occur in
steeply dipping tabular ore bodies having long strike distances. The native host
rock is relatively impermeable but it may be fractured to permit the slow
migration of fluids. This fracturing may be accomplished by blasting, but the
blasting pattern must be designed to confine the breakage to the ore body itself.
A brief discussion on blasting may be found in the previous chapter.

Previously Mined Areas

Unlike the virgin are~ls, the abandoned stopes contain significant void
spaces left when the stopes were loosely backfilled with waste rock. The
adjacent pillars and wall rock may also be more highly fractured than the native
formation due to blasting that occurred during active mining. The many small
fractures in thE! rock will permit the slow access of lixiviant to the copper
values. The dissolution of copper particles or masses deposited in the rock
increases the permeabi.lity of the host rock. As a result, it may not be
necessary to prepare the mine by additional blasting.

As discussed previously, many of the old mines have become partially filled
with water. Prior to leaching, the mine must be dewatered; however, wastewater
discharge standards might preclude the disposal of these waters to surface
streams, lakes or groundwater recharge areas depending on their qualities. The
qualities of the waters are not known e}~cept for the data provided by
Hockings (4) and limited other references in 1900-1935 literature. It has been
reported that brines do exist at deeper depths (1) and that low salinity waters
exist at higher elevati.ons [Hockings 1976] <.~). -The low salinity, good quality
waters could be discharged to surface waters. Similar discharge of the brines
would result in significant E!nvironmental degradation due to salinity. Thus, if
mines contain significant volumes of saline waters and the mine operation is to
be viable, adequate treatment and/or disposal schemes must be developed.
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Leaching Facilities and Processes

The chemistry of leaching has been extensively studied. However, since in
situ leaching for native copper has not yet been put into commercial operation,
the lixiviant application methods discussed below are based upon conceptual
ideas.

Lixiviant Application and Recovery Facilities

The possible lixiviant application facilities may include either virgin or
previously-mined areas. In both instances, the lixiviant must be injected below
the ground surface to control the volatile loss of ammonia. Figure 5-5 presents
a method by which the virgin areas could be leached. After blasting, a series of
injection wells would be drilled into the ore zone and the wells cased above the
point of application to prevent lixiviant excursion. One or more production
wells would be drilled to the bottom of the blasted zone from which the solution
would be pumped to the surface for beneficiation.

A method for in situ leaching abandoned stopes is presented in Figure 5-6.
As shown, the lixiviant would be injected into the abandoned stope either through
surface injection wells or possibly through injection pipes placed horizontally
in the abandoned stopes. The shaft would be blocked off at a lower level and the
stope at that level used for a collection gallery from which the pregnant
solution would be pumped to the surface for beneficiation.

Chemistry of Leaching

Native copper may be )leached either by an acid or an ammonia lixiviant
solution containing suitable oxidants. However, acid systems have not seen wide
use in the past due to their high cost and their nonselectivity of ionic species
dissolved. Ammonia systems, on the other hand, are very selective and have been
in use in the copper-bearing sands of the Keweenaw district since 1915. A
drawback of the ammonia system is the volatility of ammonia which can be
controlled by underground injection. Generally, it is felt that the best
lixiviant system for in situ leaching of native copper is the ammonia system.

In the ammonia system, native copper is dissolved in the following manner:
the surface of the copper is first oxidized; this oxide film then forms a soluble
copper ammonium complex in the presence of ammonia and a suitable anion such as
carbonate. The most common preferred solvent is cupric ammonium carbonate which
oxidizes and simultaneously dissolves the native copper.

CUo + CU (NH3)2 C03 + 2NH40H

"cupric"

[CU(NH3)2]2 C03 + H20

"cuprous"

The reaction will only proceed in the presence of excess ammonia. The
cuprous ion also must be oxidized back to the cupric form by the addition of
oxygen to regenerate the lixiviant.
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[CU(NH3)2]2 C03 + 1/2-02

"cuprous"

CU(NH3 )2 C03
"cupric"

In the past, strong solutions of cupric ammonium carbonate were used for
leaching native copper. The solutions consisted of approximately 25-50 g/l NH3
and 25 g/l CO2 and contained enough cupric ion to oxidize the native copper.

A relatively weak solution of 2 gm-NH3/1 and 2 gm-C02/1, as proposed by the
U. S" Bureau of Mines, and rel:ent ly studied in pilot-scale operations in the Salt
Lake City Metallurgy Research Center, may be used in future in situ operations on
native copper ores of the Michigan Peninsula area. The results of this test were
successful and may 1e~id the way to recovery of copper from low grade native
copper sources. The concentration of these solutions minimizes the volatile loss
of ammonia and reduces the need for covering all leach areas to prevent the loss
of ammonia.

Some advantages of ammonia leaching are high selectivity for copper, high
solubility of the copper complex, no appreciable attack on the gangue,
amenability to solvent extraction, low cost, and ease of recovery of mQst of the
ammonia from bleed strE~ams by distillation.

The metals comnonly known to form amnine complexes, and which are
potentially leachable by an ammonia leach system are the following, in order of
decreasing stability of the complexes: palladium, copper, nickel, cobalt, zinc,
cadmium, iron (ferrous), manganese, magnesium, and silver (under some
conditions) (~).

Other constituents of ammonia leach liquors may include the following:

CO2; S04: carbamate; As; Pb; Sn; (~)

It should be noted that ammonia will react with gypsum, if present in the
gangue, and will form ammonium sulfate. This reaction makes the recovery of
ammonia incomplete. Anmonia otherwise is a relatively stable compound and is not
easily oxidized by atmospheric oxygen or hydrogen peroxide.

If an ammonium carbonate leach is to be followed by a selective liquid ion
exchange (IX) step for copprer me tal recovery, the other me tal s forming ammine
complexes, present in IDOSt ore bodies to a variable extent, will not be removed
in the IX unit but will appear in the raffinate. Raffinate is the aqueous
solution remaining after copper has been removed from it. Increasing salt levels
by continuous recirculation lvill eventually require some degree of bleed from the
circuit and such a bleed will contain high levels of ammonia, and possible
concentrations of such toxic: metals as lead and cadmium. Improper disposal of
toxic solutions can cause environmental degradation.

A recent study (9) described the buildup of dissolved impurities occurring
in a recycled ammonia-leach solution. The most common constituents are presented
in Table 5-2. The low conclentrations of magnesium and calcium are probably a
reflection of the respective carbonate solubility limits. Trace amounts of zinc,
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nickel, and lead were also reported, but it is believed these elements were
introduced from galvanized fittings and solder used in some of the bottles.
Mercury occurred at a level of 152 ~g/l.

TABLE 5-2. - Composition of Recycled Ammonia Leach
Solution - Michigan Native Copper (~)

Concentration
Constituent (mg/l )

Sodium 182.00

Potassium 51.00

Magnesium 3.50

Calcium 2.60

Iron 0.32

Chloride 155.00

A more complete analysis of a dilute ammonium carbonate leach solution is
presented in Table 5-3. This data is based on a long-term, large-scale
laboratory leach test utilizing a dilute ammonium carbonate leach solution and a
native copper ore from Michigan. It can be seen that the concentrations of
certain constituents increase with leaching time (ammonia, carbonate) while
other constituents remain at relatively constant levels after achieving steady
state conditions (sodium, potassium, calcium). The source of the sulfate was the
regenerant used in the mineral recovery process and could be greatly reduced by
rinsing the solvent before and after regeneration. The chloride is reported to
originate from the copper ore itself.

The bleed-off required to prevent excessive accumulation of salts in the
leaching circuit would have a composition similar to that presented in Table 5-3
and would require treatment prior to discharge into the environment.

Beneficiation Processes and Facilities

In the past, beneficiation of an ammonia leach circuit was accomplished by
steam distillation but the copper oxide product had a limited marketability. As
in the porphyry copper leach circuits, it is expected that future milling
operations will be by SX-EW which produces a high-grade, easily-marketed
product. Figure 5-7 presents a process flow diagram for a typical ammonia leach
plant using solvent extraction and electrowinning. Since the process is quite
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TABLE 5-3. - Composition of a Dilute Cupric Ammonium Carbonate
Solution for Michigan Native Copper <..~)

Concentra tion [aJ
12 Months 18 Months

Constituent Leaching Leaching

Ammonia 3,500.00 4,000.00

Aluminum 1.00 1.00

Arsenic 0.11 0.50

Calcium 2.00 3.00

Carbonate 4,900.00 5,600.00

Chloride 1,000.00 870.00

Cobalt 2.00 0.01

Copper 1,140.00 650.00

Iron 0.10 0.10

Magnesium 7.10 4.30

Manganese 1.00 0.10

Nickel 1.00 0.50

Potassium 80.00 90.00

Silver 0.08 0.10

Sodium 200.00 180.00

Sulfate 1,360.00 1,300.00

Zinc 0.12 0.40

Total Dissolve
Solids 12,300.00 12,800.00

pH 8.5 - 10 8.5 - 10

[aJ mg/1.
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similar to that previously described in Chapter 4, a detailed description will
not be given.

ENVIRONMENTAL REVIEW

Introduction

In marked contrast to the arid conditions prevailing in the southwestern
United States porphyry copper region, water is plentiful in the native copper
area, both as surface and groundwater. Moreover, instead of low shrubby growth,
the area, in its natural stB.te, is characterized by forests comprising several
species of conifers and hard1Noods.

Potential environmental impacts associated with in situ leaching of native
copper may be generally categorized as related to establishment and operation of
general mine facilities, ore body preparation, subsurface lixiviant action, and
waste disposal.

Establishment and Operation of Facility

As indicated earlier, in situ leaching may be applied either to virgin
native copper deposits or to those which have already been mined by conventional
methods. In the latter case, the physic:al disturbance associated with
establishment of the additional facilities necessary for in situ mining is rather
minimal compared to that associated with establishing an operation in an
undisturbed area.

Environmental impacts which might be anticipated from the establishment and
operation of a new facility ill an undisturbed area are generally similar to those
discussed in Chclpter 4 regarding porphyry copper operations. The reader is
advised to refer to the disl:ussions addressing construction impacts, wildlife
dis turbance, and introduc tiOll of alien flora.

From an aesthetic standpoint, a major difference exists in the overall
resul ts produced by disturbing a forested area as opposed to a desert area
covered by low vegetation. III terms of sheer visual impact a denuded area within
a forest appears much more dramatically altered than a similar area in a desert
habitat. However, the disturbed forest area can be seen only from a limited
distance due to naturB.I tre,e screening, while the disturbed desert area may
disrupt otherwise uninterrupted wilderness views over a distance of several
miles.

Ore Body Preparation

As explained earlier, if a previously unmined native copper deposit is to be
leached in situ, it is possible blasting will be necessary to produce the condi­
tions required to facilitate fluid migration through the ore body. Should this
be the case, anticipated impclcts upon landform, vegetation and wildlife are like
those discussed in Chapter l~, as related to blasting. Blasting may also be
required to enhance the permeability of a previously mined deposit.
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Subsurface Lixiviant Action

As discussed earlier, extensive mining activity in the subject native
copper area has produced (or enhanced) subsurface conditions conducive to the
flow of water. The distinct potential therefore exists for escape of pregnant
leaching solution from an area undergoing leaching. The most immediate
possibility would be migration of the lixiviant from the site of leaching to an
abandoned mine or mines through naturally occurring faults and fissures or
through fractures resulting from mining activity. Should the abandoned mine
receiving escaped lixiviant be one from which a public water supply is drawn, a
significant health hazard would result.

A less likely escape route for lixiviant would be through the walls of a
faulty injection or recovery well casing. Should this occur, barren or pregnant
leaching solution could conceivably reach nearby lakes or streams by travel
through a shallow aquifer. Determination of the specific chemical constituents
that might reach surface-waters by such a route is problematical, depending upon
such variables as distance traveled, substrate/water chemical interactions,
adsorption phenomena and metabolic processes. Theoretically, hazards posed to
the aquatic environment by lixiviant-related contamination could exist both in
the form of toxic poisoning and nutrient enrichment (by nitrogen oxidized to the
nitrate form).

Measures that may be employed to prevent lixiviant excursion include proper
design and construction of injection and recovery wells and sealing all hydraulic
connections peripheral to the leaching site. The possibility of inadvertent
fluid migration from an active leaching area is also reduced by the functional
requisite of maintaining an unsaturated flow condition in the ore body.

Once a mining operation ceases, hydraulic conditions in the mine (in the
absence of hydraulic sealing) may be expected to return to the general condition
described earlier in the discussion of hydrology. This being the case, leaching
solution remaining in the ore body after cessation of "pumping may be flushed out
slowly by the horizontal movement of water between mines. This points to the
importance of hydraulic isolation of a leach area by appropriate sealing, even
though normal leaching design discourages fluid excursion during active mining.

Waste Disposal

The proposed in situ leaching of native copper generates several waste
streams which could adversely affect the environment. The adverse environmental
impacts could be significant enough to prevent utilization of the technique. In
general, additional studies are required to quantify the alternate waste
disposal processes before final cconclusions can be made regarding the environ­
mental acceptability of in situ leaching-recovery of the native coppers.

Mine Dewatering

The mines are likely to require dewatering prior to leaching depending on
elevation. This may, in fact, pose one of the most significant problems
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affecting the feasibility of the process. An extensive network of bulkheads will
have to be constructed to isolate the leaching zones from the surrounding flooded
mines. Disposal of dew8ltering wastes can pose difficulties if the salinities of
the waters exceed 500 mg/l. The limited data available indicate tht the upper
waters have salinities lower than this value [Hockings 1976] and therefore,
dewatering operations could discharge directly to the surface. A National
Pollutant Discharge Elimination System Permit (NPDES) is required for surface
discharges.

If dewatering produces flows with salinities greater than allowed by the
NPDES, alternate techniques 'will have to be employed. It may be feasible to
inject high salinity walters into the lower levels of the mining zone where high
salinity waters were reported by Lindgren (0. Further studies are required to
quantify the occurrences of brines at depths greater than 2,000 meters. Other
potentially technically viable water disposal alternatives include thermal
evaporation procl~sses such ,as the vapor compression evaporator and membrane
desalination processes. Solar evaporation ponds are not viable because the area
is one of net precipitation, in other words, evaporation less than precipitation.

Process \llastes and Leach Circuit Bleeds

The ion exchange process proposed for recovery of the copper from the
pregnant solutions produces: only liquid wastes. These wastewaters are
characterized by high salinities which preclude direct disposal to the environ­
ment. These solutions will require disposal by techniques described in the
preceding section.

Ammonium sulfate waste products could possibly be recovered and used for
fertilizer, contingent upon economics, availability of a local market, and
product purity.
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CHAPTER 6

SOWTION LEACHING OF URANIUH

INTRODUCTION

Approximately 2 percent of the 1976 United States uranium production was
supplied by in situ leaching (1). This technique is in its infancy and signifi­
cant technological advances are currently being achieved which will substanti­
ally increase future production by this method. It has been projected that a six
fold increase in production by in situ leaching will occur by 1979 (1). In this
chapter the characteristics of uranium leaching are described- and their
potential environmental effects are developed.

PHYSICAL SETTINGS

In this section, Texas and Wyoming, the two areas which have experienced the
greatest development of in situ leaching, are described. The leaching technique
has application in many other areas, including but not limited to Colorado, Utah,
New Mexico, Arizona, Nevada and Idaho.

The uranium ores most amenable to in situ leaching are the sandstones which
are referred to as the "roll front" deposits. These are the ores of primary
interest today.

Wyoming Physical Setting

Geographic Location

Basin and uplift structures, with known and potential uranium deposits,
occur in the eastern two-thirds of Wyoming and in small areas of adjacent states
(Colorado and Montana). Figure 6-1 illustrates the study area including the
important Wyoming regions of the Powder River Basin, Shirley Basin, Crooks Gap,
and Gas Hills. These regions, along with deposits of lesser importance in the
Baggs, Maybell, and Copper Mountain areas, contain low grade uranium reserves
totaling millions of tons of uranium. There are currently in excess of nine
sites undergoing evaluation for in situ leaching.

The Wyoming Basins and uplifts include the Wind River, Great Divide,
Washakie, Laramie, Hanna, Sand Wash, Green River, Big Horn, Rock Springs,
Rawlings, and Hartville areas. Geologic emphasis is placed on uranium deposits
occurring in extensive continental sediments, both as thick accumulations within
the Basins and in thinner layers on the flanks of the bordering mountain ranges
(uplifts). Predominant materials in these deposits are fine-grained sand and
silt, with local occurrences of coarser sand and gravel eroded from older
granitic cores of the mountain ranges. Overlying tuffaceous sediments indicate a
more recent period of volcanic activity.
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Important producing districts are in the regions underlain by the Wasatch,
Wind River, and JBattle Spring formations; of lesser importance are the uranium
deposits found in the F()rt Union formation (Powder River Basin). In the uplifted
areas, some of the deposits occur as fan-like sedimentary accumulations (Gas
Hills, Copper Mountain, and Grooks Gap localities).

Nature of Deposits

. Uranium deposits ()f economic significance for solution leaching occur in
sandstones along an interface formed by uranium-bearing solutions under the
changing chemical conditions of reduction-oxidation (redox) (2). The phenomena
resulting in thE~se rolLl frl)nt deposits are described in chapter 7. These
deposits occur at and near the contacts of altered and unaltered rock. Color
changes from oxidation (staining) are prevalent in some deposits at locations in
the Powder River Basin. Lesis obvious effects of oxidation are found in the Gas
Hills and ShirlE~Y Basi.n deposits. The deposits as seen today show obvious
effects of past groundwater activity, indicating the possibility that some of the
formations involved were aquifers. The semi-arid climate that now exists
generally results in deeper water tables.

The ultimatE~ sources of the uranium are considered to be the older granites
and the younger volc~mics. Drill hole logs indicate the occurrence of
uraniferous material at depths of 600 m (2000 ft). Vanadium has been recovered
as a by-product from the Powder River Basin ores and has been reported in
uneconomically recoverable amounts in several other Wyoming deposits.

Empirically preferred exploration locations include the areas in or near
major producing districts. Resources outside the known areas probably occur in
older, deeper sandstones of the various basins. Possibilities also exist in the
younger, more shallow form~ltions. As a general rule, the gently inclined
sediments lying along the borders of intermontane basins in Wyoming and bordering
states should be considered favorable host rock for uranium deposits.

Nature of Surface Conditions

Soils

Many of the soils that overlie the central Wyoming uranium deposits have the
features common to those found in other semi-arid regions, but are modified
locally by the effects of a lDore rigorous climate, the mixing of residual soils
with transported sedimEmtary materials, and the arenaceous remnants of sand­
stones or other silica-rich bedrocks. Thus, the major features that characterize
these mixed materials (sand, silt, clay) place them in the loam category. Local
environments and geological history usually determine whether the loams are
clayey, silty, or sandy. The clayey soils are predominant over large areas,
particularly those where airborne volcanic ash was deposited during the past
geologic ages. Sandy and si.lty loams predominate in those areas directly
underlain by the various sandstone formation. Local modifications include the
effects of topography, draimlge patterns and grades, vegetation, and organisms.
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The surface topography is characteristically gently rolling hills and broad
valleys. Elevations range between 900-1800 m (3000-6000 ft).

Hydrology

The region is semi-arid rece1v1ng approximately 30-35 cm (12-14 in) of
annual precipitation in the Basins. The majority of rainfall generally occurs in
the winter with sporadic occurrence of short-duration, high-intensity summer
storms. The higher elevation areas receive average snowfalls of up to 250 cm
(100 in) per year with water contents approaching 45-60 cm (18-24 in). The
surface waters traversing the primary uranium basins receive runoff from the
surrounding mountains with the greatest flowrates resulting from melting
snowfalls. April, May and June generally experience the greatest streamflows.

Erosion has developed numerous drainage basins across the dipping sandstone
units of the Wasatch and Fort Union Formations. Surface exposures of the units
are points of the principal recharge to the groundwaters in the basins. The
strata overlying the units have lower permeabilities and generally have low
recharge capacities. A significant number of the aquifers are under artesian
conditions due to the higher elevations of many of the recharge areas.
Impervious strata of shale, siltstone, and mudstone adjoin many of the sandstone
hosts of uranium.

Although many recharge areas are at higher elevations which receive
35-45 cm (14-18 in) of annual precipitation, the typical recharge of the basins
is relatively low. The high temperatures during the summers cause extensive
evapotranspiration. Significant groundwater development in a basin could result
in overextracting from the basin and lowering groundwater table and piezometric
heads.

One climatic factor that affects in situ leaching is frost penetration. All
pipelines must be protected from freezing or year-around mining operations are
not possible. The average depth of frost penetration in the area is approxi­
mately 95-115 cm (38-46 in).

The quality of many surface waters in the region is extremely poor. The
compositions of surface waters from five areas, selected from numerous permit
applications and baseline environmental reports, are presented in Table 6-1.
Total Dissolved Solids (TDS) range from 500 to in excess of 5,000 mg/l for
selected waters. Good quality surface waters are not abundant in the region and
those which do exist require water quality protection, especially in terms of
salinity.

The majority of the uranium basins have underlying aquifers which provide
the principal water supplies to the majority of small communities and individual
dwellings. The major hydrologic units include the surface alluvium, and such
formations as the Wasatch Formation, and the Fort Union Formation. There are
many minor aquifers located throughout the region. Groundwaters in the region
occur at depths from the surface ranging between 12-45 m (40-150 ft). Many
potential sites are underlain with one or more confined aquifers.
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TABLE 6-1. - Typical Surface Water Qualities of Central Wyom:1:!!.g [aJ

Constituent A B C D E F

Calcium 50-104 - 170-480 - 115-188 32

Magnesium 16-38 - 50-96 - 3-38 5

Potasium 9-16 - 3-9 - 2-7 15

Sodium 100-220 - 35-139 - 44-93 230

Bicarbonate 310-600 145-620 340-510 450-1410 360-420 488

Chloride 10-18 - 24-180 - 12-16 32

00
0 Carbonate 0 - 0 - 0 17

Sulfate 160-410 380-1500 370-1320 90-1790 236-370 84

TDS 510-1080 760-3210 960-2400 3070-5670 625-854 617

pH 7.1-7.7 7.4-8.4 7.0-7.8 7.5-8.4 7.6-7.9

-

[aJ All concentrations are expressed in terms of mg/1 except for pH.



The uranium bearing sandstones have typical permeabilities in the range of
200 to 4,000 millidarcys. Porosities have been reported to range between 20 and
34 percent. A significant characteristic of the sandstones is their anisotropic
nature. Horizontal permeabilities are as much as a factor of 10 greater than
vertical permeabilities. Hydraulic gradients typically range between
0.005 metric units and 0.09 feet per foot which result in velocities ranging
between 1.5-183 m (5-600 ft) per year. Average groundwater velocities normally
range between 0.6-6 m (2-20 ft) per year. Generalization of such parameters is
of little value other than to present the reader with an overview of the region.
Detailed analyses of the specific sites for in situ leaching operations are
required by regulatory agencies.

Many of the sandstones bearing uranium have overlying and underlying shales
with permeabilities of less than 0.2 millidarcy. Such low permeabilities mean
that the shale strata is essentially impermeable unless fractured or faulted.
Such paths for communication would be detected by the normal baseline
geohydrology studies or the required monitoring programs.

Groundwater qualities in Wyoming range from excellent to poor, depending on
specific locations. Many of the groundwaters, adjacent to or above proposed in
situ sites, do not meet potable water standards and are only suitable for agri­
cultural purposes. Table 6-2 presents the qualities of some typical ground­
waters in the region. The waters are characteristically high in sulfate and many
are low in calcium. These constituents are important because of their roles in
scale formation and plugging of the ore zone.

Flora and Fauna

The Wyoming uranium deposits are located in a region characterized by
variations in precipitation and temperature regimes, soil types, and
elevations. These factors are important in determining the different types of
vegetational communities present therein.

The Great Plains can be separated into two different shortgrass
communities. The wheatgrass-needlegrass community, located along the eastern
edge of the subject area, is a moderately dense shortgrass land. This area is
dominated by western wheatgrass, blue grama, needle-and-thread grass, and green
needlegrass. Farther west, this community is replaced by a grama-needlegrass­
wheatgrass community. This community is rather short, open to fairly dense
grassland. Dominant plant species include western wheatgrass, blue grama, and
needle-and-thread grass.

Within the grassland are areas of wet lowlands that are dominated by grasses
and sedges, forbs, and shrubs or rooted aquatic plants, depending upon the amount
of available moisture. The grass/sedge wetlands are dominated variously by big
bluestem, timothy, nutball alkaligrass, redtops, and various sedges and rushes.
Forb/shrub wetlands are generally composed of western snowberry, poison ivy,
horsemint, milkweeds, sunflower, and various thistles. Cattails and arrowhead
occur along or in standing water.
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TABLE 6-2. - Water Quality Data for Typical Wyoming Study
Area Groundwaters [a]

Constituent/Site A B C D E F

Calcium 17 7.8 20.5 63 230 12

Magnesium 9.6 1.5 16 40 17 2.3

Potassium 2.5 7.3 7.9

Sodium 66 325 700 69 530 170

Bicarbonate 1188 374 643 281 0.1 67

Chloride 9.0 12 21 8 360 51

Carbonates 0 7.4 120 170 18

Sulfate 14 202 880 130 950 220

TDS 288 917 1860 430 2300 560

Ammonia 0.1 1.8 1.5

Uranium 0.006 0.002 0.85 0.11 0.006

Selenium 0.003 0.005 0.22 0.01 0.01

Barium 0.5 0.05 0.5 1.0 1.0

Arsenic 0.01 0.02 0.02 0.01 0.01

Nitrate 0.05 0.85 0.32 0.62 0.18

pH 7.7 9.4 8.3 7.9 8.7 8.5

[a] All concentrations are expressed in terms of mg/l except for pH.
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The Rocky Mountains extend into the subject area from the north as the
Bighorn Mountains and from the south as the Laramie Range. With increasing
elevation, plant associations encountered include the pine-Douglas fir forest
(found only along the Laramie Range), the Douglas fir forest, the western spruce
fir forest, and alpine meadows. These different plant communities are the result
of different temperatures and precipitation associated with different
elevations •

. Typical pine-Douglas fir forest plants are ponderosa pine and Douglas fir.
This is an open to dense forest of tall neddleleaf evergreen trees, often with
much undergrowth. The Douglas fir forest is dominated by Douglas fir. This is a
medium-dense forest of medium-tall needleleaf evergreen trees. Subalpine fir
and Engelmann spruce dominate the western spruce-fir forest. This is a dense to
open forest of low to medium-tall evergreen trees. The Alpine meadows and barren
community usually are comprised of short grasses and sedges and may be dense to
very open with extensive barren areas. Common plants include bentgrass, sedges,
hairgrass, fescue, woodrusk, mountain timothy, bluegrass, and spice trisetum.

The Wyoming Basin is located in the western portion of the subject area.
The soils in the Wyoming Basin are alkaline and can be considered desert soils.
Plants growing in this area are usually highly alkali-tolerant species. In the
northern portion of the Wyoming Basin a wheatgrass-needlegrass shrub steppe
community occurs. Dominant species include western wheatgrass, big sagebrush,
plains bluegrass, and needle-and-thread grass. A sagebrush steppe community
occurs in the southern portion of the Wyoming Basin. Bluebunch wheatgrass and
big sagebrush are the dominant plants.

A considerable variety of animals are found associated with the different
plant communities of the Wyoming uranium area. Rodents are the most abundant
animals in the prairies. Badgers, weasels, coyotes, and red foxes are also
common. Waterfowl utilize stock watering ponds and reservoirs as resting places
during migration and some individuals remain through the summer to breed. Game
animals found in the area include antelope, mule deer, sage grouse, mourning
doves, and cottontail rabbits.

South Texas Physical Setting

Geographic Location

The Coastal Plain of the United States extends as a wide band from south­
central Texas on the west to New Jersey on the east, following the coastal areas
along the Gulf of Mexico, Mississippi Embayment, and Atlantic Ocean. Parts of
this large plain contain various levels of uranium. Known uranium mineralization
that can be broadly classified either as a reserve or a resource is confined to
Texas, Louisiana, and Florida. As previously discussed, only the southwest Texas
deposits will be considered here.

The Gulf Coast of Texas is underlain by a series of partially consolidated
sedimentary rocks--relatively young in age, as measured in terms of the Earth's
geologic history. These beds which are composed largely of terrigenous
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non-marine) materials, deposited as a thick wedge of gently inclined sediments,
are host for uranium in many locations. The primary ore deposits being mined by
in situ leaching are located in the area around Corpus Christi as illustrated in
Figure 6-2. In this an~a, the currently exploited uranium deposits occur in a
series of strata that outcrop widely on the surface and extend to depths below
the surface of many hundred feet.

Nature of Surface Conditions

Soils

Derivation of the surface materials in this Gulf Coastal Plain area of South
Texas follows the patt4~rn of soils formed in other humid regions. Typical
alfisols are characterized by generally higher compounds of iron and aluminum - a
feature associated with 'warm ~lIld humid climate. In addition, materials overlying
the uranium deposits of South Texas reflect the influence of both local and
regional factors such '!is 101~ relief (topographic) and more abundant organic
sources (both animal and vegetable). A modifying influence is created by a
discontinuous veneer of quartz sand, the stable remnants of earlier beach sands
and marine terraces deposited during latter stages of the Ice Age. Thus, in a
given part of this Gulf Coastal Plain area of Texas, the surface materials may
occur as a complete soil profile shown by the normal sequence of topsoil,
subsoil, and residuum. The surface materials also may exist as incomplete soil
horizons, modified locally by both major and subordinate classes of weathering
such as climate, relief J parent material, vegetation, leaching, and oxidation.

Hydrology

The region receives approximately 75-125 em (30-50 in) of annual precipi­
tation. The precipitation rapidly decreases with increasing distances from the
coast. The majority of rainfall generally occurs as short-duration, high­
intensity storms during the summer. The surface waters traversing the areas of
the primary uranium deposits have their greatest flows during the months of
April, May, and June.

The sandstone hosts of uranium are typically located several hundred feet
below the surface and are confined aquifers. Most uranium deposits have one or
more overlying aquifers which mayor may not be confined. Porosities of the ore­
bearing sandstones typically range between 27 and 38 percent. Permeabilities
are relatively typical of sandstones ranging between 20 and 4,000 millidarcys.
The hydraulic gradient of the piezometric surface of the ore body aquifer is less
than 0.5 percent under naturial conditions the water velocity through the ore
bearing zone is in the range of 1.5-9 m (5-30 ft) per year.

Hydrologic ~lspects which affect the suitability of waste storage and
evaporation ponds are the net evaporation rate and the intensity of rain storms.
Total evaporation per year in the region averages approximately 135 em (54 in)
per year. The net evaporation rate, which is defined as the total evaporation
rate minus the annual precipitation, ranges between 10-60 em (4-24 in) per year,
depending on distance from th,= coast.
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In general, the quality of water in the ore bodies and in the aquifers
adjacent to the ore bodies do not meet the quality requirements for potable
waters. The compositions of waters in the ore production zone and in the
vicinity of ore bodies nre presented in Tables 6-3 and 6-4, respectively. This
data was selected from various Texas Department of Water Resources permits for
five different sites ill the south Texas uranium region. None of the water
analyzed met the EPA rec:ommended total dissolve.d solids limit of 500 mg/l. Four
of the five water samples lociated in the ore production zones also had excessive
conc'entrations of toxic trlilce metals such as arsenic, lead, mercury, and
selenium. Only t,""o of the six water samples in the vicinities around ore bodies
had excessive concentrations of trace metals. The major difference in
composition of waters within and in the vicinity of the ore body is the radium
level.

Flora and Fauna

The Texas uranium area lies in a region known as the Gulf Coastal Plains.
the subject area, the Plains increase in elevation from east to west from an
average of about 75-215 m (250-700 ft). Major rivers include the Rio Grande,
Nueces, San Antonio, Gu,adalupe, Colorado, and Brazos.

Four major vegetational associations are located within the area. These
include from east: to west thE! gulf prairies and marshes, post oak savannah, and
blackland prairiE~s. The Rio Grande plains association occurs in the southern
portion of the area. The distributional pattern of these different vegetational
associations is due in part to the decreasing precipitation occurring from north
to south in the area.

The Gulf prairies and marshes vegetational associations characterize the
eastern portion of the subjec:t area. Typical marsh vegetation occurs along the
Gulf coast, east of the study area. The climax vegetation of the Gulf prairies
is largely grassland (tall grass prairie) or post oak savanna. The predominant
tall bunch grasses include big bluestem, seacoast bluestem, Indian grass,
eastern gamagrass, Gulf muhly, and various species of Panicum. Much of the area
has been invaded by trees and brush such as mesquite, oaks, prickly pear, and
acacia. Other invading plants include yankee weed, broomsedge, smutgrass,
western ragweed, tumblegrass, and many annual plants.

The post oak savanna association is dominated by an overs tory of predomi­
nately post oak and blackjack oak, with an understory of grasses such as little
bluestem, Indian grass, switchgrass, purple top, silver bluestem, and Texas
winterweed. OthE~r common species include red lovegrass, broomsedge, splitbeard
bluestem, yankee weed, hull nettle, green brier, smutgrass, and western ragweed.
This area may have originally been a true prairie association. There is evidence
that the brush and tree: densities have greatly increased in the area in recent
times.

The blackla.nd prairies association has been classed as a true prairie
dominated by little bluestem. Other important: grasses are big bluestem, Indian
grass, switchgrass, sideoats grama, hairy grama, tall dropseed, silver bluestem,
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TABLE 6-3. - Water Quality in Ore Production Zone - mg/l Except pH,
Conductivity, and Radon 226

Parameter Location A B C D E
No. of Wells 15 wells 8 wells 3 wells 17 wells 5 wells

Calcium 42 52 80 267 14.5
Magnesium 9 10 11.6 68 2.9
Sodium 212 341 163 413 337

Carbonate 0 0 0 0 0
Bicarbonate 197 285 281 121 347.8
Sulfate 41 51 142 142 141
Chloride 280 436 143 1090 289.4
Fluoride 1.02 0.91 0.17 1.31
Nitrate (N) 0.07 0.05 0.05 2.78

pH 7.94 7.6 7.3 7.4 8.05
TDS 699 931 764 2312 1052
Conductivity[F] 1281 1589 1310 3835 1154

Arsenic 0.003 0.074 0.01 0.2
Barium 0.1 0.2 0.5 0.05 0
Boron 0.53 1.2 0.57 0.19 2.15
Cadmium 0.001 0.0001 0.0025 0.007 0.01
Copper 0.007 0.004 0.015 0.007 0.64
Chromium 0.01 0.01 0.01 0.024
Lead 0.009 0.004 0.02 0.052 0.25
Manganese 0.01 0.02 0.046 5.06
Mercury 0.0001 0.0003 0.0001 0.0007 0.36
Nickel 0.02 0.03 0.037 0.01
Selenium 0.012 0.002 0.005 0.005 0.61
Silver 0.01 0.0023 0.007 0.1
Zinc 0.37 0.03 0.02 0.04 0.18

Ammonia 0.15 0.2 0.01 0.17 2.1
Uranium 0.07 0.1 0.181 0.15 0.17
Molybdenum 0.05 0.03 0.2 0.05 0.25
Vanadium 0.1 0.003 0.05 0.2
Radium-226 [G] 96 349 274 19.2 52.3
Iron 0.02 2.6 2.06

A - TWQB Permit No. 02025, Daleo-U.S. Steel Burns Lease
B - TWQB Permit No. 01890, ARCO Clay West Mine
C - TWQB Permit No. 02050, IEC Pawnee Plant
D - TWQB Permit No. 01942, Wyoming Mineral Corporation Bruni Site
E - TWQB Permit No. 01941, Mobil oil Corp O'Hern Uranium Plant
F - Micromhos per centimeter.
G - Picocuries/liter.
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TABLE 6-4. - Water Quality in the Vicinity of are Body (External to Production Zone)
All Units mg/l Except pH, Conductivity, and Radium 226

Parameter Location A B C D E F
No. of Wells 13 wl~l1s 3 wells 12 wells 7 wells 15 wells 1 well

Calcium 48 61 55 118 186 12.8
Magnesium 10 11.7 9.7 14.0 43.5 4.1
Sodium 238 206 308 173 327 352

Carbonate 0 0 0 0 0 0
Bicarbonate 209 352 292 292 145 274
Sulfate 72 4 35 155 73 164
Chloride 306 235 395 217 822 309
Fluoride 0.97 0.87 0.88 0.2
Nitrate 0.41 0.05 2.18 0.08

pH 8.00 7.7 7.5 7.3 7.5 8.21
TDS 795 698 992 903 1671 1026
Conduc tivity [G] 1475 1087 1458 1567 2890 1704

Arsenic 0,,019 0.074 0.133 0.014 0.017 0.02
Barium 0,,1 0.2 0.2 0.5 0.15 0.0
Boron 0,,54 0.6 0.9 0.40 0.69 1.15
Cadmium 0,,002 0.0001 0.0002 0.003 0.002 0.02
Copper 0,,007 0.006 0.005 0.012 0.006 0.05
Chromium 0,,01 0.01 0.01 0.01 0.002 0.02
Lead 0.,005 0.005 0.006 0.03 0.005 0.15
Manganese 0.,01 0.01 0.100 0.059 0.039
Mercury 0.,0002 0.0005 0.0005 0.0001 0.0007 0.0024
Nickel 0.,01 0.02 0.03 0.337 0.1
Selenium 0.,002 0.002 0.001 0.006 0.023 0.01
Silver 0.01 0.002 0.002 0.05
Zinc 0.40 0.02 0.07 0.081 0.03 0.30

Ammonia 0.07 0.2 0.2 0.01 0.24 0.5
Uranium 0.02 0.02 0.1 0.011 0.06 0.110
Molybdenum 0.02 0.1 0.02 0.41 0.026 0.4
Vanadium 0.1 0.005 0.029
Radium-226 [H] 37 19.5 106 10.47 19.5
Iron 0.05 1.3 1.2 0.32 0.68

A - TWQB Permit No. 02025, Daleo-U.S. Steel Burns Lease - Production Vicinity
B - TWQB Permit No. 01890, ARCO Clay West Mine-Overlying Non-Production Zone
C - TWQB Permit No. 01890, ARCO Clay West Mine-Production Vicinity
D - TWQB Permit No. 02050, IEC Pawnee Plant-Production Vicinity
E - TWQB Permit No. 01942, Wyc1ming Mineral Corporation Bruni Site-Overlying

Non-Production Zone
F - TWQB Permit No. 01941, Mobil Oil Corp. O'Hern Uranium Plant-Overlying

Non-Production Zone
G - Micromhos per centimE~ter.

H - pico curies/liter
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and Texas wintergrass. Under heavy grazing, Texas wintergrass, buffalo grass,
Texas grama, smutgrass, and many annual species increase in numbers. Mesquite,
post oak, and blackjack oak have increased in localized areas. In areas along
streams, tree species such as various oaks, pecan, cedar, elm, and mesquite
occur.

The Rio Grande plains association, or Tamaulipan Brushland, consists mostly
of range land, although there are large acreages of cultivated land. The open
pra1-r1:es are characterized by mesquite, granjeno, cactus, clepe, coyotillo,
guayacan, white bush, brasil bisbirinda, cenizo huisache, catclaw, black bush,
guajillo, and other small trees and shrubs which are found in varying degrees of
abundance and composition. Grass species composition varies greatly reflecting
the different soil types and moisture-holding capacities.

Since the study area includes prairies, shrub communities, and woodlands, a
variety of wildlife species occur. Some of the more common include armadillo,
bobcat, whitetailed deer, various species of squirrels and mice, jackrabbits,
cottontail rabbits, and peccary. In addition, a large variety of birds and
snakes also occurs.

Typical Uranium Deposit Amenable to Solution Leaching

At the present time there are several full-scale production in situ leaching
operations. Additionally, there are several pilot scale or small production
projects in operation in Texas and Wyoming. These existing operations are
processing 4-8 hectares (10-20 acres) at one time. Many permits have been issued
since 1976 for leaching larger total areas contingent upon successful resto­
ration of individual subsections of the site.

For the purpose of the environmental evaluation, a "typical" mine site is
defined as a 40-hectare (IOO-acre) deposit which will be mined in 2-10 hectare
(4-25 acre) subunits. This size mine should be typical of production operations
occurring in southwest Texas or central Wyoming for the next few years. The
findings of the study are not limited by this definition of a typical operation
since the findings are directly applicable to both smaller and larger sites.

The typical ore body will be defined to have an area of 40 hectares (100
acres), a thickness of 6 meters (20 feet) and a uranium content of 0.05 percent
(U308). It is assumed that the total area will be leached over a ten-year period.
A two-year leaching period and a one-year restoration period are assumed for a
portion of each subunit of this "typical" ore body. Such a deposit would contain
approximately 6.5 million pounds of uranium based on the assumed conditions.
With a project life and an assumed recovery of 80 percent of the uranium, the
annual production rate would be approximately 227,000 Kg (500,000 lbs) per year.

The roll-front deposits generally have
the size deposit defined as typical. The
perimeter-to-area ratio which, in turn,
monitoring wells.
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In south Texas, as in Wyoming, the sandstone-bearing uranium are typically a
confined aquifer at depths of 100-180 meters (350-600 feet) below the surface.

MINING TECHNIQUES

Premining Studies

Prior to construction of production facilities for an in situ leaching
operation, therE! are many State and Federal environmental and regulatory
requirements whi.ch must be met. The various regulatory requirements are
described in Section 3 (ChCllpter 13 and following) of this report. From an
operational viewpoint there are major environmentally-related studies or oper­
ations which must be completlad prior to actual production. These are described
in this section.

Definition of Ore Body Limits

"In order to maximize urani.um recovery, the limits of the ore body are always
defined through an explorato:ry program. Obviously definition of the ore body is
extremely important in determining the financial viability, the potential
environmental impacts, and ()verall feasibility of a project. This is also an
important aspect in terms of water quality and monitoring because restoration
requirements are based on the mine development plan which is, in turn, based on
the geometry and extent of the ore body.

Restoration refers: to the actions following mineral extraction which must
be performed to return the surface and subsurface environments to their original
or some other acceptable state. The restoration requirements vary with both the
specific site characteristics and the responsible regulatory agencies.

Hydrologic Testing of Aquifer

A prime requirement for in situ leaching is that the solutions can be
controlled, once injected into the ore body. The ore zones considered to date
are usually confined aquifers which are developed on the assumption that there is
no communication with underlying and overlying aquifers. This must be verified.
Well pump tests must be performed to define the hydrologic characteristics of the
ore zone and the potential for hydraulic communication with overyling and under­
lying aquifers.

Other data such as ore zone porosity, permeability, hydraulic gradient, and
natural groundwCllter vE!locities are determined. The data obtained by the
hydrologic test program is also required for development of the injection­
extraction well layout" Proper production well layout is a prerequisite for
solution containment ~md r'estoration. A poorly designed injection system
decreases uranium recovery by not uniformly distributing lixiviant. Likewise,
such a system will not uniformly flush the aquifer during restoration.
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Baseline Water Quality Survey

Documentation of the qualities of surrounding waters is a critical aspect of
premining studies. Restoration requirements are generally defined in terms of
baseline conditions. Improper definition of the baseline conditions can result
in restoration water quality requirements which cannot be attained. The baseline
survey must define natural variations as well as average values for qualities of
waters in overlying and underlying aquifers. Documentation is especially
important if aquifers are existing or potential potable sources.

Table 6-5 presents the range and average concentrations of five constitu­
ents of native groundwaters at two pilot leaching operations in Texas. There are
significant variations in concentrations of all constituents with minimum:
average and maximum:average ratios of 0.0013 and 12.7, respectively. The
averages for the Clay West and Burns Lease Sites are based on eight and fifteen
samples, respectively.

The effects of the number of wells on the average conductance and
bicarbonate values are presented in Table 6-6. The averages presented represent
the average of all wells listed in the table above the particular average. This
data indicates that the average composition which might be used to define resto­
ration requirements can be greatly affected by the number of wells in the
baseline summary. One can conclude that at a minimum, average values are
difficult to define and can lead to potential difficulties if single numerical
values are used to define restoration levels.

Pilot Demonstration

Prior to approval of permits for operation of a production-scale in situ
leaching operation, the regulatory agencies require that groundwater quality
restoration be demonstrated. The current practice is to have a 4 to 5 month
leaching period followed by 4 to 12 months of restoration. If unusual ore body
conditions preclude or make restoration difficult, the pilot operation will
define the processes and costs of achieving restoration. The pilot test should
determine the volumes of water which must be pumped through the leached are to
remove residual lixiviant. Obviously, if the costs of restoration are excessive,
the economics of the operation may preclude commercial mining. With regards to
the impac ts ff the pilot scale tests, the small size of a pilot leach field
(800-2,000 m or 0.2-0.5 ac) preclude significant environmental effects.

Facilities Description

Injection-Extraction System

The uranium sandstone ore bodies which are suitable for in situ leaching
because of permeability, depth of occurrence, favorable hydrologic conditions,
and other factors are prepared for in situ recovery operations by drilling a
pattern of injection and recovery wells at spacings varying from 8-30 meters
(25-100 feet). This grid of production wells is surrounded by a ring of monitor
wells to insure protection of other aquifers. Should the monitor wells detect
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TABLE 6-5. - Vari~ltions in Native Water Compositions

Clay West-ARCO (12) Burns Lease (13)
Constituent* Ave~ Range Average Range

Bicarbonate 285 277-292 197 93-251

Sulfate 51 38-75 41 22-80

Arsenic 0.074 0.0001-0.94 0.003 0.001-0.008

Selenium 0.002 0.001-0.005 0.012 0.003-0.025

Radium-226 349 6-1938 96 19-220

*All concentrations in mg/l 4~xcept for Radium 226 which is in pC/I.

TABLE 6-6. - EffE~ct of Natural Variations in Native Water Com ositions on
Average 'Water Values of Conductance and Bicarbonate a]

Well Conductance (mhos/em) Bicarbonate (mg/I)
In No. Value Average Value Average

30 1798 1798 281 281

31 1772 1785 327 304

32 1742 1770 318 308

35 1622 1743 349 319

44 1699 1735 403 336

46 1690 1727 290 328

67 950 1616 352 331

68 960 1534 372 337

69 915 1465 367 340

77 965 1415 339 340

[a] The average value presented is the average of all wells having lower
ID numbers than thE~ entry.
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escape of leaching solution, either the rate of recovery can be increased or the
rate of injection can be decreased to pull the solutions back into the desired
pattern. The recovery wells must be large enough to accommodate a submersible
pump. Figure 6-3 is a typical vertical cross-section illustrating injection,
extraction and monitoring wells. The wells are perforated in the ore zone and
elsewhere they are cased and cemented so that solution cannot escape in undesired
directions into other aquifers. Open screen or perforated sections of pipe in
the ore zone permit production of leach solution with minimum of entrained
particulates. The material of choice for well piping to depths of 160 m (500 ft)
is polyvinyl chloride (PVC) because of its corrosion resistance, ease of
handling, and moderate cost. It is frequently left in the ground at the con­
clusion of operations, after it is sealed properly.

A well spacing of 23 meters (75 feet) results in an average density of
approximately 3 production wells per hectare (a/acre). This is equivalent to
160 wells per a hectares (20 acres), the area under leaching at anyone time.

It is not necessary to fracture these naturally permeable sandstones (void
space up to 30 percent) for uranium recovery but merely to inject and withdraw
leaching solutions through the prepared wells. A large ore body might be leached
in sections using various patterns of injection and recovery wells such as:
five-spot (four injection wells in the periphery with a central recovery well or
vice versa), or a seven or even thirteen-spot pattern. Irregular patterns may be
used to accommodate local variations in ore configuration. The leach pattern
selected is important for maximizing recovery of uranium but does not affect the
environment as long as all injected fluid can be recovered.

The remainder of the in situ leaching equipment consists of a pressure pump
for injection, a storage or surge tank, and associated piping with flow and
pressure gauges.

A pipe network connecting production wells with the processing plant is
required. These pipelines because of their temporary nature would normally be
aboveground. In cold climates, such as Wyoming, it may be necessary to protect
pipelines against freezing with either insulation or burial. Obviously, burial
will result in greater surface disturbance and the need for revegetation upon
termination of the operation.

Uranium Recovery Processes

Processing equipment for a uranium in situ leaching operation typically
consists of an ion exchange resin column plant with several parallel trains
depending on capacity followed by yellowcake precipitation, filtration, washing,
and drying operations. A simplified flowsheet of such a plant is presented in
Figure 6-4.

A wastewater disposal system consisting of evaporation ponds or deep
injection wells are also required.
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Operation of the plant is routine, with only pump whirring to be heard.
Control is largely by instrumentation requiring only a few operators. Plant
expansion is accomplishE!d with ease, since not much additional operator labor is
needed.

In addition to the was:te streams illustrated in Figure 6-4, there are
process waste streams generated by the elution and concentration circuits. These
wastes are described in the section on Wastewater Treatment and Disposal in this
chapter.

The equipment used for production size facilities would normally be
prefabricated off-site. In Texas, the units: could be installed indoors or
outdoors. In Wyoming, it would be necessary to protect the units from freezin~

during the winter. A structure with an area of approximately 1,860-2,320 m
(20,000-25,000 sq ft) would be required to house a 227,000 Kg (500,000 lb) /year
processing plant.

'The flow diagram illustrated in Figure 6-!~ has three primary circuits: the
leach circuit, the uranium concentration circuit, and the precipitator-dryer
circuit. The uranium-rich li.xiviant is pumped from the ore body through a surge
tank and into thE~ extraction column. The extraction column contains a standard
ion exchange resin which retnins the uranium with the release of the regenerate
anion. The commonly used regenerates are listed in Table 6-7. Sodium chloride
is the most widely used reagent for regeneration since chloride causes minimal
interference with in situ IE~aching. Sulfuric acid regeneration increases the
sulfate concentr,gtion of thE~ recycled lixiviant, which can precipitate gypsum
(Caso

4
) and clog the injection system. Ammonium nitrate has been very success­

fully used for regeneration in vat leaching. However, for in situ leaching,
there is an increase in the nitrate concentration of the leach solution which can
complicate the restoration process since the USEPA Potable Water Standards limit
nitrate to 10 mgjl as N.

TABLE 6-7. - Chemicals Commonly Used in Recovery of Uranium
at In Situ Leaching Facilities

Circuit

Ion Exchange

Precipitation

Chemicals

Sodium Chloride
Sulfuric Acid
Ammonium Nitrate
Ammonium Chloride

Ammonia
Magnesium Oxide
Hydrogen Peroxide
Ammonium Chloride
Ammonium Bicarbonate
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The elution-precipitation circuit typically uses ammonium salts for
recovery of the uranium from the resin in elution column. The pH is decreased
through the addition of an acid such as hydrochloric, and the uranium is
converted to the uranyl ion (U02++). The uranyl ion is precipitated as ammonium
diuranate «NH~)2 U207) by the addition of ammonia. The precipitated ammonium
diuranate is thickenea into a slurry which is then filtered to remove excess
moisture and dried in a kiln. Calcining at about 6000 C converts the ammonium
diuranate into U~08 which is called yellowcake. Yellowcake is generally
transported from tne site in sealed drums in accordance with DOT/NRC regulations.

Figure 6-4 illustrates a water purification unit for the recycled
lixiviant. Many lixiviants accumulate large concentrations of calcium which
clog the injection wells by precipitating as calcium sulfate or calcium
carbonate. The water purification system generally involves precipitation of
calcium carbonate which is supersaturated due to the ammonium bicarbonate
addition.

Leaching Processes

The chemistry of uranium enables recovery by either acid or alkaline
leaching solutions provided that the uranium either is or can be oxidized to the
hexavalent form. If the uranium does not naturally occur in the hexavalent form,
an oxidizing agent is added to the acid or alkaline lixiviant. Roll front
uranium deposits usually require the use of an oxidant.

The selection of a particular leaching solution is generally controlled by:
1) reactions with the gangue materials present in the formation; (calcite,
pyrites, feldspars, zeolites and clays); 2) variations in uranium recoveries
with lixiviant composition; 3) groundwater quality restoration requirements.

The uranium industry has extensive experience in optimizing lixiviant
selection based on the first two factors~ The restoration requirement is unique
to uranium in situ operations and has only recently been appreciated as a result
of difficulties in achieving restoration at pilot sites. There are two phenomena
which cause the lixiviant composition to affect restoration. First, lixiviant
constituents can adsorb to gangue materials and then be gradually released. An
example of this process is the adsorption of ammonium ions on clays and their
gradual desorption during the restoration process. Secondly, toxic trace
constituents of the ore can be solubilized by the lixiviant. These toxic trace
constituents can complicate wastewater disposal or necessitate extensive
flushing to restore the groundwaters.

Acidic Lixiviants

The primary constituent of acidic lixiviants is sulfuric acid. Other strong
mineral acids such as hydrochloric or nitric are technically viable but costs are
economically prohibitive. Nitric acid has the added disadvantage of increasing
the nitrate levels. Various oxidizing agents can be used in the acid leach
including sodium chlorate, manganese dioxide and ferric sulfate. In acidic
solutions, the soluble uranium specie is hexavalent U02++.
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The composition of typical acid lixiviants is presented in Table 6-8.
Typically the pH must be maintained below 2 or leaching slows, above pH 4 the
uranium will not solubilize, thereby preventing recovery.

Acid typically reacts with gangue constituents such as calcite, magnesite,
iron carbonates ~md oxides, phosphates, sulfides and montmorillonite clays <.~).

As the acids are recirculated certain dissolved constituents will accumulate and
require that a portion of the flow be wasted to control resulting concentrations.
Typically the total dissolvEld solids, sulfate and calcium ion concentrations
dictate bleed-off requirements.

There is a potential problem with accumulation of toxic trace materials in
the recirculated solution. The loss of 1ixiviant containing toxic trace elements
to the environment can have negative environmental impacts. Concentrations of
various substances occurring in recirculated acid leaching solutions are
presented in Table 6-9. It is emphasized that these concentrations are not
typical and shoJ.,11d not be projected to other leaching systems. The factors
contributing to .~ccumu1ation of substances in leaching solutions are discussed
in Chapter 7.

Alkaline Lixiviants

The two types of a1k.~line leach used are: sodium carbonate-sodium
bicarbonate and ammonium carbonate-ammonium bicarbonate. The carbonate ion is
needed for solubilizing the uranium. Chemically the sodium and ammonium systems
are similar, but consideration of swelling of clays caused by the sodium cation
generally leads to the choicE~ of an ammonium cation system as practiced in the
Texas Coastal Plain uranium belt. Beyond this, economics should dictate which
reagent to use. The concentrations of chemicals used to prepare alkaline
lixiviants generally suitable for in situ solution leaching are presented in
Table 6-10. The pH range of commonly employed lixiviants is 7.8 to 8.8. The
sodium carbonate/bicarbonate-·based lixiviant has potential for ore deposits with
low clay contents.

The soluble uranium sp4~cie in alkaline carbonate solutions is the very
stable uranyl tricarbonate anion, U02 ( ) -4 "f h" "CO 3' Format10n 0 t 1S speC1e
requires that the uranium be in a highly oxi~ized state, for example, hexavalent.
The alkaline dissolution reactions are quite specific for uranium and vanadium
materials. This causles the recirculated leach solutions to contain less
impurities as compared to acid systems. The composition of a recirculated
alkaline lixiviant is presEmted in Table 6-·11. The alkaline systems are
especially suitable for orElS containing large concentrations of carbonate
materials which have high acid consumptions. The pH range of alkaline lixiviants
(6 to 10) includes the range of most natural formation waters.

Comparisons of Lixiviants

Generally the alkaline reactions are slower and it has been reported that
they do not achieve as great: uranium recoveries as the acidic lixiviants (~).

The primary environment.~l considerations in selecting the optimum 1ixiviant for
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TABLE 6-8. - Concentrations of Typical Components
of Acid Lixiviants

Constituent

Acid - Sulfuric Acid

Oxidant [a] - Sodium Chlorate
Manganese Dioxide
Ferric Sulfate

Concentration
Range
(g/l)

3 to 20

0.1 to 0.6
0.2 to 1.3
1.5 to 5

[a] Only one oxidizing agent is used in a given 1ixiviant.

TABLE 6-9. - Partial Composition of Recirculated
Acid Lixiviant (~)

Constituent

Arsenic
Copper
Zinc
Lead
Manganese
Iron
Nickel
Chromium
Strontium
Zirconium
Vanadium
Cobalt
Ra-226

Concentration
mg/l

<0.05
-1.00

4.30
0.70
1.20

25.40
0.60
0.15
3.70
3.30
1.00
0.20

390 pCi/1
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TABLE 6-10. - Concentrations of Typical Components
of Alkaline Lixiviants

Component

BASE

Carbon Dioxi.de
Ammonia

OXIDANT

Hydrogen Peroxide (50%)
Oxygen

Concentration
g/l

0.5 - 15.0
0.2 - 5.5

0.5 - 2.0
0.5 - 4.0

TABLE 6-11. - Partial Composi.tion of Recirculated
Alkaline Lixiviant (~)

Constituent

Arsenic
Copper
Zinc
Lead
Selenium
Iron
Nickel
Chromium
Molybdenum
Strontium
Zirconium
Radium

Concentration
mg/l

<0.05
-0.04

0.10
0.20
1.60
0.60
0.06
0.07
0.90
1.50
0.90

1750 pCi/l
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a given ore body are: 1) constituent adsorption and resistance to restoration;
2) solubilization of toxic trace metals. Obviously, there are technical and
economic factors which also must be considered.

Alkaline leaching has several environmental advantages over acid leaching,
including:

More selectivity for uranium
contain less impurities. Some
potential health problems.
discussed in Chapter 7.

minerals so that leaching solutions
of these impurities are toxic and pose
The mechanism of solubilization is

2. Relatively noncorrosive solutions which have a lower probability for
mechanical failure and subsequent spills.

3. Solutions that may be regenerated and recycled with less problems due
to impurity buildup, resulting in smaller waste stream flowrates.
Calcium precipitates on the ion exchange resins thereby reducing their
exchange capacities.

4. Suitability with high lime ores. The use of acid 1ixiviants for lime
ores would use excessive amounts of acid and result in high sulfate
levels in the leaching solutions.

5. Ease of handling and a smaller potential for accidents and injury to
personnel.

The environmental advantages of the acid lixiviants over the alkaline
lixiviants are:

1. Leaching rates which are more rapid, reducing the mining period and the
period of surface disturbances.

2. Uranium recoveries which are greater so that less area must be
developed to produce a given amount of uranium. Area refers to the
total area being mined throughout the county and not the area of a
single operation.

3. Lower potential for solubilizing radium 226.

4. No adsorption problems with clays (when compared with ammonia and
sodium) •

Extensive research is currently being conducted to identify environmentally
suited 1ixiviants. The major 1ixiviant problem in Texas is restoration
difficulty due to ammonium ion adsorption on clays.

A recently proposed alkaline 1ixiviant utilizes potassium carbonate. It
has recently been reported that a potassium carbonate-bicarbonate solution with
hydrogen peroxide as the oxidant is as effective as the ammonia carbonate system.
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Initial results indicate thiat the leaching rate of the potassium system is
slightly less than that for the ammonia system. The potential advantages of
potassium in high clay ores could favor its use. The entire aspect of lixiviant
optimization in terms of environmental factors requires future study.

Waste Generation

The wastes genera tied at an in situ uranium mine and precipitation plant are
functions of the specific orE~ and processing circuits employed. In this section
the wastes generated are described. Waste production rates will be presented for
the typical production size facility described in a previous section (capacity
227,000 Kg or 500,000 lb uranium per year; area - 40 hectares or 100 acres).

It is emphasized that the wastes produced are site specific and that the
following descriptions are for a single situation. Factors affecting the
composition and rates of thE~ waste streams are described to aid site specific
evaluations. ThE~ waste streams are discussed in the following: water, air and
solids.

Wastewaters

The wastewater streams generated by the typical in situ mining and
processing facilities described previously in this chapter are described in
Table 6-12. The largest stream is generated during groundwater quality resto­
ration. Since large projects are operated on a phased basis, there will normally
be restoration fluids gE~nerated during the major portion of a plant's life•. All
the waste streams listed in Table 6-12 with the exception of sanitary wastes may
contain trace amounts of radioactive materials and thus cannot be released into
the environment. The s,anitary wastes can be treated and disposed of in standard
septic tank systems.

The annual mass emission rates of the constituents in major liquid waste
streams are presented in Table 6-13.

In view of the high cost of radioactive wastewater disposal, most systems
are designed for maximum in-plant water reuse and conservation. The lixiviant
blend waste stream can be fed into other processing circuits to reduce discharge
volumes. The spent resin wash and the eluant bleed waste streams can be included
in the 20 gpm flowrate of waste stream one if reuse is practiced. The total
volume of radioactive processing wastes, excluding restoration waters, can be as
low as 1.47 l/sec (23.3 gpm) , if maximum reuse is practiced. The 1.47 l/sec
flowrate is the sum of waste streams one, four and five of Table 6-12. In
general, the compositions of these wastes are characterized as brines
(1,500-5,000 mg/l TDS) with possible small concentrations of trace metals
(0-10 mg/I).

The volume of restoration wastewaters can be greatly reduced by reuse of
waters and optimization of the restoration process. The 6.4 l/sec (102 gpm)
flowrate presentE~d in Table 6-12 is based on a flushing requirement of 10 pore
volumes and a nine-year restoration project. The nine-year period is for the
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TABLE 6-12. - Wastewaters Generated by Ion Exchange, 500,000 pounds uranium per year
In Situ solution Leaching Operation Main Lixiviant Circuit

Flowrate = 63 l/sec (1,000 gpm), 24-hour operation

Waste Stream

I. Lixiviant Bleed

2. Spent Resin Wash [a]

3. Eluant Bleed [a]

.....
8 4. Well Cleaning

5. Monitoring Wells

6. Sanitary Wastes [b)

7. Restoration

Description

Barren Lixiviant Bleed
produce net inflow into
mine area.

Water used to wash NH4 Cl
from spent resin.

Barren eluant bleed prevents
salt accumulation in closed
circuit •

Injection wells must be
flushed to prevent clogging
(2500 gal/well/month)

Flushing well prior to
sampling produces represen­
tative sample 50 monitoring
wells @ 250 gallons twice
per month

1.25 l/sec (20 gpd) /employee
x 60 employees

Water flushed through
leached areas to remove
all traces of lixiviants.

Flowrate

1.25 l/sec (20 gpm)

0.63 l/sec (10 gpm)

0.63 l/sec (10 gpm)

0.2 l/sec (3 gpm)

0.02 l/sec (0.3 gpm)

0.05 l/sec (0.8 gpm)

6.4 l/sec (102 gpm)

Annual Volume

2780 m3 metric/English
(32 AF)

1390 m3 (16 AF)

1390 m3 (16 AF)

420 m3 (5 AF)

342 m (0.5 AF)

110 m3 (1.3 AF)

14,170 m3 (164 AF)

[a] Lixiviant bleed can be used - flowrate is then contained in Item I.

[b) Low water use fixtures, assumes showers for 80 percent of employees.



TABLE 6-13. - Annual Mass Emission Rates of Major Liquid Wastestream Constituents. Rates Expressed as Kg/yr
Except for Ra-226 and Th-230 Which are Expressed as Ci/yr (NUREG-0407, 1978)

Water Yellowcake
Softener Resin Elution Wash Restoration

Brine Rinse Bleed Water Wastes

As - - - - 90-270

Ca 6,000-10,000

C1 6,000-10,000 60,000-90,000 72,000-90,000 56,000-84,000

......
C03 3,000-4,800 270,000-540,0000 - - -

~

HC03 - 3,600-5,400 - - 360,000-630,000

Mg 2,000-4,000

Na 20,000-30,000 36,000-66,000 36,000-48,000 42,000-56,000 340,000-650,000

NH4+

Se - - - - 45-135

Ra-226 Ci/yr -4 -4 -4 0.045-0.091xlO 6x10 to 6-18x10 2.8-7x10
-31. 2x10

Th-230 Ci/yr lx10-5 -4 -5 -4 0.022-0.0673-6x10 6-18x10 1.4-2.8x10

U 2 6-18 30-60 42-70 900



entire site; any given subsection would be restored within one year following
completion of leaching. In some instances it has been reported that as many as
25 pore volumes are flushed through before restoration is achieved. Under such
flushing requirements the restoration wastewater flowrate would be in excess of
16 l/sec (250 gpm).

Atmospheric Emissions

. A primary advantage of in situ solution leaching is its low atmospheric
emission rates for both radioactive and nonradioactive substances. The primary
radioactive specie emitted is radon. The nonradioactive species emitted are a
function of the lixiviant and uranium recovery and concentration processes. The
following are potential sources of atmospheric emissions at in situ solution
leaching sites. Not all the process units described are utilized at a given
production facility.

1. Pregnant Liquor Surge Tank - The pregnant lixiviant surge tanks are
the primary radon source at a production facility. Radon-222 is
dissolved from the ore body into the recirculating leaching solution
and vented to the atmosphere at the surge tanks.

The maximum radon emission rate can be estimated by assuming: 1) that
all radon associated with the solubilized uranium also enters the
pregnant solution; 2) all the radon in the pregnant solution is
released. These assumptions are environmentally conservative and
result in an estimation of the maximum emission rate. Obviously, the
reactions of specific ores with specific lixiviants result in
variations in concentrations of radon in the lixiviant which results
in variations in radon atmospheric emission rates. Each leaching
operation has to be evaluated individually.

The majority of undisturbed ores are in a state of secular equilibrium,
such as, daughter products forming at the same rate at which they are
decaying with the concentration of any daughter product remaining
constant. Selective natural leaching or controlled leaching of the
ore can disrupt this equilibrium. However, since most ores are
initially in secular equilibrium, it is possible to closely estimate
the amounts of radon in leaching solutions from their uranium
concentrations.

It has been reported that pregnant lixiviants contain from 10 to
350 mg/l of uranium with an average value of about 150 mg/l assuming
that radon is leached in direct proportion to the uranium the maximum
and average radon-222 concentrations in the lixiviant are
110,000 pCi/liter and 45,000 pCi/liter. The release of all dissolved
radon from the lixiviant results in maximum and average daily emission
rates of 0.61 Ci/day and 0.25 Ci/day. The average rate would be
applicable for estimation of annual emission rate. (0.25 Ci/day is
equivalant to 91 Ci/year.)
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2. Uranium Recovlary Process Facilities - Small emissions of both radio­
active and nonradi,oactive fines will occur in the processing areas.
"Fines'u refer to dust-size particulates which readily become airborne.
The yellowcake drying and packing unit will liberate U30S fines,
volatilized solution salts and the combusted oil, natural gas, propane
or butane uSE~d to fire the kiln. The drying and packing unit is
typical of that used at conventional uranium mills and mines. A
scrubber system is used to trap U

3
0

S
fines and greatly reduce their

release to the atmosphere. Based on information obtained from dryers
at conventional mills [NRC 1976] [Humeca ES], the uranium emissions
passing through a scrubber is approximately 337]..lCi/day for
SOO,OOO lb/yr of U30

S
• This is equivalent to 21011Ci/day for the

hypothetical in situ system under consideration. The daily rate
produce:s an annual emission of 77 mCi/yr. This corresponds to
approximately 500,000 lbs/yr of uranium.

The dryer will also volatilize the ammonium salts used to precipitate
the yellowcake. The release of these constituents depends on the
efficie:ncy of the filter and their solution concentrations.
Typically, both ammonia and anmonium chloride are emitted.

Products of combustion will also be released. 802 could be a signifi­
can t emis s ion if oil is used to fuel the dryer. Na tura1 gas (or
propane, butane) are much cleaner fuels and will produce significantly
fewer emissions. The dryer will annually release approximately 700 to
1600 tons of carbon dioxide.

3. Waste Storage'-Disposal Ponds - The wastewater storage and disposal
ponds are a source of both radioactive and nonradioactive emissions.
The primary :radio~lctive material released is radon-222, while the
composition of the nonradioactive materials depend on the chemicals
used in the process circuits. The emission rates are determined by the
composition of the waste solutions, the evaporation rates, the
prevailing winds, ~lIld the water temperature.

Liquid wastes entering the storage-disposal ponds are bleed solutions
from the ion exchange, yellowcake precipitation, and leaching
circuits. The estimated flow rates and the generation rates of
substances entering these ponds are presented in Tables 6-12 and 6-13
for a sodium carbonate-bicarbonate leach, a sodium chloride eluent,
and an amnonia yellowcake precipitate. A storage pond for such waste­
water would have atmospheric emission of ammonia, carbon dioxide,
anmonium chloride, and radon. The suitability of atmospheric radon
emissions depends em the magnitude of the emission rate in comparison
to natural background levels. Conventional uranium mills license
procedures of the U. S. Nuclear Regulatory Commission consider such
emissions.

Airborne particulate emissions from the storage-disposal ponds are
minimized by maintEmance of a liquid layer over the pond area.
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4. Water Purification Unit - The water purification unit, if it is
required, is a potential source of atmospheric emissions for ammonium
carbonate-bicarbonate lixiviants. The water purification units are
generally open at the top and permit the release of ammonia, ammonium
chloride, carbon dioxide, and small concentrations of Radon-222.

5. Solid Wastes - Radioactive solid wastes would generally be hauled to
acceptable disposal sites. Such wastes would not normally be stored or
disposed of at an in situ leaching site.

ENVIRONMENTAL MONITORING AND RESTORATION REQUIREMENTS

The primary potential adverse impact of in situ solution mining of uranium
is groundwater contamination. The environmental impacts which are discussed in
the next chapter are predicated on the assumption that environmental monitoring
and restoration will be conducted. In this section the required monitoring and
restoration programs applicable to Texas and Wyoming are described and
discussed. The State of Wyoming has not finalized their in situ regulations at
this time (August 1978), and the reader is cautioned in that the following
requirements can be modified in the future. Modifications to requirements of the
State of Texas can also be anticipated as new techniques are developed and
additional operation experience is accumulated.

Monitoring Wells

Monitoring wells are required for all in situ uranium operations to detect
any flow of lixiviant from the leaching zone. The toxic composition of the
lixiviant due to the presence of acid, excessive dissolved solids, uranium, and
low concentrations of heavy metals such as arsenic, selenium, and vanadium,
necessitates its containment within the mining area. The high value of the
uranium laden lixiviant provides additional incentive for control and recovery
of pregnant lixiviant.

The primary means of currently detecting excursions is sampling and
analyzing the groundwater surrounding the leaching area. Sampling is achieved
through a series of wells tapping the perimeter of the uranium strata and any
overlying and underlying aquifers.

Location of Wells

Regulatory agencies generally specify guidelines for the number and
location of monitoring wells. Figure 6-5 illustrates a 20-acre production in
situ leaching site surrounded by a network of perimeter monitoring wells. The
principal requirements for locating the monitoring well sites which are
graphically depicted in Figure 6-5 are:

o Maximum well spacing: 122 meters (400 feet) - Texas

o Maximum well spacing in direction of natural groundwater flow:
61 meters (200 feet) - Texas
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o Maximum angle between two adjacent wells at any point on production
perimeter: 75 degrees - Texas

o Maximum distance from perimeter to monitor well:
(400 feet) - Texas; 61 meters (200 feet) - Wyoming

122 meters

In addition, there is a requirement for shallow and deep monitor wells.
Shallow and deep refer to the aquifers or strata above and below the uranium­
bearing stratum, respectively. Wyoming typically recommends a minimum of one
shallow and one deep monitor well for each five acres of production area. As a
comparison, the uranium stratum monitoring wells are located at a density of
approximately one per acre for the typical roll front deposits. Obviously, since
these are perimeter wells, their density is a function of the deposit geometry.

Solution leaching pilot operations are generally of such limited size that
the above-listed requirements are not directly applicable. Employment of one
monitoring well on each side of the pilot operation generally satisfies the
requirements. Most pilot tests are fully monitored for both environmental and
technical parameters in view of the importance of the pilot demonstration in
defining the economic viability of expensive production operations. Existing
regulations are such that any environmental degradation caused by new uranium
mining/processing operations requires mitigation. In the past, mining
activities have not been required to restore the environment. Generally,
companies have pilot test monitoring programs more extensive than regulatory
agency requirements since improper evaluation or the lack of identification of
potential problems can result in mitigation actions which could be expensive on a
production scale.

Both production and monitoring wells must be drilled and cased in a manner
preventing leakage between adjacent aquifers. The cement basket technique for
sealing the casing is typically employed. In many locations the piezometric
heads of the uranium bearing strata are greater than that of the overlying
aquifers and improperly sealed well casings are the primary paths of hydraulic
continuity.

Monitoring Requirements

.Source material licenses specify certain requirements for monitoring which
are becoming standard for NRC and Texas production and pilot operations. An
insufficient number of production licenses have been granted by the NRC to enable
generalization about production monitoring requirements at this time.

The NRC currently requires recording of water levels and chemical analysis
of water samples obtained from the monitoring wells on a biweekly basis. Changes
in water levels may be indicative of changes in aquifer hydraulics which
generally accompany lixiviant excursions. The biweekly water samples are
analyzed for a variety of constituents which are indicative of lixiviant
excursion. The constituents which must be analyzed on a routine basis are
specified by the regulatory agency based on evaluation of the native groundwater
and lixiviant compositions. The constituents monitored on a biweekly basis by
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most Texas operations and by two recent NRC applicants are presented ~n

Table 6-14. Texas currently requires that only three constituents (ammonia,
uranium, and TDS) be analyzed on a routine biweekly basis. If a deviation from
the background conditions as documented in the permit application occurs for any
one of these three constituents, then the concentrations of the more complete set
of constituents (Column D, Table 6-14) must be determined.

It ~s highly possible that the analytical requirements for Wyoming will be
reduced as site ~ind regional specific information on excursions is obtained.

Changes in hydrost,atic "rater level elevations may be a leading indicator of
excursions. As such, Texas lrequires the installation of continuous water level
recorders (gener.ally two or three) in selected monitoring wells. Each water
level recorder 'will be chE!cked daily for variations in piezometric water
elevations relative to the background elevations.

Texas also specifies that conductivity be measured at specific locations
and that the meters be read and values recorded at a maximum interval of twice
per week.

Regulatory agencies specify m~n~mum sampling and analytical procedures
which must be utilized in the monitoring program. In Texas and Wyoming, the
monitoring wells are pumped until the produced water is free of mud and foreign
material. A minimum volume -equal to the water contained in the casing between
the water surface and the aquifer being sampled must be pumped prior to sampling.
Excess water pumped from thE~ ore body is considered a wastewater and must be
treated as such.

Sample preservation,analysis, and analytical quality control procedures
are those defined in Methods for Chemical Analysis of Water and Wastewaters and
Analytical Quality Control in Water and Wastewater Laboratories (EPA).

Excursions

An excursion refers to the flow of leaching solution out of the well field
area. Under normal conditions, excursions are prevented by the operation and
control of injection/production rates and the bleeding of a small fraction of the
recycled lixiviant. This bleed is a purposely initiated imbalance of the
injection-extraction volumes" This imbalance imposes a cone of depression on the
groundwater table (potentiometric water surface for confined aquifers) causing a
flow of native water into the production area. This action should prevent a
lateral excursion of lixiviant into the surrounding stratum of the uranium
bearing ore.

Definition and Detection

The
tions of
levels.
definite

natural variations in composition of groundwaters can cause concentra­
specific constituents to substantially increase above-average baseline
In recognition of natural variations, regulatory agencies require that
verification and l:ontrol procedures be initiated whenever routine
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TABLE 6-14. - Required Constituents in Routine Monitoring Samples
for Recent Uranium Solution Mining Projects [a]

Project
A B C [b] D [c]

Ammonia 0 0 0
Arsenic 0 0
Bicarbonate 0 0 0
Calcium 0
Carbonate 0
Chloride 0 0
Selenium 0 0
Sulfate 0
Uranium 0 0 0 0
pH 0 0
TDS/Conductance 0 0 0 0
Water Level 0 0 0 0

[a] "0" - Required.
"-" - Not required.

[b] Column C constituents are analyzed biweekly.
[ c] Column D constituents are determined only if

excursion is indicated by excessive values of
Column C constituents.
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biweekly monitoring detects an increase in one or more constituents above a
maximum limit specified in the permit. The upper limits indicating a possible
excursion are based on the native groundwater composition, the nature of the
lixiviant and water quality requirements.

The ranges or ratios of the concentrations indicating an excursion to the
baseline concentrations are presented in Table 6-15 for a recent Texas permit.
The ratio is calculated by dividing the concentration defined by regulatory
agencies as an excursion by the baseline value. The ranges of values resulted
from consideration of several different mining areas in a single permit. The NRC
excursion control procedure ''lpplicable to Wyoming differentiates between high
concentrations of toxic and non-toxic species. The major steps common to
excursion control procedures of the NRC and Texas are verification analysis,
initiation of rl~storation ,ac tion, construction of detection well( s), and
continued sampling at a frequent interval until the excursion is cleaned up.

TABLE 6-15. Ranges of Ratios Between Upper Limit Indicating
~m Excursion and Baseline Water

~lality for a Recent Texas Permit

Constituent

Ammonia
Bicarbonate
Calcium
Sulfate
Uranium
Conductivity

Ratios between Excursion and
Baseline Concentrations

3.8 - 10.4
1.3 - 1.7
2.0 - 2.6
1.4 - 1.6

16 - 35
2.0 - 2.5

If the routine biweekly monitoring program indicates that a specified
increase occurs in anyone of the specified constituents, the operator is
required to perform a confinning analysis. The magnitude of the increase is
specified in the operating permit. In Texas, an evaluation must be made of all
constituents listed in Column D of Table 6-14 as part of the confirming analysis.
If this confirming analysis vE~rifies that an excursion has occurred, the operator
must take the following actions:

1. Notify regulatory agency with jurisdiction in the State where leaching
is performed.

2. Initiate daily sampling and analysis of the wells in the area of the
excursion.

3. Initiate excursion control operations which are based on increasing
the extraction rate over the injection rate.
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4. In Texas, if a cleanup trend is not produced within four days, instal­
lation of a secondary monitoring well in a direction away from the
production zone is required. Generally the secondary monitoring well
is located 15 meters (50 feet) from the primary monitoring well. The
objective of this secondary monitoring well is to refine the extent of
the excursion.

In Wyoming, whenever an excursion occurs, its extent must be defined by
the installation of monitoring well(s).

5. Daily sampling of all affected monitoring wells shall continue until
the formation water concentrations decrease to below the limit
defining the excursion.

If a local excursion cannot be cleaned up, it will be necessary to suspend
all injection operations. Injection operations can only commence when cleanup is
achieved and approval for operation is obtained from the agency issuing the
permit.

Excursion Control

There are a variety of techniques identified in recent in situ m1n1ng NRC
environmental statements for containing and correcting the migration of leach
solution. These techniques, which all result in a relative increase of
·extraction to injection on a local or total in situ leaching basis, are:

1. Field Overpumping - Increased extraction from total field.

2. Reordering - Adjustment in individual well extraction rates to produce
large extraction/injection ratio in area of excursion.

3. Injection Reduction - Lowering the injection rate on a local and/or
total well field basis.

4. Commencement of Restoration - Large scale extraction when all other
efforts have failed.

Restoration

Groundwater quality restoration is a process by which an in situ leach site
is returned to an environmentally acceptable state after mining is complete.
Surface restoration consists of removing all structures, pipelines, etc., and
the sealing or removal of evaporation ponds. Subsurface restoration, the primary
area of concern, is achieved by discontinuation of lixiviant injection and
continued operation of the extraction wells. In some operations, good quality
water is injected through the lixiviant injection wells to better control the
flow of water through the leached ore body. This causes native groundwaters to
flow through the leached sandstones, flushing out the residual concentrations of
acid or carbonate lixiviants. In this section the following are discussed:
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restoration critE!ria, demonstrated restoration samples, restoration wastewaters,
and potential problem B.reas.

Hydrologic Considerations

Several schemes have been proposed for restoration of the leached ore
bodies. Common to all schemE!s is the discontinuance of lixiviant injections and
continued extraction. Several of the pilot operations have indicated that
economically recoverable lev~~ls of uranium will occur in the initial restoration
waters and that it is cost-effective to pass these waters through the ion
exchange system. Operators have also found that pumping stoppage in the aquifer
for several weeks allows the ,concentration of uranium (and other constituents) to
increase in the restoration fluid. This has economic advantages when recovering
uranium from the restoration waters. This increase in concentrations is due to
the diffusion of constituents from "dead-end" pores within the sandstone grains.
This diffusion phenomena is discussed in further detail in Chapter 7 since it is
not specifically limited to !Uranium leaching.

A primary factor in achieving restoration is flushing all areas having
experienced leaching. Computer modeling is widely used for development of resto­
ration pumping schemes. Such an approach can minimize the restoration period and
the volume of wastewater produced.

Another important factor which affects the volume of total water flushed
through the aquifer is the three-dimensional distribution of permeability.
Restoration will be delayed if the restoring solutions finger through zones of
high permeability rathE!r th~m sweep evenly through the formation. This same
phenomena is facE~d in uranium recovery phases of the operation.

Restoration Criteria

Permits or licenses generally specify the levels which must be attained by
the restoration operation. In the early days of in situ uranium leaching, many
restoration programs for pilot tests attempted to achieve a water composition
identical with or within 10 percent of the original water quality. Regulatory
agencies now realize the gre~lt difficulty or even impossibility of restoring the
original groundwater quality conditions and have adopted more realistic resto­
ration requirements based on:

o Native water compo:;ition

o Potable water quality standards

o Water quality required for probable future uses

o Treatability of waters

It has been proposed (but not adopted) that the initial water quality
characteristics determine the degree of restoration required. For example,
restoration requirements of a potable water may dictate that all individual ions
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are reduced to within 10 percent of their original concentrations. On the other
hand, if the original quality did not permit the use of water for any usages,
then only the TDS and leach constituents would have to be restored to within
10 percent of their original concentrations. Obviously, there are intermediate
categories which would establish guidelines for defining restoration require­
ments for water uses such as agricultural waters and livestock waters.

The restoration requirements for several recently granted applications in
Texas, along with baseline need of water compositions, are presented in
Table 6-16. Wyoming is currently in the process of developing rules and
regulations for specification of restoration water quality requirements. Public
hearings reviewing these rules and regulations occurred in September 1979.
Final regulations were not available at the time of this report's completion.

Restoration Process

At the present time, no substantial size larger than 2 hectares (5 acres) in
situ site has been completely restored to baseline conditions. There is,
however, information indicating that restoration by flushing is possible
[Wyoming Mineral Corporation] (4). The unanswered questions concern the number
of sweeps or pore volumes which-must be flushed at specific sites.

Figures 6-6 and 6-7 illustrate the response of residual conductance and
ammonium concentrations to restoration for two sites in Texas. Figure 6-6 is for
Wyoming Mineral Corporation's Bruni Site (4), and Figure 6-7 is for Union
Carbide's Palangana Project (9). The data-in these figures indicates that
flushing does reduce the concentrations of ammonium ion and conductance.

A principal additional source of information on restoration feasibility is
the documentation required for cleanup of excursion. Excursion cleanup is
similar to restoration if native waters are used as the flushing solution. There
is much current interest in the use of additives to facilitate restoration. This
is discussed in the following sections on potential problems.

Figure 6-8 illustrates the response of molybdenum, sulfate, and
conductivity levels to cleanup actions at well MD-118 of Arco' s Clay West
site (10). These data are summarized in Table 6-17 in terms of percent of
restoration. The data indicate that these three species can be "cleaned up" to
background levels within 35 days. The cleanup period is primarily a function of
flushing rate. The period can be shortened or lengthened depending on
requirements. requirements. There appears to be no environmental disadvantage
in using 35 to 50 days for achieving baseline conditions.

Ammonia Sorption

Texas in situ m1n1ng operations have experienced difficulty in removing
ammonia from the leached ore bodies. Ammonium ion in the alkaline lixiviant will
be adsorbed by an ion exchange mechanism to the clays in the uranium-bearing
sandstone. In the exchange reaction, ammonium ions typically replace calcium or
magnesium ions on montmorillonite clays. Montmorillonite has a large surface
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TABLE 6-16. - Water Quality Requirements of Restoration and Native Water
Composition at Four Texas Solution Mining Sites

A B C D
Base Restor- Base Restor- Base Restor- Base Restor-
Line ation Line ation Line ation Line ation

Constituent mg/l Value mg/l mg/l Value mg/l mg/l Value mg/1 mg/1 Value mg/1

Anunonia 0.76 0.8 - 0.01 1.0 1.4 2.1 2.1

Bicarbonate 175 500 281 500 230 500 348 500

Calcium 192 270 80 200 31 200 14 200

Sodium 307 410 163 200 235 245

.... Sulfate 76 300 142 250 116 250 141 300....
\0

Chloride 754 1100 143 250 209 250

Uranium 0.21 5.0 0.2 2.0 0.05 2.0 0.17 2.0

TDS 1615 2310 764 903 751 878 924 1000

Nitrate (N) 2.04 10 0.05 10 0.1 10 . 0.86 10.0



TABLE 6-17. - Summary of Excursion Cleanup Data Presented in Figure 6-8 [aJ

Days after
Peak

Concentration

7

10

15

20

25

30

35

[a] After (10)

Percent Reduction of Excursion
Conductance Molybdenum Sulfate

13% 6% 13%

33% 17% 33%

60% 34% 37%

53% 80% 87%

80% 87% 93%

93% 95% 95%

98% 95% 96%
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area, which results in a substantial cation exchange capacity and its presence in
even small concentrations can markedly increase the retention ammonia ions in the
ore body. During the restoration process, as native water sweeps through the ore
body, the ammonia is desorbed from the clays. This desorption process occurs at
a relatively low rate and will continue to "bleed" ammonia into the aquifer for a
relatively long period of time. It has been reported that sweeping an ore body
with ten pore volumes will only reduce the ammonia concentration to 15 to
25 mg!l.

The ammonium ion is not particularly toxic to man (5). It has been reported
that injection of water with 40 mg!l of ammonia over-along period of time
resulted in no detrimental effects on cattle. A major concern with ammonia is
its potential for conversion to the nitrate ion, which has a maximum permitted
concentration for potable waters of 10 mg!l. Water with nitrate at this level
can cause methemoglobinemia in infants. Infant methemoglobinemia is a disease
charac terized by specific blood changes and cyanosis. The disease has been
attributed to high nitrate concentrations in the water used for preparing
formula. The human body can also reduce nitrate to nitrite which may combine
with metabolic amines to form nitrosamines, regarded by many as carcinogenic.

The amount of ammonium ion adsorbed by a particular ore body is primarily a
function of its clay content. In South Texas, the principal clay mineral is
montmorillonite which exhibits a very high exchange capacity per unit of pure
clay. However, it is impossible to generalize about the degree of ammonia
retention within the ore body since the clay content in and around in situ leach
areas varies between O.Sand 20 weight percent. Ammonium ion has been the
preferred cation for the alkaline lixiviant to leach the south Texas uranium
deposits. Sodium ion causes swelling of the clays and subsequent plugging of the
formation. Calcium ion reacts with the sulfate to precipitate gypsum, which also
decreases the permeability of the formation. Research is currently being con­
ducted to see if potassium can be used as the cation without adsorption or
swelling problems.

The clay content of ores leached with ammonium-based lixiviants will deter­
mine the difficulty in restoring the groundwater to low ammonium ion levels.
Generally, when the clay content is high, ammonium ion removal is more difficult.
There is another aspect to the clay adsorption problem. While clay does hinder
restoration, it also impedes the transport of ammonium ion from the zone of the
ore body. As native water flows through the leached area, ammonium ions would be
leached and transported short distances beyond the leached ore body where they
would be then adsorbed by additional clays. This would impede its transport for
any significant distances in the aquifer.

While ammonium ion is relatively immobile, the nitrate ion is extremely
mobile and would not precipitate or be retained by sorption. In surface waters,
ammonium ion is typically converted to nitrate by aerobic bacteria. If this
conversion can occur in the groundwaters, then in situ leaching operations can
generate a significant quantity of a mobile species considered toxic at 10 mg!l.
This conversion which is referred to as nitrification only occurs under specific
biological and chemical environments. Under the conditions of pH and Eh typical
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of natural water in the confined aquifers in south Texas, there is little likeli­
hood that ammonium ions can be converted to nitrate ions. However, if aerobic
conditions can be maintained as a result of mining operations, it may be possible
to form significant amounts of nitrates (6). At this time there is inadequate
data for quantification of the potential Dltrification.

As previously mentioned, research is currently being conducted on alterna­
tive cations for the alkaline lixiviants. This would eliminate the ammonium ion
adsorption problem. Research is also being conducted on the effectiveness of the
use of additives to restoration fluids. The removal of the ammonium ions from
clays occurs by ,in ion exchange process. This means that calcium, potassium,
sodium or some other cation is adsorbed onto the clay as ammonium ion is
released. Distilled water would act as a very poor restoration fluid because it
has few cations. Current research involves the use of calcium and potassium­
enriched solutions for "sweep flushing."

ENVIRONMENTAL IMPACTS

In a site-specific environmental analysis of a particular project, all real
and potential impacts would be described, discussed, and evaluated. The
following discussions are not directed to all environmental impacts of in situ
uranium solution mining.. Thel impacts common to all uranium recovery processes
such as dust gene~ration by vehicular traffic are listed in the Environmental
Matrices presented in Appendices A-3 and A-4. Radiological aspects of in situ
uranium leaching c;lre discussed to enable the reader to contrast their impact with
those of conventional uranium mining and milling methods.

Radiological Aspects of In Situ Leaching

Background

The radioisotopes c;lssociated with uranium and thorium can be grouped into
three major series: uranium, thorium and actinium. Each of these series is
headed by a long-lived nuclide, contains a single gaseous member, and terminates
as a stable isot?8e of lead. The thorium series begins with thorium 232 (half
life = 1941 x 10 years) and the actinium series with uranium 235 (half life =
7.1 x 10 years). The decay change of uranium 238 known as the uranium-radium
family is of primary importamce since natural uranium contains approximately
99.28 percent of uranium 238, 0.71 percent uranium 235, 0.01 percent
uranium 234, and small amounts of thorium. Figure 6-9 is a graphical repre­
sentation of the sequence of decay from uranium 238 to radiogenic lead 206.

The majority of ores contain this radioactive family of elements in secular
equilibrium; for example, the daughter products are being formed at the same rate
at which they are decaying with the amount of any member actually present
remaining constant. Some ores have had this equilibrium disrupted by selective
natural leaching, however, most are in equilibrium. When ores are in equi­
librium, it is possible to estimate rather closely the amount of daughter
products in the ore from knowledge of its uranium content so the daughter product
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concentrations in the ore Clin be used to estimate maximum concentrations in
leaching solutions.

The above discussion is important because: 1) natural uranium deposits
contain most elements of the uranium-radium family; 2) leaching solutions and
wastewaters at in situ operations have the potential for containing the majority
of daughter products; :3> a knowledge of the composition of the ore makes it
possible to estimate maximum emission rates of individual species.

Toxicity

While uranium itself is hazardous in large quantity by virtue of its
chemical toxicity, its radiological hazard is by far much greater due to its
decay products. From the standpoint of water pollution, the radioisotope
radium 226 is thE! most hazardous. It has a maximum permissible concentration
(MPC) an order of magnitude less than the MPC's of any other decay isotopes. The
lower MPC level is because of the potential radiation effects of its daughter
products. The maximum permissible concentrations of the uranium family, along
with their half lives and thl~ nature of their decay products, are presented in
Table 6-18.

Of special importance tel in situ operations is the potential for radon gas
emissions. Radium 226 decays into its immediate daughter radon 222 which is
released into the atmosphere and is transported from the immediate vicinity of
the site.

Sources of Radioactive Gaseous Emissions

In general, the emission rates of radioactive gases are quite low for in
situ processing plants operating under normal conditions. The emission rates
have been described in previous sections. The primary source of particulate
uranium 238 is from the yellowcake drying operation. The primary source of radon
gas emissions is the pregnant liquor surge tank which releases approximately
2 orders of magnitude more radon than all other sources at the site. Minor radon
gas emissions are produced by the water purification unit and by the liquid waste
evaporation disposal ponds.

The excursion of radioactive materials into the strata surrounding the ore
body is considered a normal potential emission. This is not regarded as an
accident since its probability of occurrence for in situ operations is
relatively large. Thl~ preceding discussions describing excursion and the
success of excursion clean up indicate that there is no long term effect or
environmental contamination of the subsurface strata by an excursion. The data
upon which this conclusion is based is extremely small and it is recommended that
additional information be accumulated and analyzed to better define the success
of clean up.

Since the in situ uranium leaching industry only began in 1966, its infancy
does not permit ~l discussion of documented accidents. Operating experience is
limited, and it is necl~ssary to postulate the effects of accidents based upon
similar operations in conventional mining and milling uranium operations.
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TABLE 6-18. - Characteristics of the Uranium-Radium Family

MPCw[a]

Nuclide pCi/liter Half-life Emission

Ra266 3.3 1,602 yr Alpha

Pb210 33 20.4 yr Beta

P0210 233 138.4 days Alpha

Th230 667 8 x 104 yr Alpha

Th234 6,667 2.41 days Beta

U
234 10,000 2.47 x 105 yr Alpha

U
238 13,000 4.51 x 109 yr Alpha

Bi210 13,300 5 days Beta

Pa234 b 1.1 min Beta

P0218 b 3.05 sec Alpha

P0214 b -4 Alpha1.64 x 10 sec

Bi 214 b 19.7 min Beta

Pb214 b 26.8 min Beta

Rn
222 N/A (gas) 3.82 min Alpha

Unat c 6,667 9 Alpha4.51 x 10 yr

Thnat d 333 1.41 x 1010 yr Alpha

{a] MPCWvalue is the Maximum Permissible Concentration in water for
an average member of the general population (1/30th HB 69 value
for continuous occupational exposure), NCRP, 1959.

[b] No value given for these short-lived materials.

[c] . h 'f' .. f Unat (U238 U234 U235 99%s~~§e t e spec1 1C act1v1ty ~7 + + ;
U by weight) is 3.34 x 12 curies per gram, the MPC

W
may

also be expressed as 2 x 10 llg/l or 20 mg/1.

[d] Comprised of Th232 and Th228 •
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Excluding transportation accidents which are a potential at all uranium
recovery operations, potential accidents are categorized into three groups:
interior accidents, outdoor surface accidents, and subsurface accidents.

Interior accidents refer to accidents resulting in failure of processing
equipment contained within the processing bu.ilding. Other than leakage or
rupture of tanks, it is highly improbable that any significant fires or
explosions will occur. The chemicals normally used in uranium recovery oper­
ations have an insignificant potential for explosion except for hydrogen
peroxide solutions. The normal occupational hazards associated with using
chemicals, such as acids, are present. Rupture of conduits or tanks containing
uranium-laden solutions causle little hazard to human life because of the low
level of radioactivity. The largest health hazard would be the failure of the
air fil tra tion system concurrent with the release of the airstream into the
processing building. This could result in the inhalation of significant amounts
of uranium oxide dust. The probability for this is almost non-existent because
of the construction of the air ventilation system. If the air filter system
should fail, there would be hnzardous atmospheric emissions for only a very short
period.

Surface accident could be caused by failure of pipelines, tanks or evapora­
tion ponds. Environmental consequence of such an accident is dependent upon the
volume and nature of the material leak and the potential for transmitting this
material beyond the sitl8 boundaries. Obviously, the detrimental environmental
effec ts would be much greater if a spillage was carried into an adjacent waterway
and affected its ecosystem. The failure of pipelines or the leakage of chem·ical
and leaching solution from storage tanks will release relatively small volumes
(less than 1,000 liters) of liquid onto the surface. The utilization of
monitoring equipment such as low pressure switches in the pipeline could automat­
ically shut down all pumps immediately upon failure. Larger tanks could be
surrounded by leakage de:tection equipment which would inform an operator of any
substantial leakage. Any such spills could be cleaned up by removal of the
contaminated soil and disposd by acceptable techniques. It would probably be
possible to use the evaporation ponds for storage but not burial of this
material. The potential envilronmental effects of such spillage accidents is not
great, as long as the radioactive materials are not transmitted from the site.
However, the ultimate a.im is to leave the site for unrestricted use,a truly
environmentally-acceptable situ.ation.

The catastrophic failure of a waste storage or evaporation pond would have
significant environmental affects because of the large volumes of water
contained within the pond systems. However, the probability for failure of
properly designed and constructed ponds is extremely low. All evaporation ponds
would require a flexibl,e membrane lining system. Earthquakes generally cause
little damage to such liners. The probability for damage to the pond systems by
flood waters is extremely low if the surface hydrology is properly evaluated.

The subsurface environment can be contaminated by radiological
through various types of accidental failures. The accidents
1) undetected communication between production and underlying or
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stratum; 2) well casing failures; 3) production well failures. The environ­
mental consequences of such failures is a function of the volume and nature of
the solution which escapes into the environment. Of those solutions which are
used in the wells, the pregnant liquor has the most environmentally detrimental
composition, such as toxicity. The possible volumes which could be released by
failures of such systems are relatively small if proper monitoring of the
injection/extraction and monitoring well systems is performed. Significant
damage to the environment prior to restoration activities will be minimal if the
escaped solutions remain in the vicinity of the injection/extraction operations.
The ability of escaped materials to travel in subsurface strata surrounding the
ore body is site specific. For example, if an overlying aquifer is a potable
source and has a relatively high velocity (9-15 m/day or 30-50 ft/day), the
environmental consequences of leakage might be considered unacceptable.
However, this hypothetical example cannot occur near the great majority of
in situ leached ore bodies since such high velocities in overlying aquifers does
not occur. The purpose of this hypothetical example is only to illustrate an
effect of site specific factors on the environmental consequence. The operator's
required detailed hydrologic study would identify the potential for such
excursions and an operating permit would probably not be granted.

Environmental Pathways

The primary pathways associated with the transport of radionuclides from
the recovery and yellowcake preparation operations into the environment are
illustrated in Figure 6-10. In an evaluation of the radiological aspects of an
in situ operation, it is necessary to consider all illustrated pathways. This is
normally done by using maximum emission and dose levels which are based upon
biological concentration factors.

Of the pathways illustrated in Figure 6-10, only those which introduce
radioactive nuclides into the atmospheric environment occur under normal oper­
ations. No emissions, except under accidental conditions, are released into the
hydrological environment.

Radiological Impacts

The radiological impacts of a properly designed and operated in situ
leaching plant for uranium are minimal. Emission rates are much less that those
of conventional uranium mining and milling operations. Disturbances to the
environment and exposure of radium laden tailings are minimized by the in situ
technique. This is a significant advantage of in situ uranium leaching when
compared to conventional uranium mining and milling practices. With acidic in
situ leaching, only a small portion of the radium in the ore body is leached and
transported to the surface. Alkaline lixiviants solubilize more radium than acid
lixiviants because radium hydroxide is more soluble than radium sulfate. Radium
is the primary source of radon gas, which is a major concern with conventional
operations, as it is for in situ operations.

The magnitude of radium transport to the surface environment can be
estimated by analysis of standard mill operations. In a typical acid leach
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resin-in-pulp uranium mill, only 0.38 percent of the total radium 226 in the ore
was dissolved in the leaching circuit and of this, only 0.02 percent was
precipitated into the yellowcake. In a typical alkaline leach uranium mill, it
was found that about 2 percent of the radium in the ore dissolved into the leach
solution and essentially all of the precipitated dissolved into the yellow­
cake (1).

The primary emissions from an in situ operation and its recovery plant are
the "radon gas emitted from the pregnant liquor surge tank and the uranium 238
oxide dust passing through the scrubber system of the yellowcake dryer. The
estimated emission rates for radionuclides emanating from these two locations at
the Irigaray project of Wyoming Mineral Corporation are presented in Table 6-19.
This information is based on data presented in the Draft Environmental Statement
prepared by the U.S. Nuclear Regulatory Commission (NUREG-0399). Along with the
annual emission rates are the estimated maximum annual doses for humans living
approximately 7 km (4 miles) from the plant site. These doses are broken down
into total body, bone, lung, and kidney categories in Table 6-19. At the bottom
of the table the maximum NRC Standards for annual doses and the proposed EPA
standard for maximum doses are presented. Under the current NRC Standards, the
proposed Irigaray project produces exposures to humans less than 0.1 percent of
the maximum allowable dose. In terms of the more conservative proposed EPA
standards, the proposed Irigaray project results in a total body doses of
5 percent of the maximum.

The above annual doses at 7 km (4 miles) from the plant site have been
calculated using an atmospheric dispersion model and meteorological data for the
area (8). The NRC (8) has also estimated the annual dose commitments from atmos­
pheric- emissions to the population living within 80 km (50 miles) of the
operating facilities. The dose commitments due to a 230,000 Kg (500,000 lb) per
ye~5 uranium in situ leaching recovery plant are approximately 5.3 x
10 man-rem per year. This must be compared with the natural background which
is approximately 1,080 man-rem per year.

Obviously, a solution uranium mining facility produces a small impact on the
radionuclide dose to _~urrounding populations when the dose increment due to
mining is only 5 x 10 percent of the natural background level.

Based upon the above discussions and information, it is the authors' opinion
that a properly operated in situ leaching and processing plant will have little,
if any, adverse radiological affects for environmental impacts. This is
especially true if one compares the in situ techniques to the conventional mining
and milling practices.

Impacts on the Terrestrial Environment

The land surface will be disturbed by the construction of roads, production
facilities, offices, evaporation ponds and the production well facilities. The
site will require fencing and access will be limited. The major disturbances to
the land surface for the greater portion of the site is due to well drilling and
construction of tailings or evaporation ponds. After production operations
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TABLE 6-19. - Estimated Emission Rates for Radionuc1ides Emanating from Two Locations (~)

at the Irigaray Project of Wyoming Mineral Corporation

1.5 x 10-1 3.8 x 10-3 -2 0.46 1.0 x 10-24.1 x 10

-1 -3 -2 0.52 -21.5 x 10 2.9 x 10 4.2 x 10 1.0 x 10

-3 -3 -2 -2 -37.0 x 10 1.0 x 10 3.2 x 10 2.4 x 10 1.1 x 10

-3 -4 -2 -3 -32.6 x 10 5.5 x 10 1. 7 x 10 8.8 x 10 5.3 x 10

-4 -4 -3 1 x 10-3 -41.0 x 10 2.9 x 10 2.9 x 10 3.0 x 10

-4 2 x 10-5 -4 1 x 10-3 -41.0 x 10 4.4 x 10 4.0 x 10

-4 1 x 10-5 -4 1 x 10-3 -41.0 x 10 1.1 x 10 2.6 x 10 _

Maximum Annual Dose at 7 km From
Mine-Plant Site

Radionuclide

Recovery Plant

U - 238

U - 234

U - 235.....
UJ
0

Th - 230

Ra - 226

Pb - 210

Po - 210

Well Field Surge Tank

Rn - 222

Total Dose

Plant Site
Emission

Rate
Ci/yr

76 x 10-3

Total Body
(millirem)

-44.9 x 10

-39.1 x 10

Bone
(mil1irem)

-22.5 x 10

-1
1.1 x 10

Lung
(millirem)

-28.6 x 10

1.1

Kidney
(millirem)

5.5 X 10-3

-23.3 x 10

Maximum NRC Standard (millirem)

Percent of NRC Standard (percent)

Proposed EPA Standard for Maximum
Dose (millirem)

500

0.002%

25

3,000

0.004%

25

1,500

0.07%

25



commence, there will be relatively little need to drive heavy equipment over the
site which will be covered by a net work of pipelines. Each production well and
monitoring well will be inspected on a daily or weekly basis. It is probable
that a pickup truck or automobile will be used to reach the individual wells.
Access for a drilling rig would have to be provided since new production and/or
monitoring wells might have to be drilled.

Flora and Fauna

The environmental impac t on the flora and fauna is site specific. The
construction activities will definitely disturb the vegetation. However,
relatively little top soil will be disturbed and complete reclamation of the
surface of the site should also be possible after closure.

The extent of environmental impacts of the minimal in situ construction
activities depends upon the fragility of the natural environment. In many areas,
the disturbance of several hundred hectares (acres) of land has negligible effect
on the regional ecology. However, if this area is adjacent to an ephemeral stream
which provides the major riparian habitat of a region, obviously the impact would
be much greater. This is an example of a site specific situation for consider­
ation, but is beyond the scope of this report. Similarly, the presence of an
endangered specie on the site is also a site specific aspect.

A properly operated in situ leaching and recovery plant should have no
effect on the aquatic environment since no liquid discharges occur. If liquid
discharges do occur, they must be treated to meet specific NPDES regulations.

Land Use

The impacts on land use result primarily from the fencing and limiting of
access to the plant site. If a typical site occupies approximately 40 hectares
(100 acres), this land would be unavailable or restricted for recreational and
grazing activities. This would not be expected to be a significant detrimental
environmental impact for the study areas in Texas or Wyoming.

There witl be other unavoidable and long-term impacts on land use of the
area, such as the construction of homes and roads for the employees of the site.
Again, this is a site specific impact and beyond the scope of this study.

A primary impact on land use results from the siting of the evaporation
ponds. After closure of a leaching site, the only areas which will have any
lasting radioactivity are the evaporation and other waste disposal sites. These
sites will be removed or closed by environmentally-acceptable procedures, such
as that illustrated in Figure 13-1, which is applicable to uranium mill
operations. Future construction directly over such burial sites should be
prohibited.
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Impacts on Water Environment

Surface Water

In general, there will be minimal, if any, detrimental impacts on the
surface waters in the region surrounding an in situ mine if proper operation
procedures are maintained. The subsurface water which can be affected by the in
situ operations does not generally have direct communication with surface
waters. It is possible that inclined strata outcrop kilometers (miles) from the
in situ leaching operations and, under these conditions, it would be possible for
contaminated groundwaters to eventually reach surface waters. In view of the
groundwater monitoring programs which are required, the probability for such
contamination is very low. It is possible that there will be minimal degradation
of the surface waters by increased sediment loads resulting from construction of
roads, wells, and the processing plant. The increase in the sediment loads to
the surface waters would be relatively insignificant for any drainage basin
having an area of more than several square miles. Mine operators would have to
comply with the NPDES point discharge standards regulating sediment discharges.

Groundwater

In situ solution leaching inherently has potential for contamination of
groundwaters. During the active leaching operations, the water in the ore zone
is toxic and highly saline. The reader is referred to Chapter 7 for a discussion
of leaching solution toxicity. The groundwater quality of the area would be
degraded if this water were to remain in the ore body or escape to surrounding
aquifers. All existing and proposed in situ leaching operations have provisions
for restoration of the groundwater. Documented restoration and excursion
clean-up operations show that the great majority of substances injected into the
groundwaters can be removed.

A primary factor in achieving restoration is the definition of restoration.
At the present time, regulatory agencies have not agreed upon or adopted firm
definitions for restoration. It is highly improbable that all major and minor
constituents in leached areas can be returned to their baseline conditions.
Variations in concentrations from initial levels do not necessarily mean that
degradation has occurred. There are relatively large natural variations in the
qualities of waters within a given area and for a given well over a period of
time. The very nature of the roll front uranium deposit causes areas of varying
chemical environments (including variations in Eh). The variation of water
quality within the ore body is evidenced by the relatively large standard
deviations for the average baseline water quality.

If restoration requirements for a particular site were defined so that each
and every constituent must be returned to baseline condition, restoration could
be very difficult, if not impossible. The concentrations of many constituents in
water can be increased to particular levels without degrading the general quality
of the water for particular uses. If restoration requirements are defined with
recognition of variations without degradation, then restoration should generally
be technically feasible.
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The number of pore volumes of water which must be pumped from the ore zone
to effect water quality restoration is dependent upon the compositions of the
ore, the lixiviant and on the layout and pumping schedule of the extraction well
system. Since ores such as those in Texas which contain high clay concentrations
experience difficulty in removal of ammonium ions, pumping of additional water
through the ore body for attainment of restoration is required. In addition to
the costs involved with long-term pumping for restoration, there are two environ­
mental impacts: 1) consumptive use of groundwater and; 2) the disposal of waste­
waters. Both the consumptive use and the wastewater volume can be decreased by
application of such wastewater concentration techniques as reverse osmosis or
electrodialysis. Reverse osmosis and electrodialysis are technically viable
processes with each producing two water streams: a concentrated brine and a
relatively pure water which is suitable for surface or subsurface disposal. The
greatest obstacle to the application of reverse osmosis for wastewater treatment
is its high cost.

Excursions of contaminated water from the mine site are possible due to
undetected geological faults, variations in permeabilities of the sandstones,
improper well field operation or accidental failures of subsurface equipment. If
such excursions do occur, there is a very high probability that they will be
detected by the monitoring well system. If the excursion is undetected and lasts
for a relatively long period, an escape of many liters (gallons) is possible
since escape flow rates of several liters/second (gpm) are reasonable,
undetected by mass balance calculations of injected and extracted flows. The
leaching solution could contain appreciable amounts of toxic trace metals in
addition to sizable levels of the lixiviant constituents. As an excursion flows
through porous media, natural dispersion gradually dilutes the concentrations of
its constituents. Physical chemical processes such as ion exchange, adsorption,
and precipitation can further reduce concentrations of specific constituents.
It is highly improbable that such an excursion could reach a nearby water supply
well in view of the monitoring well system and the low flow velocities in the
aquifer; for instance, 3-6 meters/year (10-20 ft/year).

The potential impact can be evaluated in terms of the hypothetical, standard
sized leaching operation. A 227,000 Kg/yr (500,000 Ib/yr) uranium plant will
produce a minimum of 1-2 l/sec (15-30 gal/min) of process water. The major use
of water is the restoration operation. Based on a porosity of 30 percent, an
area of 40 hectares (100 acres) and an ore body thickness of 6 m (20 ft), each
pore volume flushed for restoration produces approximately 75 hectare-meter
(600 acre-ft) of water. If this water is not recycled and restoration requires
from 8 to 15 sweeps, the total volume of water for restoration is between
590-1100 hectare-meter (4800-9000 acre-feet) of water over the 10-year life of
the project. This flushing volume could be reduced greatly by the utilization of
a reverse osmosis system. The process water bleed streams are equivalent to
5.9 hectare-meter/year (48 acre-feet/year). The environmental impact of this
consumptive use is site specific since it depends upon the availability of water
in the region.

Contamination of the overlying aquifers can occur by leakage from surface
waste disposal ponds. A proper pond monitoring system detects any leakage which
occurs.
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Air Quality

The non-radiological emissions to the atmosphere are minimal. The sources
for emissions are the construction activity and chemical dusts or gases emitted
from the processing plant. During construction, dust will be generated and
vehicular emissions wiU occur. Dust from the roads can be minimized by conven­
tional dust control procedures. Dust from evaporation ponds is minimized by
always keeping liquid in the pond. The atmospheric emissions from the processing
plant include the combustion products of the fuel or the yellowcake dryer. The
rate and composition of emissions depends upon the type fuel used for the dryer.

It is possible that the withdrawal of water from the aquifer will lower the
pieziometric head at dist~mces relatively far from the mining site. The
magnitude of any decrease in the pieziometric surface is a function of the
aquifer characteristics.

Emissions of ammonia vapors and ammonium chloride particulates from the
processing facilities ~lnd waste ponds have been described in a previous section.
These emissions are relatively low and do not adversely impact the air quality of
most regions.
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CHAPTER 7

GENERAL ENVIRORKENTAL CONSIDERATIONS

This chapter contains a description of factors which affect the technical
viability and environmental suitability of in situ leaching. This information is
presented in general terms and is applicable to both copper and uranium leaching.
The implication of these factors on the restoration of in situ leached areas are
discussed.

ENVIRONMENTAL GEOCHEMISTRY

Chemical Aspects of Leaching

The action of a lixiviant on the minerals in an ore body is not totally
specific to the mineral being leached in that many substances can undergo dis­
solution and appear in the pregnant liquor. The leached minerals are continually
removed from the recycled solution by the recovery process, while many of the
other dissolved substances continue to accumulate until their concentrations
reach saturation values. These secondary or unintentional products of
dissolution can pose a greater threat to the environment than the recovered
minerals since the recovered mineral is constantly removed from the recycled
solutions. This would be particularly true for toxic trace metals, such as
arsenic or selenium.

The composition of a leaching solution is directly related to the composi­
tion of both the lixiviant and the ore body being mined. This dependency
prevents generalizations concerning the trace metal composition of the leaching
fluids since each ore has a particular composition. It can be stated, however,
that the leaching solution can only contain elements present in the ore or added
to the lixiviant.

Substances such as copper or uranium have been accumulated in an ore body
due to the occurrence of a particular geochemical environment. Figures 7-1
and 7-2 adapted from Shock and Conley (1) illustrate the roles of aquifer
hydrology and the chemical environment in the formation of a roll front uranium
ore body and the distribution of U30S within the ore body. A simplified model is
that uranium, which is mobile in toe oxidized zone, accumulates by precipitation
in the reduced chemical environment. A shift in the pH or the oxidation­
reduction potential of the groundwater within the ore body would shift the
chemical equilibrium of the system and possibly result in dissolution of the
uranium over a period of time.

As discussed in Chapter 4, the leaching operation consists of dissolving
the metal of interest in the lixiviant by shifting the pH and/or the Eh
(a measure of the oxidation-reduction potential). Operationally, these changes
or shifts are accomplished through the addition of acids or bases and oxidants.
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FIGURE 7-1 VERTICAl SECTION OF ROLL FRONT URANIUM ORE BODY
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Although the effects of pH and Eh on the chemistry of minerals have been
described in great detail by Garrels and Christ (1), much speculation continues
to exist concerning the geochemistry occuring in in situ leaching systems (1).
Many strong and complex chemical interactions occur which greatly complicate the
leaching chemical reactions.

The conditions necessary for leaching copper ores are illustrated in
Figure 7-3 which has been adapted from Rickard (3). This diagram indicates that
copper will dissolve if the pH is maintained- below 4 while the Eh exceeds
0.5 volts. The addition of ferric iron and sulfuric acid can modify the chemical
environment to produce the conditions necessary for solubilization of the
copper. The sulfuric acid lowers the pH while the ferric iron acts as an
oxidizing agent. In groundwaters, under natural conditions, the pH is generally
much greater than five and the Eh is less than zero. This natural water zone,
illustrated as a cross-hatched area on Figure 7-3, indicates that copper
generally is insoluble in natural waters.

Similar diagrams describing required leaching conditions for the recovery
of uranium by the use of alkaline leaching systems can also be prepared.

Pourbaix diagrams, such as Figure 7-3, have certain limitations in that
they are based on an assumed set of chemical reactions and do not address the
chemical kinetics of the system. If unknown species or different chemical form
other than those assumed are present, the diagram does not correctly describe the
chemical system. The Eh-pH region of most natural waters is illustrated in
Figure 7-3. Figure 7-3 explains why it is necessary to add acid or acid +
oxidant for leaching of different copper ores. The oxidized copper ores (CuO and
CUZO) only require lowering of the pH in order to enter the soluble region in
Figure 7-3. The sulfide ores (CuZS and CuS) require that the Eh be raised
through oxidant addition and that the pH be lower through acid addition.
Operationally, oxidized ores are leached with acid lixiviants while reduced ores
are leached wth an oxidizing-acid lixiviant.

The effects of Eh and pH on the solubility of arsenic and lead are shown in
Figures 7-4 and 7-5, respectively. The chemical conditions for each of these
diagrams are described in the figure captions. Note that both the arsenic and
lead solubilities increase at higher Eh values and at both high and low pH
values. This indicates that both of these metals would be solubilized by the
lixiviants used for copper and uranium leaching.

Many metals occurring in reduced environments experience this increased
solubility at higher Eh levels. Likewise, many metals occurring in both oxidized
and reduced environment can form soluble species at both high and low pH values.
In general, however, metal solubility decreases in basic solutions due to the
formation of relatively insoluble metal hydroxides, sulfides, and carbonates.
For this reason, the alkaline leach solutions - carbonate - bicarbonate and the
anmonium salts are considered to have a low potential for solubilizing trace
metal contaminants present in the ore.
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Mobility of Selected Species

It is possible to generalize about the mobilities of chemical species in the
subsurface environment for assumed sets of specific chemical conditions such as
acidic, alkaline, oxidizing or reducing.

The relative mobilities of elements in the subsurface environment are
presented in Table 7-1. This table illustrates the effects of both pH and the
redox potential on the ability of the different elements to remain in the soluble
form and travel throughout porous media.

An important limitation of the mobility data presented in Table 7-1 is that
the information was developed for a set of specific chemical conditions which
does not account for such phenomena as chemical complexation, ion pairing or
chelation. Such phenomena can increase the solubility of particular species and
enhance their mobilities through the subsurface environment.

The complexing agent can be either organic or inorganic and can affect the
solubility of a specie by direct association or by indirect association with a
second specie which controls the solubility of the specie of interest. Direct
association refers to the formation of a complex which reduces the concentration
of the free species remaining in solution. An example of direct complexation is
the reaction between humic substances and calcium in which an organic calcium
complex is formed. The concentration of free calcium ion is lower, thereby
increasing its total solubility in a system where calcium sulfate limits calcium
ion solubility. Indirect association refers to the phenomena whereby the
complexing agent reduces the concentration of the specie which limits the
concentration of the specie of interest. For example, if complexing reduces the
concentration of the free sulfate in the system described above, then more free
calcium can be present before calcium sulfate precipitation occurs.

There are various sources of complexing agents. It is possible that the
organic compounds used as lixiviant additives or those used in conjunction with
operation and maintenance of the ion exchange systems could have complexing
characteristics. This is only a possibility and is suggested at this time simply
as one postulation for explaining the occurrences of unexpectably high concen­
trations of particular species. In contrast with the postulated system is the
amnonia leaching solution in which it has been well documented that ammine
complexes can form with such metals as palladium, zinc, cadmium and silver (~).

Fates of Constituents in Escaped Leaching Solutions

The primary problem with an excursion of pregnant or barren lixiviant from
the mining area is the contamination of the surrounding subsurface environment
with toxic or otherwise non-potable waters. The following discussion is
primarily concerned with the fates of trace metals and other chemical species
present at relatively low_~oncentrations in the leaching solutions, e.g.,
concentrations less than 10 molar.
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Relative
Mobilities

TABLE 7-1. - Relative Mobilities of the Elements of the Subsurface Environment

Chemical Environment
oxidizinK Acid Neutral to Alkaline Reducing

Very High

High

~

-!'- dO
-!'- Me 1um

Low

Very Low to
Immobile

Cl, I, Br

S, B

Mo, V, U, Sc, Re

Ca, Na, Mg, F, Sr, Ra

Zn

Cu, Co, Ni, Hg, Ag, Au

As, Cd

Si, P, K

Pb, Li, Rb, Ba, Be
Bi, Sb, Ge, Cs, Ti

Fe, Mn

AI, Ti, Sn, Te, W
Nb, Ta, Pt, Cr, Zr

Th, Rare Earths

Cl, I, Br

S, B

Mo, V, U, Sc, Re

Ca, Na, Mg, F, Sr, Ra

Zn

Cu, Co, Ni, Hg, Ag, Au

As, Cd

-
Si, P, K

Pb, Li, Rb, Ba, Be
Bi, Sb, Ge, Cs, Ti

Fe, Mn

AI, Ti, Sn, Te, W
Nb, Ta, Pt, Cr, Zr

Th, Rare Earths

Cl, I, Br

S, B

Mo, V, U, Sc, Re

Ca, Na, Mg, F, Sr, Ra

As, Cd

-

Si, P, K

Pb, Li, Rb, Ba, Be
Bi, Sb, Ge, Cs, Ti

Fe, Mn

AI, Ti, Sn, Te, W
Nb, Ta, Pt, Cr, Zr

Th, Rare Earths

CI, I, Br

S, B

Ca, Na, Mg, F, Sr, Ra

Si, P, K

Fe, Mn

AI, Ti, Sn, Te, W
Nb, Ta, Pt, Cr, Zr

Th, Rare Earths

S, B

Mo, V, U, Sc, Re



Relative
Mobilities

Very Low
To Immobile

TABLE 7-1. - Relative Mobilities of the Elements of the Subsurface Environment - Continued

Chemical Environment
Oxidizing Acid Neutral to Alkaline Reducing

AI, Ti, Sn, Te, W AI, ri, Sn, Te, W AI, Ti, Sn, Te, W AI, ri, Sn, Te, W
Nb, Ta, Pt, Cr, Zr Nb, Ta, Pt, Cr, Zr Nb, ra, Pt, Cr, Zr Nb, Ta, Pt, Cr, Zr

Th, Rare Earths Th, Rare Earths Th, Rare Earths Th, Rare Earths

~
~

V1

Zn

Cu, Co, Ni, Hg, Ag, Au

S, B

Mo, V, U, Sc, Re

Zn

Co, Cu, Ni, Hg, Ag, Au

As, Cd

Pb, Li, Rb, Ba, Be
Bi, Sb, Ge, Cs, Ti



Transport of materials from the leaching area to the surrounding subsurface
environment requires tha.t the chemicals be in a soluble form. Materials in the
solid phase are gl~nerally removed completely from the solution by the filtering
action of the porous media. The trace metals and other chemical constituents
which are solubilized by the leaching operation, can undergo several chemical
reactions, phenomena, or fates which could result in their immobilization. These
chemical phe~omena which arl~ illustrated in Figure 7-6 are adsorption, ion
exchange, and precipitation. Adsorption is a physico-chemical process by which
dissolved constituents attach to the surfaces of granular material or other solid
phases. The adsorption proce:ss does not involve a change in the phase of the
constituent being immobilized:. Ion exchange is similar to adsorption in that
dissolved constituents attach to the exchange surface, but differs in that
another constituent is releaued from the exchange surface and enters into the
solution. The most common ion exchange reactions remove multivalent ions and
replace them with monovalent i.ons. Clays, and other fine-grained minerals having
large surface area, have been observed to be excellent ion exchange media. It is
possible that the exchange r,~action could release less desirable constituents
which then enter the solution. Precipitation, the third phenomenon affecting the
fates of dissolved constituents, is the change of soluble phase material into the
solid phase. Since the solid phase is not mobile in porous media, the
precipitated material is effectively removed from the solution and cannot be
transported into the environment. Precipitation is the reverse of the
solubilization process whereby the copper or uranium in the area enters solution.
Precipitation of cations can result from the presence of large concentrations of
anions such as sulfide, sulfate, hydroxides, and carbonates. It can also lead to
complex formation.

The occurrences of the above physico-chemical phenomena are dependent on
the physical and chemical properties of both the leaching solutions and the
surfaces of the porous media. Chemical factors include the pH, oxidation
potential, and chemical activities of the constituent undergoing solubilization
and all other constituents present. Physical factors include temperature, the
flow velocity of the solution in the porous media and the presence of suitable
surfaces which provide sites :for heterogeneous nucleation.

It is possible to develop a model using computer techniques to describe the
fates of various constituents in both leaching solutions and native ground­
waters. The application of sUI:h a model to in situ leaching operations, requires
that the model be based on chemical equilibria of multiple anion/cation systems.
A viable model for thE! leal:hing systems under consideration would require
consideration of the effects of the surfaces of the minerals present in the
orebody and surrounding areas. Another model prerequisite is consideration of
the kinetics of the immobiliz~ltion processes. This is the most difficult aspect
of developing a suitable model since relatively little data on chemical kinetics
of the precipitation process in porous media is currently available.

Escaped leaching solutions flowing through the aquifer will gradually be
diluted by the natural dispersion process. This dilution can result in changes
of constituent concentrations, oxidation potentials and/or pH values.
Figure 7-7 illustrates a hypothetical excursion and the resulting dilution which
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occurs as a result of dispersion. Immobilization by precipitation, ion exchange
or adsorption will occur only after specific chemical conditions are attained.
It is possible that these phenomena will occur in specific areas at some distance
from the ore body. It is possible that those areas where trace metals have
accumulated will not be affected by an excursion restoration operation and that,
after closure of the mine, trace metal dissolution into the virgin groundwaters
will gradually occur. This illustrates the need for long-term, low-frequency
monitoring.

TOXICITIES OF LEACHING SOLUTIONS

An analysis of the toxicity of substances originating from any source
requires definition of the species being affected or the application for which
the water is used. The beneficial applications or uses include domestic or
potable supplies, industrial water supplies, fish and other aquatic wildlife,
agriculture (irrigation) water supplies, and various levels of recreational
uses. While potable or domestic uses would seem to have the highest or greatest
quality requirements, many industrial processes and species of fish actually
require water with a better quality than potable.

Water Quality Standards

The toxicity analysis presented in this section will be based on two water
uses: potable and fish and aquatic wildlife. Potable or domestic uses are being
considered for the obvious reason of protecting human life and well-being. Fish
and aquatic wildlife have been included since their requirements for specific
constituents are in many cases more stringent than human requirements. This is
illustrated by the recent utilization of particular fish species as toxicity
indicators for effluents from domestic and industrial wastewater treatment
plants. Industrial water quality requirements will not be considered in view of
the large quality variations for different industries and the fact that industry
practice has been to provide for required quality upgrading.

Drinking Water (Potable) Standards

The criteria for human toxicity of substances possibly leached from mineral
bodies cannot be based solely on the EPA I s Drinking Water Standards. These
potable water standards are predicated on utilization of the best raw water
source available and are based on a historical record of substances commonly
found in supplies of raw potable waters. If a substance is not detected in
waters commonly used for potable supplies, it is not included in the U.S.
Drinking Water Standards.

The historical record basis is illustrated by the 1974 Drinking Water
Standards, which became effective in mid-1977. The maximum contaminant level
(MCL) for cyanide, which was 0.2 mg/l in the 1962 U.S. Drinking Water Standards,
was deleted. The deletion of cyanide from the 1974 Standards is due to lack of
occurrence and not non-toxicity. According to the National Interim Primary
Drinking Water Regulations: (1)
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This substance (cyi:mide) is rarely a problem in drinking water, and
there appears to be no justification for including cyanide in the list
of inorganic: chemicals for which MCL 's are established in these
Regulations. Cyani.de has not been identified during routine sampling
of drinking water in concentrations greater than the 1/10 of the
proposed MCL, which itself is 1/100 of the level at which cyanide has
adverse heal th effE~cts Ctn humans. It does not appear that there is
justification for requiring tens of thousands of communities to

·monitor for this substance.

The nonapplicability of the u.s. Drinking Water Standards to waters from all
sources is also illustrclted by the fact that compliance with the standards does
not ensure potability 'for reclaimed wasteTNaters.

The current u.S. Drinking Water Standards are presented in Table 7-2 for
substances contained in both the lixiviants and the ore bodies. The basis for
the standard, whether toxicity, aesthetics, or use is also indicated. The 1974
Standards are c~ltegorized into primary and secondary standards which are
toxicity or health-related and aesthestics or use-related, respectively.

A different approach to establishing maximum permissible concentrations of
harmful substances in potable waters has been adopted by Russia (6). The
Ministry of Health of the U. S. S.R. has specified limits for 294 different
substances that could possibly occur in waters used for hygenic and domestic
purposes. The list includes substances originating from both natural and man­
made sources. Several of the substances occurring in ore bodies capable of being
leached by in-site proc1asses are included in the Russian Standards and are not
considered in the U.S. Potable Water Standards. The Russian Standards and the
World Health Organization (WHO) Standards are also included in Table 7-2.

The basis for the Russian Potable Water Standards presented in Table 7-2 are
"sanitary toxicological" (health) and "general sanitary" which is a combination
of aesthetics, tliste, scaling, and gastrointestinal irritation effects. WHO
Standards are based on toxicity, taste, and aesthetics.

Freshwater Aquatic Life

In many instances, compliance with potable water standards is not
sufficient for the protection of many forms of aquatic life. Certain aquatic
species are orders of magnitude more sensitive than man to particular chemicals.
For instance, 0.011 to 0.018 mg/l of copper in a soft water is toxic to fathead
minnows while the standard for human consumption is 1. 0 mg/l, based on taste
problems. The effects of water quality will vary according to specie, age and
environmental conditions. This is obviously a site-specific consideration.

One of the causes for the increased sensitivity of certain aquatic species
to materials in their environlment is the ecological food chain. Lower life forms ,
such as plankton and algae, which are used as food by fish and higher aquatic
life forms, can concentrate particular chemicals to levels several hundred or
thousand times greater than solution concentrations. The higher life forms also
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TABLE 7-2. - Drinking Water Standards

US EPA World Health
0975-77) Russian (970) Organization (WHO)

Limit Basis Limit Basis Limit Basis
mg/1 [a] mg/1 [a] mg/l [a]

Aluminum
Antimony 0.05 H
Arsenic 0.05 H 0.05 H
Barium 1.0 H
Beryllium 0.002 H
Boron
Cadmium 0.01 H 0.01 S 0.05/1.5 T&A
Calcium 200 A
Chloride 250 T 600 T
Chromium 0.05 H
Cobalt 1.0 H
Copper 1.0 T 0.1 S 0.05/1.5 T&A
Cyanide 0.1 H 0.05 H
Fluoride 1.4-2.4[d] H
Iron 0.3 A 0.01/l.0 T&A
Lead 0.05 H 0.1 H 0.1 H
Lithium
Magnesium 150 T&G
Manganese 0.05 A 0.05/0.5 T&A
Mercury 0.002 H 0.005 H 0.001 H
Molybdenum 0.5 H
Nickel 0.1 S
Potassium
Phosphate
Nitrate (as N) 10 H 10 H
Selenium 0.01 H 0.001 H 0.01 H
Silica
Silver 0.05 H
Sodium
Strontium 2.0 H
Sulfate 250 T 200/400 G
Tellurium 0.01 H
Thorium
Tin
Titanium
Uranium
Vanadium
Zinc 5 T
Zirconium
TDS 500 T 500/1500
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TABLE 7-2. - prinking Water Standards - Continued

[a] H=Health (Primary Ddnking Water Regulations, Federal Register V. 40,
No. 148, December 21~, 19i'5, pp. 59566-59579;

T=Taste;

"A=Aesthetics (Secondary Drinking Water Regulations, Federal Register
V. 42, No. 02, March 31, 1977, pp. 17143-17146;

S=Genera1 Sanitary;

G=Gastrointestinal irritllltion

[b] Maximum permissible level related to temperature

[c] Related to sulfate not more than 30 mg/l if there is more than 250 mg/l
sulfate.
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can concentrate materials further until a toxic level is achieved. In recent
years several situations have been identified where concentration through the
food chain has resulted in overall concentration factors of several million
between the aquatic level and the levels of particular species of fish.

It is impossible for a toxicity study to define a single level which affects
all members of a given species equally since individual members exhibit different
levels of resistance to a given toxic substance. Aquatic wildlife standards are
generally based on the environmental concentration that causes death to
50 percent of a population within a specified time period (LD 50). A commonly
used toxicity level is the concentration lethal to 50 percent of the members of a
species within 96 hours (96-hour LC 50). The standard for protection of all
members of a species is set at concentration ranging from 1/100 to 1/10 of the
96-hour LC 50.

Different species exhibit different levels of sensitivity to a given toxic
substance. For example, Ball (7) found that lethal concentrations for coarse
fish were three to four times greater than those for trout. Toxicity levels or
concentrations are related to particular species. While it would be possible to
set maximum permissible values of aquatic wildlife standards at levels
protecting the most sensitive species, these levels would be unnecessarily
restrictive if the sensitive species did not naturally occur in the water body
being protected. The general philosophy in the United States for protection of
wildlife is identification of the most sensitive species present in a given water
body and then selection of water quality standards protecting the most sensitive
specie. Universal aquatic wildlife standards have not been adopted.

In this study no attempt has been made to present a single set of water
quality standards for protection of aquatic wildlife. In Table 7-3, two toxicity
levels are present for materials commonly found in lixivants and in copper and
uranium ore bodies, typical of those processed by in situ leaching. The data in
Table 7-3 was obtained primarily from Water Quality Criteria-1972 prepared by
the National Academy of Sciences for the EPA and Water Quality Criteria by McKee
and Wolf (8). These publications are two of the most complete sources of water
quality data currently available.

Column 2 of Table 7-3 present the range of freshwater concentrations that
have been observed to cause some effect on a variety of aquatic species. These
concentration ranges are sublethal doses for the organisms studied. The effects
used as a criteria for a response include interference with reproduction, changes
in heart rate, respiration and physical movements, hinderance of food intake,
immobilization, diarrhea, hemorrhaging, distress syndromes, loss of equilibrium,
retardation of growth rates, and pigmentation.

The ranges presented in Table 7-3 are not complete in that species may exist
which are less tolerable to a specific substance than those used in the toxicity
studies. The lack of a value for a chemical is due to a lack of data resulting
from insufficient toxicity studies or to the fact that the chemical is not toxic.
For example, while chloride is not toxic at concentrations less than several
thousand mg/l, detrimental effects resulting from upset of the osmotic
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Chemical

TABLE 7-3. - Fish and Aquatic wildlife Toxicity

Recommended Effects of
Range Range of Maximum hardness,

Causing 96m LC 50 Aqueous alkalinity
An Effect Values Concentration dissolved
mg~ ... _~ mg!l mg!l oxygen, pH

.....
In
.l:'-

Aluminum
Antimony
Arsenic
Barium
Beryllium
Boron
Cadmium
Calcium
Chloride
Chromium
Cobalt
Copper
Fluoride
Iron
Lead
Lithium
Magnesium
Manganese
Mercury
Molybdenum
Nickel
Phosphate
Potassium
Selenium
Silica
Silver
Sodium

0.1
1.0
1.8
10

10
0.0004-0.003

920

0.5
0.006

2-130
0.03

5
7.2-740

50-1,000
0.006-0.6

54
0.095

300-1,000
2.5-180

0.00015

5
9-80
5-160

11-4,000
0.15-31

3,600-19,000
0.06-70

2,980-10,000

0.03-340

0.04-75
2.7-260
15-300
4-480
7-850

3,400-17,000
3,400-17,000

0.02-40
70-370

1-43
700-1,380
680-1,330

2.5 data lacking

0.004-1.0
1,100-13,000

0.004-0.03

0.05

0.03

moderate

significant

minor

extreme

extreme

significant



Chemical

TABLE 7-3. - Fish and Aquatic Wildlife Toxicity - Continued

Recommended Effects of
Range Range of Maximum hardness,

Causing 96m LC 50 Aqueous alkalinity
An Effect Values Concentration dissolved

mg/L__ __ mg/l mg/l oxygen, pH

.....
VI
VI

Strontium
Sulfate
Sulfide
Tellurium
Thorium
Tin
Titanium
Uranium
Vanadium
Zinc
Zirconium

0.9-6.0

2-5
0.5-28

0.04-160

114-14,000

16-750

0.4-1,000
1.2-1,000
8.2-120
2.8-135
4.8-55

0.87
14-270

significant
significant
significant
significant
significant

~ 96 m LC 50 = 96 minute exposure - lethal concentration for 50 percent of test population.

Lack of an entry indicates that data is unknown.

Reference: 1972 and 1962 Water Quality Criteria by National Academy of Science and McKee, respectively.



equilibrium will ,occur clt levels of 1,000 to 3,000 mg/l. No attempt has been
made to categorizl~ substances according to critical toxicity modes of action or
mechanisms.

In reviewing the available data, the data was adjusted so that toxicity was
attributed to the proper ion of a salt. Many of the investigations utilized
sodium salts of such chemicals as fluorides and copper. Some of these investi­
gation reviews have reported toxicity in terms of both cations and anions. This
was ·not done in the present study, although there actually were synergistic
effects which would cause the sodium salt of a pa·rticular toxic anion to be more
toxic than the potassium salt of the same anion.

No range of concentrations causing detrimental effects in aquatic wildlife
has been presented for phosphate. The major problem with low level phosphate
discharges is eutrophiccltion, which eventually disrupts the entire ecological
balance of a water body. ExcE~ssively heavy growths of algae can cause the death
of fish by depletion of the dissolved oxygen at lower levels. Also, at lower
depths, oxygen is depleted by both dead algae which have settled and undergone
decomposition, and by viable algae which have been hydraulically transported
downward below the photosynthetic zone and undergo a nonphotosynthetic
biochemical reaction which consumes oxygen.

Data for the ranges of the 96-hour lethal concentration for 50 percent of a
given specie are presented in Column 2 of Table 7-3. It should be reemphasized
that the presented values are not necessarily the minimum toxicity values, since
they have been bclsed on or derived for specific biological species. It is
possible that more sensitive species will be identified, thereby reducing the
lower toxicity limit.

Maximum concentrations reconmended by the Environmental Studies Board of
the National Acade~mies of Science and Engineering for the protection of aquatic
wildlife are listed in Column 3 of Table 7-3. The reconmended limits are based
on lethal toxicity. The Environmental Studies Board has made recommendations for
relatively few of the substances listed in Table 7-3 since toxicity data is
incomplete for all. species at this time.

In several instances the Environmental Studies Board reconmended applica­
tion factors based on the 96-hour LC 50 value. Utilization of application
factors requires that the 9'6-hour LC 50 value be determined for the most
sensitive species before the water quality standard is set as the product of the
application factor and the 96 hour LC 50. Application factors have been recom­
mended where existing toxicity data is sufficient to establish application
factors but not maximum limits for all species or where the sensitivity varies so
greatly from species to species that selection of a single limit would be
excessively restri.ctive in many cases.

Large variations between the lower and upper concentrations of the toxicity
range are due to differences: in specie sensitivities and to the physical,
biological, and chemical conditions under which the toxicity studies were
performed.
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Physical factors include flow velocities, volume of water, bottom contour,
rate of water exchange between surface and lower levels, currents, light pene­
tration depth, and temperature. Much of the data in Table 7-3 is based on
laboratory studies which are conducted under static conditions. Application of
static data to natural water systems is valid if conservative safety factors or
application factors are employed.

The chemical factors with the greatest effect on toxicity of inorganic
substance are concentrations of hardness, alkalinity, chelating agents and
dissolved oxygen and the pH. The mechanisms by which these substances affect
toxicities are not known in all cases. It is believed that pH affects the acid­
base chemistry of both the toxic chemical specie and the organism.

The aqueous chemistry of metals is especially pH dependent in that different
chemical species exhibiting different degrees of toxicity exist in different pH
ranges.

In the neutral pH range, several metals exist primarily in the solid phase
which is generally less toxic than soluble species. At higher or lower pH
values, solubilities increase and toxicity problems occur. The relative
toxicities of solid and dissolved phases is related to the species. There have
been examples where dissolved zinc has been more, equally or less toxic than
suspended zinc particles for different organisms.

The increased solubility at higher, or lower, pH values is the cause for the
presence of most of the metals in the pregnant leach solutions. The use of acid
leach solutions for recovering copper is dependent on increased solubility at low
pH.

Dissolved oxygen concentrations affect toxicity levels by a different
mechanism. Low dissolved oxygen values stress many organisms thereby reducing
their resistances to other toxic substances.

The effects of hardness on the lethal toxicity is well documented for some
metals such as lead, zinc, cadmium and nickel. It has generally been observed
that the toxicity of these metals are reduced at higher hardness levels. The
48-hour LC 50 of zinc increases from 0.5 mg/l at 10 mg/l total hardness as CaC03
to over 4 mg/l at 500 mg/l total hardness as CaC03 • Column 5 of Table 7-3
indicates the relative effects of such factors as hardness, alkalinity,
dissolved oxygen (D .0.) and pH on the toxicities of some of the substances
listed. For copper, the difference in toxicity may not be related to the
difference in hardness per se, but to the difference in alkalinity of the water
that accompanies change in hardness (1).

Chelating agents of both natural and synthetic sources including domestic
wastewater effluents have been shown to reduce the toxicity of copper (10).
Apparently the organic metal complexes do not contribute to the lethal toxicity.
Chelating agents have been found to reduce the toxicity of zinc (11), and it is
probably safe to assume that the toxicities of other metals will also be
affected.
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Although it is known that different species or complexes of a given chemical
exhibit different degrees of toxicity, water quality standards are generally
written in terms of total soluble concentration since the chemistry of most
natural water systems is not sufficiently understood to predict future trans­
formations between species.

In evaluating surf~lce water quality, a question arises as to the definition
of soluble versus solid phases which must be operationally defined by a
laboratory separ~ltion technique. In the present study, which is primarily
concerned with groundw~lters, all solid species are effectively filtered by
flowing through the porous media and only soluble forms can be present.

It is possible that exfiltration of groundwater to a surface stream or river
will result in the formation of solid phases of particular metals due to a shift
in the redox state which could occur when the former groundwater undergoes
aeration. Surface water qualities should be evaluated in terms of the concen­
trations of soluble species.

Metals which have precipitated or have adsorbed to the sediments can reenter
the soluble phase at a later time through dissolution or desorption processes
resulting from shifts in chemical equilibrium brought about by changes in
concentrations of soluble methods, or chelating agents, pH or oxidation state.

Leaching Solutions

There are two sources of potentially toxic lixiviant constituents:
1) chemical added to the lixiviant to enhance its leachability; 2) species in the
ore which solubilize. It is possible to generalize about the first source since
there are a limited number of chemicals which are used in the preparation of
lixiviants. The second source is site specific and depends upon the composition
of the ore being recovered.

Lixiviant Additives

The identity and approximate concentration range of the chemicals most
commonly used in uranium and copper lixiviants are presented in Table 7-4. The
concentrations of oxidants such as oxygen or hydrogen peroxide are not included
in Table 7-4 since the oxidant decomposes and only appears at low concentrations
in recovered solutions. Hyd:rogen peroxide is rapidly reduced after injection
into an ore and has not appeared in detected excursions. Also included in
Table 7-4 are the problems or potential problems associated with each of the
specific additives.

The lixiviants do not mee,t the drinking water standards because of excessive
total salinity (total dissolvE~d solids) and excessive concentrations of specific
toxic species. The amnonia used in native copper and uranium lixiviants is
normally oxidized to nitrates if it is not adsorbed to the clay fraction of the
ores. There has been speculation as to the occurrence of ammonia nitrification
but review of groundwater quality data indicates that ammonia in groundwaters is
only detected in relatively low concentrations, for instance, less than
1-2 mg/I.

158



TABLE 7-4. - Composition of Conventional Lixiviants and Potential
Drinking Water Problems

Leachant
Components

(Partial)

U.S.
Leachate Secondary

Drinking
Porphyry Native Water

Copper Copper Uranium Standards
g/l g/l g/l g/l

Problem or
Potential Problem

Annnonia (as N)

Bicarbonate/carbonate
~

~ Copper

Iron 0-1

25-50

10-25

0-3

0.5-1.5

0.5-2

(0.0l)*

0.001

0.0003

Taste and potential
conversion to nitrates
which can be toxic

Excessive Salinity

Taste and aesthetics

Taste and aesthetics

Sodium

Sulfate

Total Dissolved Solids

pH**

0-0.1

5-10 - 2-5 0.25 Gastrointestinal
Irritation

10-30 25-50 1-3 0.5 Gastrointestinal
Irritation

1-2 9-11 1-2 & 9-11 6.5-8.5 Toxicity

* U.S. Primary Drinking Water Standard for nitrate as N.
**pH in conventional units, not g/liter.



No attempt has bElen made to estimate the concentration of each specie
presented in Table 7-4 whic:h will remain in solution in the event of an
excursion. Cert,ain spE!cies can precipitate (sulfate, iron) or be adsorbed to
mineral surfaces in the ore (ammonium, hydrogen ions).

Ore Solubilized Species

A great variety of highly toxic species can be solubilized by the action of
certain lixiviants on particUilar ores. Very little published information on the
concentrations of trace metals in pregnant solutions currently exists. Without
such information, it is: difficult to generalize about the overall toxicity of
leaching solutions.

In Table 7-.5 the concentrations of constituents identified in pregnant
solutions are presented, as well as the ratio of that concentration to the
potable water standard. The ratio is important in evaluating the dilution which
is necessary before the constituent reaches the potable limits. For example, the
total dissolved solids in a porphyry copper leaching solution exceed the potable
water standard by a factor of 40. Therefore, at a minimum, natural dispersion
would have to mb: each volume of porphyry copper lixiviant with 40 volumes of
good quality groundwater before the total dissolved solids would be diluted to a
range acceptable for potable 'waters. Beryllium in the same lixiviant exceeds the
potable standard by a factor of 25,000. While simple dilution by natural
dispersion would not be adE!quate to reduce the beryllium concentration to
required potable limits, it is highly probable that specific chemical phenomena
such as precipitation or absorption could significantly reduce the concentration
of this specie.

It should be emphasized that the data in Table 7-5 is limited by the
availability of accuratE~ data on the complete chemical compositions of pregnant
liquors. The information is based on partial analyses of samples obtained at a
single location with a specific ore.

HYDROrnGICAL ASPECTS OF MONITORING PROGRAMS

The obvious objective of the groundwater monitoring program is detection of
subsurface excursions of leaching solutions. A subsurface excursion is defined
as the escape or loss of containment of any injected leaching solutions (barren
or pregnant) from within the boundaries of the area being mined. Monitoring
requirements for Texas a,nd Wy,oming uranium in situ solution leaching operations
are presented in Chaptl!r 6. In the present chapter the general hydrologic
aspects of monitoring are presented.

Causes of Excursions

Excursions can be due to improper balances between injection/extraction
rates, undetected high permeability strata or geological faults, uncon~rollable

changes in piezometric preSllures of confined aquifers or establishment of
density induced flows.
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TABLE 7-5. - Constituents in Leachin Solutions Relative WHO
and Russian Potable Water Standards

Standard
For Porphyry Copper Native Copper Uranium

Potable Coneen- Coneen- Coneen-
Water tration Conc./ tration Conc./ tration Conc./

Constituent mg/l mg/l STD mg/l STD mg/l SID

NH3 0.5 4,000 8,000 3,000 6,000

As 0.05 0.5 10

Be 0.0002 5 25,000

Cl 250 870 3.5 200 0.8

Co 1.0 2.0 2

Cr 0.05 4 80

Cu 1.0 1,000 1,000 650 650

Fe 0.3 3,000 10,000

Pb 0.05 2 40

Mn 0.05 100 2,000

Mo 0.5 10 20 125 250

Ag 0.05 0.10 2

Na 200 250

8r-90 2.0 15 7.5

8°4 200 15,000 75 1,500 7.5

TDS 500 20,000 40 12,000 24 12,000 24

[1] Source of many constituents is the ore being leached.
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Imbalances between injE!ction and extraction rates can occur in either a
localized area or over the entire area being leached. Localized imbalances can
occur as a result of ml~chani.cal equipment failure or clogged injection/extrac­
tion wells connected to common manifolds where only total flowrates are measured.
A single well or several wells which become clogged and cease to function could
go undetected since the other wells on the common manifold would compensate for
the loss of flow" The total flow through the mainfold could remain unchanged •

. Clogging of an extractil,n well on the perimeter of the leaching area would
permit a 10calizE!d groundwatE!r "mound" to develop and cause solutions to flow out
of the area. In}ection well clogging would cause an increase in the flowrates of
the other injection wells on a cOIIlllon manifold. This could cause a localized
excursion where injection I'ates exceed the extraction rates • No excursion
problems would occur in those other areas where extraction rates exceed injection
rates.

The severel1teSS of localized excursions resulting from clogging on an
injection/extraction WE!l1 is a function of the position of the clogged well
within the total injection/extraction system. It is highly improbable that
imbalances occurring in the i.nterior of the injection/extraction system could
result in escape of solutions from the leaching area.

Figure 7-8 illustrates a potential excursion of leaching solutions
resulting from the presencl~ of strata with relatively high permeabilities.
Generally, any su.ch ZOnE!S are detected during the logging of the test, production
or monitoring borings. Recovery of solutions from high permeability zones is
possible by proper location of extraction wells and optimum spacing of the casing
perforations.

The existence of either a vertical or horizontal geological fault can result
in the escape of fluids from the mining area. Such faulting would typically be
identified from geophysical testing or analysis of boring logs. Faults or
fissures are the primary escape paths for leaching solutions in porphyry copper
deposits.

Leaching Zone Hydrodynamic Characteristics

The objective of a monitoring well is to intersect solutions which are
flowing out of the leaching :~one. Figure 7-9 illustrates a conventional layout
for a system of perimetl~r monitoring wells in porous media. Also illustrated in
Figure 7-9 are two hypothetical excursions, one of which passes undetec ted
through the monitoring 1Hell perimeter. Under the conditions of the hypothetical
example the success of dete:ction is simply dependent on the location of the
excursion relative to the monitoring well and the width of the excursion plume
which is controlled by the hydrodynamic characteristics of the porous media.

Uranium bearing sandstones typically have porosities ranging from
36 percent to 43 percent and permeabilities between 200 and 4,000 mil1idarcys.
Typical native w,ater velocities range between about 1-30 meters (3-100 ft) per
year.
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~---..~ EXCURSION

(a) PLAN VIEW OF GENERAL FLOW AND EXCURSION

RECOVERY INJECTION GENERAL FLOWr....~
EXCURSION

(b) ELEVATION VIEW ILLUSTRATING GENERAL FLOW AND EXCURSION

FIGURE 7-8 EXCURSION RESULTING FROM THE PRESENCE OF HIGH PERMEABILITY
STRATUM OR FAULT
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Figure 7-9 is not representative of the groundwater hydrology of porphyry
copper deposits which occur in rock or fractured rock. Great variations occur in
the water transmission charac:teristics of rock aquifers and it is impossible to
present generalil~ed or universally applicable values. Additional hydrologic
details for speci.fic orl;! bodies are presented in Chapters 3-6.

!lonitoring Well Systems

Location of Monitoring Wells

The location, spacing and number of monitoring wells is a function of many
parameters including the area of the in situ operation, the hydrodynamic
characteristics o,f the leaching zone, the operating procedures of the monitoring
wells, the nature: of the strata overlying and underlying the ore zone, and the
potential damage resulting from leaching solution excursions.

Operational Procedures for Monitoring Wells

The rates of pumpi.ng from a monitoring well can effectively increase its
zone of influence and inc:rease the probability of excursion detection.
Theoretically, all unpumped monitoring well can only detect leaching solutions
when the solutions come in direct contact with the well casing. Practically,
however, removal of the sample causes replacement groundwater to flow into the
casing and results in a small detection zone. The actual size of the zone could
be less than one or two feet depending on the volume of the sample and the length
of the perforated zone in thEl casing.

The situation has occurred in which excessive pumping of a remote monitoring
well has caused the processing solutions to flow from the mining area. This is
now a recovery well for the duration of the leaching operation.

~lectri.cal Resistivity Detection of Excursions

Electrical resistivity is a technique which can determine subsurface
characteristics from a series of ground surface tests. The relative resistances
between electrodE!s are indiciations of the subsurface formation characteristics
and the salinity of the groundwater. While the resistivity techniques have
generally been used to defin,e geological characteristics and to locate ground­
water, they have been successfully used to define the presence and extent of
groundwater contamination or pollution <'!.V [Berk and Yare, 1977;
Hackbarth 1971; V;rarner 1969; Yare 1975].

The conventional technique involves measurement of the resistance between
four equally-spaced vertical electrodes. The potential drop, applied current
and electrode sp"Lcing are USE!d to calculate the apparent resistivity which is a
measure of the resistanc:e of all materials down to a depth which is proportional
to the spacing of the electrodes.

A more sensitive system for excursion of detection from in situ solution
leaching operations would result by installation of the electrodes within the ore
body.
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Electrical resistivity measurements can be used to define the presence and
extent of groundl07ater contamination if the resistance of the pollutant markedly
differs from that of thl~ native groundwater. The sensitivity of the technique is
improved by the presence of relatively homogeneous subsoils, uniform shallow
water tables and flat topogra,phy. Monitoring of pollutant excursions can be
performed by comparison of resistivity surveys obtained prior to and after
commencement of lthe mining operation or by comparison of surveys in mining areas
with those in virgin .ueas. Typically, a routine monitoring program would
consist of measuldng potentLal drops and applied currents between various pairs
of electrodes in an electrode grid system. A difference in measured values would
indicate an excursion.

The geological, groundwater and lixiviant characteristics of in situ
uranium mining are favorable for electrical resistivity detection of excursions.
The technique helS pote:ntial for early detection of excursions since escaped
lixiviant would decrease thl~ apparent resistivity prior to its arrival at a
monitoring well. Resistivity measurements could be used to control the operation
of the pumping/injection system to optimize uranium recovery.

Potential problems which might interfere with the method include the
electrical short-circuiting of the pipeline grids in the mining area. The
inhomogenity of the porphyry ore deposits prevents the use of electrical
resistivity to detect leaching solution excursions. Likewise, the character­
istics of native copper ore deposits will not permit successful application of
this method. A possible excursion that would allow the use of this method would
be in low-grade copper ores (relatively low conductivity).

If demonstr,ation studies indicate that electrical resistivity techniques
are adequate for groundwater monitoring around uranium in situ operations, the
techniques would be environmentally favored when compared with a system of
monitoring wells" Monitoring wells require that holes be drilled through various
horizontal strat'i which isoLate separate aquifers.

Al though the we 11 s
contaminants can escape
aquifers.

are cased and
from the zone
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS - IR SITU LEACHING

INTRODUCTION

. In situ leaching processes for recovery of uranium in sandstone hosts and
porphyry copper are currently technically viable. In situ mining of native
copper from deposits such as those in Houghton County, Michigan remains to be
demonstrated. In general, the environmental impacts of mineral recovery by the
in situ leaching techniques are significantly less adverse than those of
conventional mining and milling practices. This is especially true for uranium
mining where disposal of tailings produced by the conventional mining methods is
a major environmental problem, as seen by recent legislation.

As of 1978, the environmental impacts of in situ leaching were not
completely defined due to the techniques' state of development. A much better
understanding of the direct and indirect impacts will occur over the next two-to­
five-year period when production scale and additional pilot scale operations
will be conducted.

NON-RADIOLOGICAL ENVIRONMENTAL IMPACTS

Terrestrial Environment

In situ techniques require significantly less disturbance of the overburden
than conventional techniques. This enables more rapid and less costly reclama­
tion of the terrestrial environment after closure of the mine than is possible
with conventional techniques. The blasting required to fracture the porphyry
copper deposits has only short term detrimental effects on the surface ecology
and will not limit the applicability of the techniques. Of greater importance is
the lixiviant application technique. Surface spraying of acid solutions can be
environmentally unacceptable depending on site specific conditions, Acid mists
can travel relatively long distances (0.1 to 1 km) and can damage flora and
fauna. This problem can be eliminated by modification of the lixiviant
application system.

Construction activities associated with mine establishment and operation
will produce dust, exhaust emissions, surface disturbance, and noise disturbance
characteristic of any construction operation. Such disruption is of relatively
short duration but may have comparatively greater adverse aesthetic and
biological impacts than most construction activities due to the frequent
pristinity of the areas being mined.

The surface subsidence resulting from block caving can be substantial
6-30 meters (20-100 feet) depending on the volumes of ore extracted. In terms of
in situ leaching, block caving is a fragmentation technique for increasing
permeability of the ore body.
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Air '~ality (Non-Radiological)

The in situ techniques evaluated will only have minimal impacts on the
geographical areas investig;ated in this study. Minimal dust and exhaust
emissions will occur during construction and operation. The only measurable
potential atmospheric emissions are sulfuric acid mists from spray lixiviant
applicators at porphyry copper mines and anmonia gas and ammonium chloride
particulates at the evaporation ponds and yellowcake dryer at uranium recovery
plants. In terms of atmosphleric emissions, in situ techniques are superior to
open pit mining methods which produce large amounts of dust and exhaust
emissions.

Water Environment

In situ leaching, by its nature, has certain. potential for groundwater
pollution. The adverse impacts to the water environment can be minimized and
even eliminated by proper monitoring and restoration actions. In this section the
conclusions regarding the environmental impacts for each of the three ores
investigated in this study are summarized.

Porphyry Copper

There have been relativE!ly few in situ leaching operations for extracting
porphyry copper. The majority of existing and past applications of the technique
have used sites previously mined by conventional techniques. Very little effort
has been given to documentil1~g the baseline conditions or the effects of such
operations. The following conclusions are based on the limited data available on
in situ leaching of copper and the wealth of information on heap and dump
leaching.

The proposed lixiviants for porphyry coppers are toxic in view of their low
pH and high tracl~ metal contents. While the exact compositions of pregnant
lixiviants are u.nknown, the chemical nature of the lixiviant and the ore
compositions indicate that many toxic metals will be present in the enriched
solutions.

Although the porphyry copper deposits do not occur in aquifers, faults and
fissures common to most depol3its provide potential paths for lixiviant escape
from the mining area. Detailred geologic studies will be required to define the
presence and characteristics of any such communication paths. Typically such
fissures or paths will surface or end in alluvium aquifers. The lack of
containment of leaching I;olution within the ore body could cause contamination of
surrounding potable watE!r aquifers. While the potential for such degradation
exists for all in situ operations, its actuality is determined by site specific
conditions.

The limited application of in situ leaching of porphyry copper has not
resulted in definition of restoration requirements. It is highly probable that
the groundwater protection aspects of the Safe Drinking Water Act will require
the development of guidl~lines: for the protection of groundwater from in situ
leaching operations.
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mine area are possible. While hydrologic
of leaching solutions from faults and
such clean-up operations have not been

Excursions of lixiviants from the
principles indicate that extraction
fissures is theoretically possible,
sucessfully demonstrated.

Restoration demonstration is obviously in the same category as clean-up
operations. One significant factor is that porphyry copper deposits do not occur
in aquifers. It might be environmentally acceptable to leave leaching solutions
in the mine area if it can be demonstrated there is no possibility of
communication with potable aquifers.

In a properly designed and operated in situ leaching operation, there will
be no surface discharges. Flows to permitted evaporation ponds are not surface
discharges since the ponds are within the mine site boundaries. This eliminates
adverse impacts to surface waters other than those caused by excursions via
faults and fissures.

Evaporation ponds will probably be used for disposal of process
wastewaters. Seepage from unlined ponds will permlt transport of toxic solutions
to the surrounding environment. Such seepage will generally cause unacceptable
levels of environmental degradation and it is highly probable that evaporation
ponds will require impervious liners. Any outflows will likely require treat­
ment. Proper closure procedures for the ponds are needed at completion of
operations.

Tailings ponds are currently used for disposal of process wastes from
conventional porphyry copper mining and milling operations. The presence of
large amounts of tailings in conventional tailings ponds results in a natural
sealing of the pond. This will not be the situation with in situ evaporation
ponds since no tailings are produced. Beneficiation of the enriched lixiviant is
a solution processing operation which produces or involves no solids.
Evaporation ponds are very well suited to the desert southwest, where precipi­
tation is low and evaporation rates are high.

Any mining operation in the desert southwest impacts the available water
supplies. In situ opertions have relatively low consumptive water usages. This
is a significant advantage over conventional mining and milling methods which use
large quantities of water for dust control and processing of tailings.

Native Copper

The technical feasibility of in situ leaching of native copper has only been
demonstrated on a laboratory/pilot scale. There have been no attempts at in situ
leaching any natural ore or low grade ore backfilled in stopes. Laboratory
studies indicate that initial lixiviants are toxic. Recycled lixiviants
solubilize gangue constituents and become more toxic.

The primary hydrologic consideration of any in situ mining operation is the
protection of surrounding aquifers. The native copper formations do not have
natural subsurface communication paths with aquifers in adjacent formations and
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the potential for escape of lixiviants is low. There is, however, a potential
problem with contctmination of the waters within the native copper formation which
are presently filling the abandoned mines in the area proposed for leaching. As
discussed in Chapter 5, these waters are currently being used as potable supplies
by several small c:ommunities i.n the region. While water supplies did not exist
naturally in thesE~ formations, their degradation could be considered an adverse
environmental impact. The pr,eviously mined ore zone contains hundreds of miles
of interconnected tunnels. At one time it was possible to travel approximately
32 km (20 mi) horizontally through adjoining mining operations. Attempts had
been made at sealing sE!ctions of the ore body with concrete bulkheads. The
integrity of these bulkheads is unknown and will be difficult to evaluate. The
saline water formations at depths greater than 3,000 meters (10,000 feet)
provide a disposal site for process wastewaters containing large concentrations
of inorganic salts. The consumptive use of water by in situ mining in the native
copper region would have insignificant impacts on regional or local water
supplies.

Uranium

The concern over potential contamination of groundwater by uranium in situ
leaching operations is greater than for porphyry and native copper in situ
mining. This is because of the radionuclides associated with uranium and because
of the immediate potentLal for significant growth of the uranium solution mining
industry.

Both the acid and alkaline lixiviants are toxic due to
salinities. The recirculated solutions are highly toxic due to the
tion of radium and other toxic trace metals. The escape of barren
lixiviants from the immediate :mine area will result in degradation of
quality.

their high
solubiliza­
or pregnant
groundwater

The quality of native water in most ore deposits generally do not meet the
potable water stcmdards. In many instances, the waters are also unfit for
consumption by li"estock. The waters in the vicinity of the roll front deposits
generally have total dissolved solids (TDS) concentrations in excess of 500 mg/l
which exceeds recolIlllended drinking water standards. This excessive TDS concen­
tration (500 to 1,000 mg/l) is: not a basis for rejection of the water for potable
uses.

Leaching solutions have the potential for solubilization of many trace
metal constituents of the gangue. The composition of each recycled leaching
solution will be unique. This may not affect the environmental considerations
since the solutions must be contained and isolated from the environment due to
their uranium content.

During normal operations, there is a moderate probability that excursions
could occur. Excursions ~ill not significantly affect the groundwaters
detrimentally if clean-up opE~rations are initiated immediately. Clean-up has
been demonstrated to be technically viable, but expensive, when loss of
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production is considered. The escaped solution can be returned to the main ore
body by increasing the extraction rates relative to injection (!).

The use of monitoring wells appears to have a high probability for detection
of excursions. The current guidelines for the number and location of monitoring
wells as required by the State of Texas appear sufficient to prevent any signifi­
cant release of solutions from the general mining area. Review of the literature
has not revealed any in-depth analysis of the probability of excursion detection
by monitoring well systems under the aquifer conditions characteristic of roll
front uranium deposits. Such a study is recommended to verify the suitability of
the adopted monitoring guidelines.

The possibility of undetected, long-term excursions is extremely small if:
1) adequate premining hydrologic studies are performed to define the character­
istics of the ore deposit; 2) mass balances on the leaching solutions are
performed on a routine and monthly basis. If such excursions do occur,
dispersion will dilute the levels of all constituents as the solutions flow from
the mine site. Insufficient data exists for prediction of the maximum
contaminant concentration as a function of distance from the plant site.

Pilot scale operations have demonstrated that is is possible to reduce
concentrations of solutions in leached areas by sweeping with native ground­
waters. To date, complete return off all constituent levels to baseline concen­
trations has not been fully demonstrated. Specifically, the south Texas
operations have experienced difficulties in removal of ammonium ion sorbed to the
clay fraction of the ores. It has been reported that sweeping with 10 to 15 pore
volumes only reduces ammonium concentrations to approximately 20 mg/l
(as N) (!).

Techniques are currently under evaluation for accelerating the restoration
process by the use of chemical additives in sweep solutions. These additives are
based on the facts that adsorbed ammonium ion is removed by an ion exchange
reaction and that the exchange ion can be systematically added to the flushing
water. Chemical additives would be advantageous when surrounding native ground­
waters have low potential for successful flushing.

The gradual desorption of ammonium ions into the groundwater does not
neces'sarily mean that the ammonium ions will be transported any significant
distance. The clays in the deposits surrounding the mine will adsorb and retain
the ammonium ion. The waters would have to be used in the immediate vicinity of
the mining area or it is improbable that they would contain significant
quantities of ammonium ion.

Investigations are currently being conducted to identify alternatives for
the ammonium ion in alkaline lixiviants. It appears that potassium may have
similar uranium leaching characteristics without the restoration difficulties.
Additional research must be performed to verify this.

In situ leaching and the uranium recovery processes produce liquid wastes
which must be segregated from the environment. Properly designed and operated
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lined evaporation ponds and deep injection wells appear to be suitable disposal
techniques.

Restoration by sweeping produces the greatest volume of wastewaters. The
composition of the restoration. waters dictate that they be isolated from the
environment.

Membrane desalination processes such as reverse osmosis and electrodialysis
can be used to reduce the volumes of wastewater which must be disposed. These
systems which have been used since 1972 for treatment of various industrial
wastes produce two liquid streams: a concentrated wastewater brine and potable
water. Reverse osmosis is capable of reducing waste stream flowrates by a factor
of 2 to 6 at considerable costs.

The treatment-disposal requirements for waters used in uranium in situ
leaching preclude the use of large quantities of water. This limits the amounts
of water which will be used in such operations. The consumptive water use of in
situ solution leaching should not adversely affect the regional water supplies in
either Texas or Wyoming .•

RADIOLOGICAL IMPACTS OF URANIUM SOLUTION MINING

Properly designed and operated solution mining and uranium recovery
operations do not produce appreciable radiological emissions. The water and
terrestrial environments do not receive direct emissions of process waters or
waste solids. The only radiological emissions are radon gas from the pregnant
liquids surge tank and the water purification system and uranium 238 dust from
the yellowcake dryers. These emissions from a typical 227,000 Kg/yr
(500,000 lb/yr) tiline and recovery plant produce a radiation dose to humans
located 6.4 km (4 miles) a"ray of only 0 .009 millirem/year. This is only
0.002 percent of the annual maximum whole body dose recommended by the NRC.

Uranium recovery using the in situ leaching technique has significant
environmental advantages over the conventional mining and milling methods. The
most important advantagl~s arE~ the release of only small amounts of radium from
the ore body, thE~ lack of significant volumes of tailings which can generate
significant quali. ties of radon gas, and the lack of major disruption of the
surface environment.
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CHAPTER. 9

HYDRAULIC BOREHOLE (SLURRY) MINING

INTRODUCTION

Hydraulic borehole (slurry) mining (hereinafter referred to as hydraulic
borehole slurry mining) has been proposed and demonstrated as a technique for ore
extraction and transport. The technique eliminates the massive surface
disturbances occurring with open pit mining and the occupational hazards of
tunnel mining.

In the following descriptions of the technology and the discussion of
environmental aspects, it is emphasized that hydraulic borehole slurry mining
has been demonstrated only recently as a technically viable process and has not
undergone extensive commercial pilot testing. The existing equipment is
cOlIlIlercially used for other applications, and it is expected that commercial
hydraulic borehole mining operations will be developed in the near future.

The process of hydraulic borehole slurry mining is depicted in Figure 9-1.
Initially, a borehole is drilled into the ore zone. Next, the ore is slurried by
a cutting jet-pump device and then it is pumped to the surface. The slurry is
processed by conventional beneficiation operations. The tailings are used to
backfill the borehole cavities and minimize subsidence.

The use of water jets to fragment rock which occurs in the borehole is not a
new technique. It was used effectively by the placer miner and has been
commercially used in the recovery of gilsonite in Utah. The primary difference
between placer mining and hydraulic borehole mining is that the borehole
technique takes place below the surface while placer mining occurs on the
surface. The nature of the technique makes it applicable to shallow ores (30 to
300 meters below the surface) which can be slurried by hydraulic jetting. Major
cOlIlIlercially-developed candidate ores are pebble phosphates and uranium
sandstones. Borehole mining appears to have potential application in the
recovery of certain mineral ore deposits which cannot be mined by conventional
techniques due to economic and environmental considerations. This mining
approach eliminates all hazards to the miner posed by underground tunneling.
Since all subsurface activity is accomplished with machinery, the process could
have significant economic advantages in view of the high cost and dangers
associated with men working underground. The technique also affords the
opportunity to reduce environmental degradation associated with conventional
mining by surface disruption and providing for the return of the majority of the
tailings into the borehole. The technique does result in a potential wastewater
problem, since the liquid phase of the slurry must be properly disposed if
adverse environmental impacts are to be prevented.
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DESCRIPTION OF TYPICAL OPERATION

The following description of a hydraulic borehole slurry m~n1.ng operation
is based on a recently developed hydraulic cutting jet. In terms of environ­
mental aspec ts, this particubr jet is typical of other demonstrated and proposed
mining units.

Access to the ore is provided by drilling a hole of sufficient diameter to
acco1DIllodate the hydraulic jetting tool. Typically, a 45-centimeter 08-inch)
diameter hole would be drilled to approximately 2 meters (6 feet) below the
mineral bearing strata. A casing would be installed above the ore body to
prevent cave-ins of the overburden. The cutting jet assembly is positioned in
the hole at the end of ~l rigid service column containing the necessary conduits
for pressurized water and transport of the slurry to the surface. The lower
section of the cutting jet assembly contains the slurry pump which is positioned
in the hole belm,;> the ore body. After the mining unit is positioned in the
borehole and the above ground equipment (pumps, tanks, separators, etc.) are
installed, the high pressure 1",ater, bearing and seal water, slurry and hydraulic
connections are made.

Normally, the underground m~n~ng operation is started with the jet set at
the lowest position. The jet rotates and cuts material through an arc of 200 to
300 degrees leaving a segment of unmined material to support the overlying
strata. The material is removed to a radius of up to 25 meters (76 feet)
depending on the properties of the ore and the design of the jet system, such as,
pressure, nozzle, shape, and diameter. After this material is removed, the jet
is raised to reach the next level of ore. The slurry is pumped to the surface
where it is decanted for processing. The decanted water is recycled and used for
slurrying new ore. Trea,tment requirements for this water are minimal since low
concentrations of suspended solids do not interfere with the jetting operation.
Various other provisions can be incorporated into the borehole slurry pump to
control problems specific to particular ores. For example, in the event the
slurry pump intake becomes clogged with oversize material, a flush jet could be
employed to clear the slurry pump intake area using high pressure water.

The duration of mining at a borehole is simply a function of the ore
characteristics and the capacity of the jetting apparatus. It has been projected
that a 15 to 25-meter (46 to 77-foot) diameter borehole could be completely mined
in 8 to 24 hours 0 to 3 working days), assuming an ore zone of 10 meters
(30 feet) thickness.

It has been proposed that large ore bodies be mined with a systematic
drilling, mining, processing .and backfilling operation such as that illustrated
in Figure 9-2. The initial mining pattern would leave substantial ore between
boreholes for support of the surface. These areas would be mined in a second
phase after the original boreholes are backfilled. Figure 9-2 illustrates one
secondary recovery bore located adjacent to the completed, backfilled borehole.
The secondary recovery boreholes will have to be located in a pattern preventing
previously backfilled tailings from flowing into the secondary borehole. It is
possible that future development studies will identify additives for
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stabilization of backfilled tails to prevent their repeated extraction. Based on
geometric considerations, 75 to 80 percent of the ore in a given deposit should
be minable. Chl~mical stabilization additives could increase the maximum
recovery.

APPLICABILl TY

The primary prerequisite for borehole slurry m~nl.ng is that the ore be
amenable to fractu.re by a hydraulic jet. Demonstration tests have indicated that
certain pebble phosphates and uranium-bearing sandstone ores can be mined by
hydraulic jets and transported as a slurry (l). Excessive jetting requirements
increase the costs of thE! hydraulic borehole techniques to the point of economic
nonviabili ty.

In the following two chapters, the applicability and potential environ­
mental effects of hydraulic b01rehole slurry mining techniques for the recovery of
uranium from sandstone ores and phosphate from pebble phosphate ore are
described. It is again emphasized that as of 1978, no commercial projects were
in operation and that the environmental analyses are based on limited
demonstration projects ,and descriptions of the techniques published in the
literature.

E:NVIRONMENTAL ASPECTS

Modification of Adjacent Aquifers

Hydraulic borehole slurry mining has the potential to impact many aquifer
characteristics. These impacts range from very slight to extremely significant
and can vary from short- to long-term in duration, with some being irreversible.
In general, most physic~ll, chemical, and biological processes within aquifers
are relatively slow. Thus, although an aquifer can be impacted significantly
within a short period of time, returning the aquifer to its approximate original
state may require a very long period of time. Because of this slow recovery
process, any adverse impact acquires greater importance.

Borehole operations may be located above or below the natural groundwater
table whether or not the aquifer is confined (Figure 9-3 illustrates these
situations). Location of the groundwater table below a hydraulic borehole
provides an opportunity for transport of soluble chemical constituents into the
aquifer. The potential source:s of soluble constituents are the water used for
the hydraulic jetting and leachable constituents in the ore or the underlying
strata.

Rates and Composition

The rate at which constituents are transported into adjacent strata is a
function of several factors, i.ncluding: 1) the original permeabilities of the
surrounding strata;; 2) the tendency of the slurried ore to clog the flow channels
and thus reduce permeabilitiE~s; 3) the magnitude of the hydraulic gradients
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established during and a.fter :mining operations; 4) the duration of the borehole
operation.

The constituents leached from the ore or underlying strata will depend upon
the geochemical reactions occurring between the aqueous and solid phases. The
degree of leaching or solubilization is affec ted by various physical and
geochemical parameters including oxidation potential, pH, temperature and
composition of thl:! water and the underlying strata. These factors are all site
specific, and it is impossible to project specific constituents without
extensive data.

Mitigative Procedures

If significant contaminaj~ion of an underlying aquifer does occur, there are
various control techniques which can be employed to restore the aquifer.
Figure 9-4 illustrates the utilization of extraction wells to recover leachant
once it enters thl:! zone of saturated flow. Proper adjustment of the extraction
well flow rates can enable the extraction rate to balance the seepage into the
aquifer. Such a balance results in a condition where there is no net flow to the
surface or into the aquifer.

Other possible techniqutes for reduction or elimination of contaminant
leaching include chemical modification of the hydraulic fluid to prevent
solubilization of toxic substances, and hydraulic fracturing and grouting of a
strata directly below the horehole. Interception of the seepage in the
unsaturated zone would require installation of collection galleries over
100 percent of the area under the borehole since unsaturated flow cannot be
controlled by comTentional pumping techniques.

Consumptive Water Use

A major environmental problem with a hydraulic borehole located below the
groundwater table is thle disposal of the excess water produced by the mining
operation. A hydraulic jet will only be effective if the borehole is completely
dewatered and the cutting jlet comes in direct contact with the ore. The
dewatered boreholE! acts ,as a large diameter well and can produce large quantities
of water depending upon the hydraulic characteristics of the water bearing
strata. The flow of w~lter into the borehole is affected by the size of the
borehole, its depth below the groundwater table and the duration of the
dewatering operation. Excess water can be minimized by completion of the mineral
extraction operation as rapidly as possible.

In water short areas, thl~re may be adverse environmental effects resulting
from evaporation or consumptive use of the excess water. The mine operator may
be required to obtain legal ownership of the water before being permitted to
develop the borehole.
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Improperly Sealed Casings

A variation of the hydrologic scenarios described above is the occurrence of
perched or isolated aquifers above the borehole. Any penetration of a strata
isolating two aquifers provides the opportunity for the transmission of water
from one aquifer into the other. Potential problems which can result from an
improperly sealed casings inchlde: 1) flooding of borehole; 2) loss of valuable
water resources if potable water flows into nonpotable aquifers;
3) contamination of the potable aquifer by saline, brackish, or contaminated
waters; 4) reduction in piezometric pressure of wells in surrounding areas.

It should be noted that the potential subsurface environmental problems
described above are not unique to in situ slurry techniques. Extraction of the
ore by any other available techniques would result in equal or greater
disturbance of the existing conditions.

Subsidence

Subsidence is defined as i3inking of the ground surface. The sinking causes
damage to surface structures such as buildings, roads and utilities.

Causes

Subsidence occurs in many areas and is not unique to areas mined by borehole
slurry techniques. Collapse of any subterranean void, whether it is a mine or a
natural occurrence, will cause surface subsidence if all strata between the void
and the surface collapse. It has been proposed that boreholes be backfilled to
prevent subsidence. HowE~ver, subsidence can occur even though the borehole is
backfilled with the tailings produced by the mineral beneficiation process.
Figure 9-5 illustrates the con~action of backfill, the collapse of the roof of
the borehole, and the resulting subsidence of the overlying strata. The original
borehole was not filled properly, or was incompletely filled or not fully
compacted.

Factors Affecting Degree of Subsidence

The degree of subsidence is affected by various parameters or factors which
can be broken down into three categories: backfill techniques, nature of over­
burden, the geometry of bore:hole. The techniques used during the mining
operations should not significantly affect the resulting degrees of subsidence.

The various parameters of the backfill operation which affect the degree of
subsidence include the degree of moisture of the backfill material, the grain
size distribution of the backfill material, chemicals which are added to modify
the strength or dewatering properties, and the actual dewatering period.

Probably the most important factor controlling the degree of surface
subsidence is the nature of thre strata between the surface and the borehole. If
adequate strength of the strata persists, no surface subsidence will occur even
though the borehole is not bac:kfilled. This would be similar to an open mine.
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The strength of the overburden can be affected by the degree of saturation of the
materials. If the I!lining operation modifies the subsurface hydrologic
conditions, it is possible that surface subsidence could occur as a result of
dewatering the overlying str~lta. Such subsidence depends on the nature of the
strata and the degree of dewatering.

Various borehole c.haracteristics determined by the mining operation can
also affect the degree of subsidence. Specifically, the depth of the borehole
can affect the actual volume ()f void produced by compaction of the backfill. For
example, when subsidence is due to compaction of the backfilled tailings, a
12-meter 07-foot) thick borehole would produce twice the subsidence as would a
6-meter (l8-foot) thick borehole. Secondly, the depth of the borehole below the
surface has a significant eff,ec t on surface subsidence. In general, the greater
the depth of the roof of the borehole below the surface, the smaller the amount
of subsidence. This is because of the natural ability of the overlying areas to
dissipate subsidence. Other factors which effect the extent of subsidence
include the diameter or the standoff of the borehole, the degree or cut of the
borehole (that is:, whether a full 3600 is used or only a 2700

), and finally, the
spacing of the support pillars between the boreholes.

Mitigative Actions

At the present time, borElhole backfilling has not been attempted. Review of
similar backfilling applications indicates that techniques will be developed to
minimize surface subsidence and the resulting detrimental effects.

It would be possible to reduce subsidence by maximizing the backfilling of
the borehole. This could be accomplished by periodically adding more tailings
after natural compaction oc:curs. Obviously, if the borehole collapses,
backfilling operations would be impossible.

Chemical additives, including cements, could be mixed with the backfilled
tailings to incrE~ase their l;trength and reduce their compaction. Chemical
additives are genE!rally expenl;ive and some have the potential for contamination
of the groundwater. It is also possible that other special techniques such as
pressure grouting above the backfill material could be employed at various
periods after b~lckfilling has ceased to reduce subsidence. Figure 9-6
illustrates one technique utilizing pressure grouting above the backfilled
tailings.

A technique ~~ich has potential for dewatering slimes or other fine-grained
materials is electrokinetic dewatering. An electrical field is established
between two electrodes buried in the slurry. The negatively-charged collodial
particles move toward thE~ positive electrode effecting a separation of the solid
and liquid phases. Power is the major cost of the electrokinetic separatio~

process. Sprute ~md Kelsh (~) have estimated power consumption of 33-39 kwh/m
of densified fill. This corresponds to a cost of $0.65-$0.78 per cubic meter
backfilled. This cost should be compared with the value of the mined uranium and
phosphate. For example, onE~ cubic meter of 0.04 percent U308 ore contains
approximately 0.78 kg of uranium. Recovery of 65 percent of the uranium in the
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ore results in about 520 grams of uranium which has a current value of about
$48.00. One potential difficulty in the use of electrokinetics for densification
of the backfill in the borehole is the installation of the electrodes. The
borehole only provides limited access and the electrodes require separation.

Environmental Effects

The environmental effects of subsidence are directly related to the degree
of subsidence and the use being made of the land. Generally, boreholes would be
located under land not being used for structures. It is probable that surface
subsidence will not occur for the majority of properly operated borehole mines,
hence, detrimental effects due to subsidence should be minimal or non-existent.
Proper operations '~ould result in backfilled boreholes which would be capable of
supporting the overlying strata.

If surface subsidence does occur, there is an obvious damage to any
structures overlying the boreholes. Structural damage due to subsidence
generally first appears a,s cral:ks in concrete or plaster walls and does not cause
disasterous structural failures. If the borehole slurry technique is
extensively utilized in a.n arei!i susceptible to subsidence, it may be necessary to
prohibit building of any structures directly above the boreholes.

Several environment~ll effects could occur if significant subsidence occurs
in undeveloped areas. Modification of the surface topography could result if
subsidence occurs over E!ach borehole. It is possible that the surface water
hydrology would be modified by the ponding of water in the subsided areas. This
could resul t in changes in the flora and fauna on a local basis. It is
conceivable that natural groundwater recharge or surface runoff could be
modified. Whether these modifications would be adverse depends on specific site
conditions.

Surface Disturbances

Surface disturbances can be classified into two main categories; short- and
long-term. Short-term surface disturbances are relatively minor and can
probably be mitigated, without difficulty, using existing technology. Long-term
surface disturbances will require significantly larger efforts to properly
mitigate and may not completely restore a site to its original state.

Prior to initiation of the mining operation, there will be minor short-term
disturbances of the land lmrfac:e and topography due to site preparation, grading,
construction of access roads, construction of the processing plant and
associated units, lind water storage reservoirs. Land surfaces during this period
will be subject to increased l~rosion potential, alteration of natural drainage
patterns, and disturbancl~ and displacement of natural soils and vegetation, as
well as permanent modification. Operational failures such as spills, leaks and
pipeline failures will also impact the land surface by flooding, ponding or
chemical alteration of the surface strata. Obviously, if toxic fluids are
involved in the bilures, the magnitudes of the environmental impacts will be
greater.
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Long-term impacts on land surfaces include tailings disposal areas. The
topography of any project site will be permanently modified by tailings piles and
evaporation ponds. Mitigation measures would include revegetation of all
surfaces as well as sealing ponds to prevent migration of leachates to underlying
aquifers. If it is possible to locate the tailings piles directly over
subsidence areas, this action would require extensive monitoring to assure
containment of leachates from waste tailings, a primary consideration of this
type of project. On-site or near-site nonconventional disposal of tailings will
undoubtedly require extensive and exhaustive study into the long-term impacts on
land surfaces, as well as subsurface impacts.

Normal Environmental Effects

Borehole m1n1ng will have the typical environmental impacts due to road
construction, processing plant construction, surface disturbance during mining,
and socioeconomic development. These impacts are normal for most mining
operations. It should be emphasized that open pit mining, an alternative to
borehole slurry mining would cause significantly greater surface disturbances.
Extraction of ore generally causes a 10 to 20 percent increase in the volume of
removed ore. This prevents backfilling of all waste tailings into the borehole
and necessitates alternate tailings disposal techniques. The particular
disposal technique employed would be determined primarily by the type of mineral
being mined.

The wastes generated by the mineral processing plant will not be affected by
the utilization of the borehole slurry technique for mining. These processing
wastes require disposal by conventional environmentally acceptable techniques.

The actual volume of water used consumptively by the borehole mining
technique is small since relatively little evaporation occurs from the slurry and
water recycling is employed. Large consumptive uses could occur if significant
volumes of slurry fluid flow into surrounding or underlying aquifers. Under such
circumstances, the groundwater contamination potential is much greater than the
negative impacts of increased consumptive use. Minor additional amounts of water
would be required for dust control, human consumptive and sanitary functions at
the site.

SUIlllllary

Hydraulic borehole slurry mining is an in situ ore extraction technique
which has great potential for mining certain ores such as pebble phosphates or
uraniferous sandstones. The potential for adverse environmental impacts appears
less than with conventional mining techniques such as underground or strip
mining. The environmental suitability and economics of the technique must be
evaluated for specific minerals and at specific locations.
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CHAPTER. 10

HYDRAULIC BOREHOLE SLURRY HIRING OF PHOSPHATES

The ml.nl.ng of phosphate by the hydraulic borehole slurry method has
potential for extraction of pebble phosphate deposits. In this chapter the
environmental settings and potential environmental impacts are developed for
major phosphate mining areas in Florida and North Carolina.

FLORIDA PHOSPHATE PHYSICAL SETTING

Geographic Location

Phosphate deposits in Florida include those located in three regions,
designated in relative order of current importance as:

1. Central Florida - containing an enormous measured reserve of land
pebble phosphate in its west central area.

2. South Central Florida - with an unpublished reserve and apparent large
resource of land pebble phosphate - similar to the deposits of central
Florida.

3. North Florida - with a large resource of land pebble phosphate in the
northern peninsula area and a smaller reserve of "hardrock" phosphate
located in the area between the central and far north Florida regions.

Phosphate resources in Florida are abundant. Only the central Florida
deposits with current or near future in situ potential, which are located in
Figure 10-1, are considered here. Although local exceptions exist, a
preponderance of similar features in this region dictates their practical
description in this report under the general category of pebble phosphate
deposits. Modifying influences which create significant local differences will
be noted.

Natural features of Florida subtly reflect the influence of those forces
that have "shaped" the scenery of many geographic locations throughout geologic
time such as: structural and geochemical instability, massive marine trans­
gressions, intense weathering. Figures 10-2 and 10-3 present the geological
cross-section of central Florida and the Land Pebble Phosphate District. Once a
relatively flat, essentially featureless shelf or platform (similar in many
respects to present-day continental shelf areas) peninsular Florida now consists
of several gently contrasting regions. Thus the higher ground (low hills and
ridges) of north central Florida grade successively through the karst topography
that dominates the landscape in the south central portion, through savanna-like
plains, marshes, and swamps typical of south Florida. Karst topography refers to
irregular limestone topography formed by surface and groundwater solution
cavities.
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Nature of Deposits

Underlying the Florida Peninsula is a thick section of tertiary sedimentary
strata, consisting primarily of carbonate rocks, but with some phosphatic beds as
shown in Figures 10-2 and 10-3. These formations represent both the substance
and source of one of the world's major mineral deposits, the Florida pebble
phosphates, a cross-section of which is shown in Figure 10-3. Although now
produced from near surface deposits by conventional stripping and open pit mining
methods, long term exploitation of deeper deposits might employ in situ
techniques of borehole slurry mining.

More than 80 percent of United States phosphate production comes from
secondary depos its of marine phosphori tes, such as those of the Bone Valley
Formation. Table 10-1 presents the Bone Valley lithology and stratigraphy and
Figure 10-4 shows the lithology and stratigraphic relations in the Land Pebble
Phosphate District.

-The phosphorite deposits of central Florida are found in a zone approxi­
mately 100 kilometers (60 miles) long and 65 kilometers (40 miles) wide; This
zone is the product of reworking a submarine phosphate-rich residual deposit
resulting from original deposition from solution in ocean waters. These deposits
were further increased in grade by natural leaching and weathering processes.
The Formation has acquired the name of Bone Valley for the fossilized remains of
prehistoric marine animals which occur in the layer. The phosphate bed varies in
thickness from 0.3-10 meters (1-35 feet) and is usually overlain by a layer of
sand and clay up to 15 meters (50 feet) in depth.

Phosphate pebbles may be from 20-mesh size up to 1/2-inch, are quite hard,
and normally have a bone phosphate of lime (BPL) content of 50 to 70 percent.
Matrix grades are generally much lower, in the 30 percent BPL region. Processing
losses from slime contained in phosphate ore are usually substantial, and the
slime is not generally amenable to benefication processes.

In 1973, the U.S. Bureau of Mines reported the recoverable reserves in the
central Florida district at 1.2 billion short tons. Projected mining life for
this particular deposit, at current projected rates of processing, is about
30 years. The 1.2 billion tons may contain up to 150,000 tons of uranium oxide
and a content of 3 percent fluorine. These are considerable resources and the
technology for recovery of both these materials from phosphoric acid production
has already been demonstrated.

SURFACE CONDITIONS

Soils

Soils overlying most of the important Florida phosphate deposits consist of
sandy loams, some with little or no clay, but containing large amounts of decayed
organic matter (humus) in their upper portions. Surficial materials here present
unique differences, many of which defy the usual factors applied to describe and
classify soils. Thus, large areas have very loose covers of quartz sand which

195



TABLE 10-1. - Summary of Stratigraphy and Lithology, Land-Pebble Phosphate District, Florida
Adapted from (2)

Age Formation or Deposit Lithology: "Normal" Section Lithology: Intensely Weathered Section

.....
\D
0'

Pleistocene Pleistocene (?) sand
or

Residual sand mantle

Upper Unit

Lower Unit

Unconsolidated quartz sand,
massive. Some organic
material at surface. May have
groundwater podsol.

Overburden

WEATHERING BOUNDARY

Green clayey sand, minor
apatite particles that are
more abundant at base •
Finely bedded, graded bedded,
and crossbedded. Clay mineral,
montmorillonite, weathered to
kaolinite at top of unit.

Overburden

CONTACT GRADATIONAL

Phosphorite. Sand, clay, and
gravel containing very abundant
phosphate particles. Bedded,
and crossbedded. Green, brown,
and black.

Matrix

Unconsolidated quartz sand, massive.
Some organic material at surface.
May have groundwater podsol.

Overburden

White clayey sand, leached and indurated.
Secondary aluminum phosphate minerals
replacing clay and apatite. Clay is
kaolinite. Basal layers may be vesicular,
where the lower unit is altered. Aluminum
phosphate alteration extends only partly
into lower unit, but may replace parts of
Hawthorn and Tampa Formations where they
are close to the surface.

Leached or Aluminum Phosphate Zone

WEATHERING BOUNDARY

Phosphorite, as in unweathered section.

Matrix



TABLE 10-1. - Summary of Stratigraphy and Lithology, Land-Pebble Phosphate District, Florida - Continued

Age Forma_ti-gn_()r_D_~sit Lithology: "Normal" Section Lithology: Intensely Weathered Section

CONTRACT RELATIONS UNCERTAIN (CONFORMABLE TO SOUTH, DISCONFORMABLE TO NORTH)
..­
1.0
-..J

Oligocene

Eocene

Middle Lower

Lower

Suwannee Limestone

Ocala Limestone

CONTACT UNCONFORMABLE

Sandy, clayey, phosphate-bearing
limestone. Dolomitic near
surface. Buff, white, or cream.
Contains interbedded sand, clay,
or sandy clay.

Bedrock

Sandy and Clayey limestone,
contains chert nodules and
trace amounts of phosphate.
May form the bedrock in
northern part of district.
Tampa fossils reported from
the Tenoree mine.

CONTACT UNCONFORMABLE

Limestone, contains minor sand
and clay, but no phosphate.
Chert present.

CONTACT UNCONFORMABLE

Very pure limestone.

WEATHERING BOUNDARY

Residual calcareous, sandy clay, contain­
ing abundant phosphate particles; lower
part grades into carbonate rock. possible
development of aluminum phosphate minerals,
particularly in the northern part of the
district, where the overlying formations
are thin or absent.

Bedc1ay

Calcareous clay and sandy clay containing'
chert and phosphate. Aluminum phosphate
minerals present when the formation is
very close to the surface.

Secondary chert replacing limestone near
the surface.

Known only in subsurface.
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can contain significant amounts of organic matter. Also at given locations,
organic mats, underlain by a thin organic mineral layer, occur at the level of
previous, stable groundwater surfaces. These layers are well indurated, and may
be thick enough in places to present penetration and/or removal problems. Other
factors in this warm, humid climate act to form soils typical of areas having
subtropical weathering as a dominant force. Topographic relief and parent
material are subordinate factors.

Hydrology

Water enters the central phosphate-rich area of Florida as rainfall and
groundwater inflow and is temporarily stored in streams, lakes or aquifers, while
enroute to points of discharge from the area. The annual precipitation rate
exceeds the annual potential evaporation rate so that there is a net recharge to
the aquifers occurring during the summer season when the precipitation greatly
exceeds the rate of evapotranspiration. During the drier winter months, water
levels in the aquifers decline due to continued use of the water.

since the area has a humid subtropical climate, there are only two
pronounced seasons, winter and summer. The average annual rainfall ranges
between 122-135 centimeters (48-53 inches), with 60 percent occurring from June
through September. The maximum and minimum annual precipitation rates for the
period 1915 to 1959 are approximately 180 and 90 centimeters (70 and 35 inches),
respectively (1).

The corrected average annual evaporation rate as determined from pans, with
a pan coefficient of 0.7, is approximately 1 meter (40 inches). Both cultivated
and native vegetation areas have transpiration rates which approach the evapo­
ration rates.

The surface drainage in much of the phosphate-rich area is poorly developed
and is almost entirely of two types: basins with subsurface drainage; streams
with very low hydraulic profiles which, for the most part, do not occupy well­
defined valleys. Not all subbasin drainage areas are hydraulically isolated;
some are physically separated with surficial sands of high permeabilities. Most
surface streams flow continually due to groundwater exfiltration.

The area has a great number of lakes. Polk County, the center of the pebble
phosphate industry, has nearly 500 lakes ranging in size from about 0.2 hectare
(0.5 acre) to more than 14,000 hectares (35,000 acres). The largest lakes are
located in the lowlands and are connected to drainage systems by means of natural
or artificial channels. It is unlikely that lakes located in the lowlands
infiltrate through bottoms because of significant artesian activity in these
areas <.~).

The lakes of the area are of significant value to the hydrology and the
economy. They serve to moderate the temperatures and climates, function as
reservoirs for water which might otherwise leave the area more rapidly as surface
flow, and provide large supplies of water for recreation and irrigation.
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Most lakes fluctuate i.n response to precipitation, subsurface inflow,
evaporation, downward losses to underlying aquifers, surface inflow and outflow,
and pumping. The quantities of water involved in these transfers are controlled
by site specific factors such as climate, topography, geology and hydrologic
characteristics.

In much of the pebble phosphate area there are four different aquifers. The
uppermost aquifer is unconsolidated sand and clayey sand at, and just below, the
land surface. These sands cover the entire area and together with the underlying
coarse elastics where present, form this nonartesian aquifer. The thickness of
this aquifer varies with location and generally ranges from 10 centimeters to
76 meters (4 inches to 250 feet). The clay content and hence porosity and
permeability differ widely over Polk County <.~). This uppermost aquifer
overlies the pebble phosphatl~ deposits. This constitutes the overburden which
must be removed before the phosphate ore can be recovered by surface mining
techniques.

The second uppermost aquifer is made up of the pebble phosphate deposits
which underlie the surficial sands. This second aquifer is in the coarse, sandy,
phosphatic gravel zones of the phosphate deposits and is confined above and below
by dense clays. The pil~zometric surface of this confined aquifer is the second
uppermost aquifer, and is composed of the pebble phosphate deposits which
underlie the surficial sands. This second aquifer is in the coarse, sandy,
phosphatic gravel zones of the phosphate deposits and is confined above and below
by dense clays. The piezometric surface of this confined aquifer is generally
1-2 meters (3-6 feet) below the water table of the uppermost aquifer. In some
areas, the pebble phosphatl~ aquifer has high permeabilities and a great
thickness. These characteristics cause the aquifer to be highly productive and
to interfere with surface phosphate mining. In these areas of high productivity,
the piezometric surface may be related to the nonartesian aquifer because of the
high porosity of the upper confining layer.

Dewatering operations for conventional surface or for borehole slurry
mining techniques will cause a localized depression in the piezometric surface.
This is true for both the pebble phosphate aquifer, which is the uppermost
artesian aquifer, and the overlying nonartesian aquifer. Wells in the immediate
vicinity of the dewatering operation will be affected by a decline in water
levels. It is not expected that this will be a significant problem since few
wells currently obtain water from either pebble phosphate or the overlying
nonartesian aquifers. Seawater intrusion is not expected to result from the
drawdown of the groundw~lter table or the piezometric surface due to the distance
of the mining operationl~ froIIl the oceans.

There is a second arte~;ian aquifer immediately below most of the pebble
phosphate deposits. This second artesian aquifer is primarily composed of the
Hawthorn Formation lowe~r sections (principally limestone) of the Bone Valley
Formations. In several areas, the limestone aquifers are 3 meters (10 feet) or
less in thickness, and are soft and deeply weathered. Permeabilities of such
limestones are very low and significant amounts of groundwater do not occur. In
those areas where the aquifer is thicker, high capacity wells have been
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constructed which penetrate solution cavities. Such wells typically have total
depths of 9-23 meters (30-75 feet). The piezometric surface of this limestone
aquifer is near or above the top of the pebble phosphate aquifer. Strip mining
excavations below the pebble phosphate deposits could have significant inflow if
they tap into this limestone aquifer.

The principal aquifer in the area is the Floridan Aquifer which underlies
the three above-mentioned aquifers. The Floridan Aquifer is artesian, and is the
source of all major public, industrial and irrigation water supplies in the
region. The aquifer consists of a series of limestones ranging in age from
middle Eocene to Miocene. The upper surface of the aquifer is located
9-30 meters (30-100 feet) below the ground surface depending on location. The
bottom of the Floridan Aquifer, and hence its thickness, has not been completely
defined. Several wells extend over 425 meters (1400 feet) below the ground
surface. The existence of low permeability zones in the aquifer which restrict
vertical movement of water have been reported. Recharge to the Floridan Aquifer
is not restricted to areas of high water levels but occurs over the entire region
through permeable overlying materials, through sinkholes and from streams and
lakes. Samples of the Floridan Aquifer obtained at various locations and depths
have the following properties: coefficient of transmissivity 2,000,000­
6,800,000 liters/day/meter (165,000-550,000 gallons/day/foot) and coefficient
of storage 0.002 to 0.007 (4). In general, low porosity and permeability values
indicate that the limestones contribute relatively little water to a well and
that the high capacity wells are supplied by penetration through solutional
features such as tubules or small cavities. .

Quality of Groundwaters

The slightly mineralized rainwater gradually dissolves some of the minerals
it contacts as it percolates through the soil and the rock. The four aquifers,
ranked in increasing degree of solubility are: nonartesian (uppermost), pebble
phosphate (uppermost artesian); the secondary and artesian Floridan Aquifers.
The range of chemical compositions of samples obtained from each of these
aquifers is presented in Table 10-2. In general, all the waters are potable with
intermediate levels of dissolved solids and relatively high hardnesses.

Biology

Broadly speaking, the central Florida phosphate area comprises two major
natural vegetation types: southern mixed forest, which occupies a major portion
of the area, and palmetto prairie, which occurs in a few localities in the
southern portion of the region. Palmetto prairie, characterized by wire grass
and saw palmetto, occurs only in Florida. The southern mixed forest, which is
the major forest type of southeastern United States, contains as dominant species
beech (not in central Florida), sweet gum,southern magnolia, slash pine
(especially characteristic in Florida), loblolly pine, white oak (not in central
Florida), and laurel oak.

The major vegetation types may be subdivided into nine plant communities
which characterize the area under consideration. These are described briefly
below:
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TABLE 10-2. - Ran e of Concentration of Chemical Constituents in Waters from A uifers
in Florida Pebble Phosphate Region 1)

Nonartesian Pebb Ie Phosphate Secondary Floridan
Aquiferlal Aquiferlal Artesian Aquifer[a] Aquiferla]

Constituent From To From To From To From To

Temperature (oF) 72 79 73 74 72 82 71 82
pH 4.9 7.6 6.8 7.3 5.8 8.4 6.7 9.1

Hardness as CaC03 5 430 215 232 67 306 40 284
Dissolved solids 20 710 214 534 119 343 62 348
Specific conductance 16.2 924 395 737 174 724 113 599

Silica (SiO ) 8 - 13 37 1.1 31
Total Iron ~Fe) 0.4 .51 - 0.02 0.25 0.01 2.1
Calcium (Ca) 1 57 - 45 13 rt .t 107OJ LJ

Magnesium (Mg) .6 15 - 25 5.4 31 0.6 28
Sodium (Na) 1.5 5.4 - 5.6 5.2 11 3.0 20
Potassium (K) 0 .2 - 0.0 0.8 0.0 4.0
Bicarbonate (RC03) 1 205 - 252 9 337 32 353
Sulfate (SOt) , 0 22 - 1.0 0.0 31 0.0 122

tv Chloride (C ) 2.5 20 - 8.0 6 26 3 32
0 Fluoride (F) - - - 0.3 0.8 0.0 1.0tv

Nitrate (NO ) 0.2 0.5 - 0.0 0.9 0.0 4.8
Phosphate (~4) 0.0 0.89 - 0.14 0.00 2.1 0.00 0.3
Number of Samples 9 - 2 29 109 (From 71 Wells)

[II] Concentrations in parts per million unless otherwise noted.



1. Coastal Strand. This category includes the vegetation of beaches,
dunes, sand flats, and similar situations on barrier islands and the
coast of the mainland. The vegetation of the coastal strand typically
exhibits distinct zonation, with sparse grasses, shrubs, and herbs in
the areas close to water and denser shrubby and low forest growth
farther inland.

2. Pine Flatwoods. These are open woodlands on level sites, with one or
more species of pine as the dominant tree, and an understory of
grasses, palmettos, shrubs, or small trees. Small hardwood stands,
various kinds of cypress swamps, prairies, marshes, bay tree swamps,
and ponds are often found within general areas of flatwoods. This is
the most extensive vegetative association in Florida.

3. Sand Pine Scrub Forest. This association occurs mostly on excessively
well-drained, deep sandy soils, usually on old coastal dunes, residual
dunes, or other very sandy areas in the interior. Sand pine is the
dominant tree, and the understory consists of various shrubs.

4. Forests of Longleaf Pine and Xerophytic Oaks. This association occurs
primarily on well-drained uplands. Longleaf pine, turkey oak, and
wiregrass, are characteristic species, although in many examples of
this association the pine has been logged off or is very scarce. This
vegetation has been replaced by citrus groves on thousands of hectares
in central Florida.

5. Cypress Swamp Forest. This periodically flooded forest association is
dominated by cypress, although hardwoods may be intermixed. Cypress
swamp forests may occur as circular stands of dome-like form or long
strands.

6. Swamp Forests. These are periodically flooded forest associations
dominated by hardwood species which border rivers or occur in basins.
They may contain bay trees, gum, and cypress zones.

7. Mangrove Swamp Forest and Coastal Marsh. These are
herbaceous associations, respectively, associated
coastlines, usually occurring where tidal conditions
to brackish.

wooded and open,
with low-energy
vary from saline

8. Hardwood Forests. These associations consist of mixed evergreen and
deciduous hardwoods, mainly occurring on rich upland soils. Many of
these associations now found in Florida are second growth and contain
pines.

9. Grasslands of Prairie Type. These are open, low herbaceous associ­
ations on level ground. In some areas they form extensive treeless
plains or savannas with widely scattered trees. Wet prairies occur on
seasonally flooded lowlands, whereas dry prairies are found on drier
sites and are seldom flooded. Many areas of this vegetative type have
been converted to improved pastures.
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The considerable diversity in habitat comprising the central Florida
phosphate region gives rise to a great variety of wildlife. The spectrum of
habitat types occurring in this area range from forested inland to the marshes
and estuaries of the coast.. Particularly important are the various swamp
habitats, which ~tre unique to this part of the United States.

NORTH CAROLINA PHOSPHATE PHYSICAL SETTING

geographic Location

Coastal plain regions of the southeastern United States contain massive
phosphate deposits, in outcI'oppings or in shallow, near-surface horizons, all
part of a relatively young (J~iocene to Recent) series of sedimentary beds that
occur from Florida northward along the Atlantic Seaboard. Part of the North
Carolina deposits in the Kidd Creek area has potential for in situ mining, such
as the hydraulic: borehole slurry technique. The general location of these
deposits is illustrated in Figure 10-5. A more detailed location map is
presented in Figure 10-6.

Nature of Deposits

Coastal plain regions of the southeastern United States contain massive
phosphate deposits in outcropping or shallow, near-surface beds, all part of a
relatively young (Tertiary to Recent) series of sedimentary rocks that underlie
portions of the Atlantic SE~aboard. Data concerning Florida phosphates are
abundant. Details of the North Carolina deposits and others within the general
area of the Atlantic Coastal Plain province are much less prevalent.

The Carolina. deposits occur in typical Tertiary environments of this region
being directly associated and/or related to the Miocene Hawthorne Formation or
its time equivalents. The bE~ds are loose to semi-consolidated accumulations of
quartz sand, montmorillonite clays, and nodules of phosphate (calcium-apatite),
ranging from microcystalline to gravel in size. The phosphatic strata may be
essentially horizontal ()r gently inclined, depending upon conditions at the time
of deposition.

The Carolina phosphate deposits occur in Tertiary environments being
associated and/or related to sedimentation, phosphorite deposition, and other
major geological features typical of this region. As a group, the sediments
comprise the uppE~r part of at monocline that trends northeast-southwest and is
inclined at low angles (6-12 meters/kilometer or 15-30 feet/mile) toward the
southeast. A stratigraphic c:ross-section is illustrated in Figure 10-7.

Phosphorites (phosphate rock deposits) range from 1-27 meters (3-90 feet)
thick and are overlain by str~lta that range between 14-76 meters (45-250 feet) in
thickness. In descending sequence, the "overburden" consists of undifferen­
tiated surficial sand and c1ny deposits with lenticular shell beds, marl, sand,
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and clay of the Yorktown Formation (late Miocene), directly overlying the
phosphate deposits. This phosphorite section commonly contains phosphatic sands
and alternate layers of calcitic and dolomitic limestones composed principally
of shells.

Makeup of the phosphatic sands is predominantly spherical pellets of brown
collophane (phosphate) and angular quartz sand with minor amounts of phosphatic
silt, and clay. Black pelllets of collophane are rare. Phosphorus content
(as .P20S) relegate the deposits to the low grade category (less than 10 percent),
especl.aIly when compared with the pebble phosphates of Florida. The presence of
uranium and thirteen other metals have been determined by chemical and
spectrographic analyses.

Surface Conditions

Soils

North Carolina phosphatl~ deposits occur in an area where surface environ­
ments are similar to those in Florida and other occurrences within the Atlantic
Coastal Plain, with some modifications expressed by a more rigorous climate,
temperate zone vegetati.on, ~md hydrological differences. Podsolization is a
factor in North Carolina, but less so than in Florida and more southerly
climates. The effects of topographic relief, erosion, bedrock chemistry, and
related factors are minor.

Physical Setting

The landscapes of eastern North Carolina are subdued, reflecting a physical
environment typical of this coastal plain area. Enormous quantities of water,
occurring as both marine and fresh water varieties, have a profound effect on
present conditions and activities here. Beaufort County, principal site of the
North Carolina phosphate deposits, partially encircles a major reentrant of the
Pamlico Sound and has marinla shorelines measured in many tens of kilometers,
accentuated locally by small inlets and bays.

Terrains are similar to other coastal plain areas in the southeastern United
States, being pa.rt of a series of sedimentary beds that occur from Florida
northward along the Atlantic Seaboard. Numerous shallow water wells, a developed
but sluggish drainage system~ marshlands, and the results of hydrologic studies
all attest to thE! abundance of fresh water.

Hydrology

The coastal plain. phosphate region of North Carolina has a temperate
climate. Precipitation ranges between 115-127 centimeters (45-50 inches) per
year depending upon topographical features and distance from the ocean. There
are approximately 5-10 centimeters (2-4 inches) of snowfall per year. The
annual evaporaticln from open water surfaces and the annual potential evapotrans­
piration range bE~tween 100-104 centimeters (40-42 inches) and 63-75 centimeters
(25-30 inches), respectively.
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It has been estimated that the average annual runoff accounts for
25-30 centimeters (10-12 inches) and the average annual groundwater recharge is
approximately 25 centimeters (10 inches). The remaining 63-76 centimeters
(25-30 inches) of water is returned to the atmosphere by evaporation or
transpiration. The surface waters in the area flow continually throughout the
year being replenished from the uppermost, nonartesian aquifer.

Figure 10-7 illustrates the location of the phosphate deposits, relative to
the other deposits occurring in the phosphate-rich area.

The uppermost aquifer, which is nonartesian, consists primarily of
surficial sands ranging in thickness from 15-60 meters (50-200 feet) in the area
of phosphate deposits. The sands are interdispersed with layers of fine silts
and clays of low permeabilities which restrict vertical movement of water through
the aquifer. This nonartesian aquifer has received significant use as a water
supply for municipal and industrial interests in spite of the presence of the
underlying Castle Hayne Formation, which is a major artesian aquifer.

Immediately underlying the nonartesian aquifer are the pebble phosphate
deposits which consist of quartz sand, silt, clay and limestone. The
permeability of this unit is relatively low in those areas where substantial
amounts of clay and silt are present. The low permeability sections provide the
upper confining layer for the artesian Castle Hayne Aquifer. In some localities,
the pebble phosphate deposits have large enough permeabilities to be considered
viable aquifers for water supplies.

The Castle Hayne Aquifer is the principal artesian system in the area and
the most productive in the state. It extends along the coastal area for approxi­
mately 288 kilometers (180 miles) and has a width ranging between
16-96 kilometers (10-60 miles). The natural movement of water in the Aquifer is
generally west to east. This flow direction transports water from the higher
elevation land areas to the Atlantic Ocean. The Aquifer gradually becomes saline
as it extends out under the ocean.

It has been reported that the upper elevation of the Aquifer ranges from
about sea level in the western part of the area, to about 180 kilometers
(600 feet) below sea level in the eastern part. The thickness increases from
45 meters (150 feet) in the western part of the area to about 210 meters
(700 feet) in the eastern part. Transmissivities have been reported to range
between 620,000-3,100,000 liters/day/meter (50,000-250,000 gallons/day/foot).

Dry open pit mining of the phosphate ore in the deposits immediately
overlying the artesian Castle Hayne Aquifer requires that the piezometric
pressure of the artesian aquifer be reduced. This can be accomplished by massive
withdrawal from the Castle Hayne Formation, which potentially affects local
wells and locations of seawater/freshwater interfaces. A 1965 mining activity,
pumping 246 x 106 liters/day (65 mgd) from the aquifer created immediate well
and pump problems in an area of several hundred square kilometers (square miles).
It was necessary for the mining company to bear pump replacement and/or well
construction costs for about 800 wells in the affected area (6).
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A potentially greater prl:>blem, in terms of effects on use of water, is that
resulting from se,awater intrusion. Lowering the piezometric surface can cause
seawater encroachment from three sources: 1) horizontal movement of saline
water, presently located in the eastern region of the aquifer; 2) upward movement
of saline water which occurs naturally at the lower levels of the aquifer;
3) downward leakage of salinE~ water from overlying surface salt water bodies.
Borehole slurry mining could cause similar effects if extensive dewatering
operations are required.

The water in the Castle Hayne Aquifer is of generally good quality, except
where residual or "fossil" sl~awater has not been completely flushed from the
aquifer over recent geological periods (6). The water generally has TDS values
less than 300 to 500 mg/l and is considered moderately hard. Hydrogen sulfide
has occurred in objectionable amounts throughout the eastern sections of the
phosphate-bearing area. The chloride concentration is typically low in the
western part of the aquifer, and gradually increases to high values in the
eastern part of the aquifer 'ltirhere incomplete flushing of "fossil" seawater has
occurred.

Flora and Fauml

The North C.arolina phosphate area is located within two Coastal Plain
physiographic regions in the eastern portion of the state. The Outer Coastal
Plain, or Tidewater Region, lies next to the ocean. It is extremely flat,
averages less than 6 meters (20 feet) above sea level, and contains large swamps
and lakes, indicative of poor drainage. The Inner Coastal Plain lies farther
inland, is higher in elevation, and is more dessicated and better drained. Major
streams in the study area include the Cape Fear, New, Neuse, and Tar Pamlico.

North Carolina embraces a great variety of plant species and community
types. Inland from the beach and dune areas, forests are the climax vegetation
in virtually all of North Carolina. Coastal plant community types include
beaches and dunes, saltwater Inarshes and freshwater marshes. The beach and dune
communities close to the ocean occur under harsh environmental conditions of
windblown sands, storms, infertile soils, and occasional inundations of salt
water. The dune:s are dominated by perennial grasses such as sea oats and
American beach grass. Other common species include beach pea, crotin, dune
elder, broomsedge, spurge, and primrose.

Progressing inland, maritime shrub thickets and maritime forests are
encountered. Common shrub species include yaupon, wax myrtle, and red cedar. In
areas where the maritime forest is near the ocean, the trees may be small and
gnarled. Further inland a well-developed forest occurs. Common species include
live oak, beech, pines, hickory, and hophornbeam.

In protected areas where flooding waters are saline or brackish, salt
marshes occur. Common constituents include smooth cordgrass, black needlerush,
and saltgrass. In areas where peaty soils are continually waterlogged with fresh
to slightly brackish water, freshwater marshes occur. Typical member species
include bulrush, cattail, sa\olgrass, and'big cordgrass.
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The plant communities of the Coastal Plain inland from the beaches and dune
communities are characterized by a wide variety of plant species. The occurrence
and distribution of these communities is determined largely by depth of the water
table, soil texture, and fire.

Swamp forests occur along the rivers of the Coastal Plain. Gum-cypress
swamps are best developed on the floodplains of backwater rivers and on flats
associated with upland drainage channels. Cypress occurs in the wettest portions
of such swamps where the soil rarely, if ever, dries out. Tupelo gum and swamp
gum dominate the slightly drier sites. Floodplains that are flooded only by
periodic freshwater floods during the heavy rains of winter and early spring
support a hardwood swamp forest. Common species include willow oak, water oak,
cherryback oak, sweet gum, oak, sycamore, river birch, and elm.

Another wetland vegetation type is the pocosin, or shrub bog, a community
consisting of dense groupings of evergreen shrubs with scattered pond pine
growing on highly organic peat soils. Pocosins are very susceptible to fire and
often burn extensively during dry periods. It is thought that some pocosins may
have originated as a result of natural burning of gum-cypress swamps. Pond pine
is the only tree of any importance and is usually scattered in rather open
stands. Sweet bay, red bay, and loblolly bay often occur as large shrubs or
small trees. Other common shrubs are ti-ti, gallberry, fetter bush, honey cup,
cane, and sweet pepperbush.

Pine flatwoods, or savanna, communities occur on gently sloping sand ridges
and on extensive poorly-drained flatlands. The major trees are longleaf pine and
pond pine. Their occurrence is determined by soil texture and drainage. Shrubs
vary considerably in their abundance, appearing commonly in some places and
rarely, or not at all, in others. Gallberry, wax myrtle, and sweet bay are the
most common. On well-drained soils, wire grass is the common savanna grass. In
wetter areas, wire grass occurs with asters, sunflowers, goldencock, 1i11ies,
pitcher plants, and orchids. The unique Venus's-flytrap occurs in grassy,
poorly-drained areas, that have been recently burned. Repeated fires perpetuate
grasses at the expense of shrubs, and permit the savanna to persist.

The longleaf pine-turkey oak-wire grass community occurs on deep, we11­
drained coarse-sand soils. This community has a distinct appearance, usually
consisting of an open layer of scattered, large longleaf pines and a lower layer
of scrub oaks, primarily turkey oak, b1uejack oak, blackjack oak, and scrubby
post oak. Virtually all herbs show adaptation to the extreme dryness of the
habitat, as do many of the woody species.

Oak-hickory forests are the final vegetational community found in the
Coastal Plains. Since most of the sites where this community originally existed
are desirable for farming, much of the forested lands have been cleared. On
moist, but well-drained sites, white oak, southern red oak, water oak, willow
oak, post oak, swamp chestnut oak, hickories, sweet gum, tulip poplar, beech,
black gum, red maple, and pines are the most common tree constituents. On drier
sites which grade into the longleaf pine community, blackjack, post, and turkey
oaks are the dominants along with hickory and pine.
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Due to the great diversity of habitats the Coastal Plain supports an
extremely rich wildlife population. A wide number of game birds and animals are
found throughout the arl~a. Deer and wild turkey populations vary in density
throughout the area. Populations of bobwhite, quail, mourning dove, various
squirrels and rabbits, r,accoon, opposum, skunk, mink, and fox also occur.

Description of~lical Minable Ore Body in North Carolina

"To be suitable for in situ borehole slurry mining, a phosphate deposit must
meet the following criteria: 1) the phosphate-bearing bed should be thick,
preferably 8 meters (25 feet) or greater; 2) the grade of ore should average
approximately 18 percent P20

5
or greater; 3) the ore should be overlain by a

competent layer of rock wliich would be self-supporting over short distances
(borehole diameters) and for a long enough period to allow backfilling after
excavation of the phosphate. The pebble phosphate deposits which are currently
being worked are .i loosely cemented sandy member and are thus suitable for jet
slurrying. In fact, current production technology uses hydraulic monitors to
slurry the ore for transportation from the pit to the benefication plant.

The North Carolina phosphate deposits are buried relatively deep. This will
tend to limit open pit development and provides a unique opportunity for borehole
slurry mining. This is parti(:ularly true since the phosphate beds are overlain
by the relatively competent rock of the Yorktown Formation as shown in
Figure 10-7.

Reserves of 18 percent P'IO ore are listed as high as 10 billion tons and a
processing rate for an econom:lca\lY viable complex might be 25,000 tons of ore a
day, yielding over 8,000 tons of concentrate per day at a tail:P205 ratio of
3 to 1. Such a plant might require a sulfuric acid facility capable of
3,000 tons of acid production per day. This is as large as any sulfuric acid
plant currently in existence.

Considering the nature of the deposits, the North Carolina phosphate area
appears to be more suitable than the Florida phosphate area for borehole slurry
mining.

GENERAL BOREHOLE (SLURRY) MINING OPERATIONS:
FLORIDA AND NORTH CAROLINA

The recovery of phosphate products from phosphate ores requires a complex
processing facility which is not mobile. It is necessary for phosphate ore to "be
transported to the processing plant and for waste material to be disposed of in
the vicinity of the processing plant or transported back to the boreholes. The
relative locations of the mining areas and the processing facility are depicted
in Figure 10-8. Ore would be transported to the processing plant as a slurry
through portable pipelines. One sec tion of the mining area could be in the
mining phase whill~ the boreholes in a previously mined section are undergoing
backfilling. Portable pipelines would not be moved until backfilling is
completed.
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Site Preparation

Prior to drilling boreholes, the primary site preparation activity involves
providing access.. Roads thrcmgh densely wooded areas must be provided to enable
drilling equipment to reach the sites. The relatively small borehole diameter
achievable by existing equipment necessitates drilling at 23 or 46-meter (75 or
ISO-foot) centers throughout the ore area. The size of the equipment and the
need for maneuverability will require clearing between 35 and 100 percent of the
mined areas.

In cold climates it will be necessary to bury slurry pipeline to prevent
freezing. Frost penetration in the coastal regions of North Carolina are
approximately 30-60 centimeters (l-2 feet); snowfall typically ranges between
5-10 centimeters (2-4 inches) per year, depending on specific location. Even if
a site-specific pre-mining study indicates that pipelines can be placed on the
surface (a certainty in Florida), access over the pipes will have to be provided.
This necessitates construction of earth berms or underground piping.

BOREHOLE MINING TECHNIQUES: FLORIDA AND NORTH CAROLINA

A typical "peration could require drilling of a series of holes to and
through the phosphate horizon. The holes might be 45-60 centimeters
(18-24 inches) in diameter, cased to the ore horizon. The hole would extend to
1.8 meters (6 feet) below the bottom of the ore to accommodate the equipment,
including the slurry pump. The part of the hole in ore would be uncased. Typical
borehole slurry :mining equipment is illustrated in Figure 9-1.

Ore Extraction

The general technique are extraction and the currently available equipment
have been described in Chapter 9.

Processing Plant

The phosphate pro(:essiIlg plant is usually a complex operation of very high
capital cost and a multiplicity of steps depending upon the final product or
products produced. Ore recovered by the hydraulic borehole method could be
concentrated by a conventional phosphate ore process plant such as that
illustrated in Figure 10-9. Essentially, the ore passes through a washer section
to eliminate slimes, a feed preparation section to prepare a coarse product, a
flotation section to reduce impurities, a phosphoric acid manufacturing
facility, a granular triple superphosphate section, and a granular ammoniated
phosphate manufacturing facility. As part of the phosphoric acid manufacture,
sulfuric acid either has to be produced on site (preferable) or shipped to the
plant in large quantities. One existing phosphate plant in North Carolina
produces 3,000 TPD of sulfuric acid for its own use in making phosphoric acid.

The typical plant will (::lCCupy approximately 40-80 hectares (l00-200 acres),
depending on land availability and the capacity of the processing plant.
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CHAPTER 11

HYDRAULIC BOREHOLE SLURRY MINING OF URANImI

Any ore which can be eroded hydraulically is amenable to extraction by the
borehole slurry technique. The principal uranium ores which can be mined by this
method are the uraniferous sandstones.

Both the central Wyoming and south Texas physical settings for sandstone
uranium ores amenable to in situ solution leaching were discussed in Chapter 6
and reference is made to that section, which applies equally well to areas mined
by hydraulic borehole slurry techniques.

Both the Wyoming and Texas areas will be discussed simultaneously since the
uranium occurrences are very similar and no differences in borehole slurry
techniques applicable to each area have been identified. It is possible that
large-scale pilot or commercial operations will modify the basic borehole slurry
techniques for optimum ore extraction at each site. The techniques discussed
also could be applied under suitable conditions in Colorado Plateau sandstone
uranium deposits in such states as Colorado, Utah, Arizona, and New Mexico.

DESCRIPTION OF A TYPICAL MINABLE ORE BODY

The typical uranium ore bodies amenable to recovery by hydraulic borehole
techniques are the "roll front" deposits described in detail in Chapter 6 of this
report. Application of hydraulic slurry techniques requires that the ore deposit
have certain characteristics. In general, while most uranium bearing sandstones
are minable by hydraulic slurry technique, those which are most easily slurried
by hydraulic jetting will be the most profitable to develop. There is a
technical and economic limit to the maximum depth of a borehole below the
surface. .

Maximum Ore Depth

At present time the maximum depth of a borehole appears to be limited only
by the technical viability of the slurry pumping equipment. Assuming that the
technical problems related to slurry pumping can be solved in the future, the
maximum minable depth of a borehole will only be limited by the value of the
product, the uranium content of the ore, the cost of uranium extraction from the
recovered ore and the resistance of the ore to hydraulic jet slurification. A
deep deposit which is easily slurried might be more amenable to borehole slurry
techniques than a shallow deposit which is resistant to hydraulic jetting.
Figure 11-1 illustrates the effects of ore strength and borehole depth on mining
costs per unit of ore brought to the surface. No attempt has been made to
evaluate numerical values of depths or costs in Figure 11-1 because of the lack
of substantiated data on the variation of operational costs with borehole depth.
The entire technology of hydraulic borehole slurry mining is in such an infancy
that costs will change substantially as new equipment is developed. Any cost or
maximum depth values presented would be immediately outdated due to the infancy
of the technique.
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The m1n1mum depth of a borehole is technically limited by the structural
strength of the overburden to prevent collapse of the surface. There is also an
economic minimum depth at which point it is more cost effective to recover the
ore by open pit techniques.

It has been estimated that sandstone ores with uranium contents of
0.06 percent could be economically mined by the borehole slurry method at depths
up to 61 meters (200 feet) based on a uranium market price of $92/Kg ($42/lb).

Ore Body Shapes/Sizes

The borehole slurry mining process is technically capable of recovering
ores from any shape or size deposit amenable to hydraulic erosion (1). Not all
sizes and shapes may be economical, however. The limited data currently
available appears to indicate that borehole slurry mining will be more expensive
than in situ solution leaching. This economic factor will probably limit the
borehole slurry technique to those deposits where other factors change the
economics. For example, it is possible that future demonstration studies will
confirm that the borehole technique has little potential for groundwater
pollution and thus an extensive environmental monitoring program is not
required. Environmental monitoring and establishment of baseline qualities are
required for solution leaching of any size ore body.

Groundwater

The majority of uranium-bearing sandstones occur below. the groundwater
table. This is consistent with the roll-front formation theory. The borehole
slurry technique requires that the borehole be drained during the extraction
operation. The technique can be applied to suitable deposits located above or
below the groundwater table providing that boreholes below the groundwater table
can be temporarily dewatered.

From a technical viewpoint, the potential for groundwater contamination by
hydraulic borehole slurry mining is less than by in situ solution leaching. The
fluids for the borehole operation are not selected for solubilization of uranium.
Assuming that future environmental monitoring requirements are less extensive
(and costly) for the borehole slurry technique, it would be more cost effective
to mine small or long, narrow deposits by the borehole technique than by in situ
leaching.

Potential groundwater problems which could limit site selection have been
discussed in Chapter 9. These potential problems are site specific and will
require evaluation on a case-by-case basis.

MINING TECHNIQUES

Ore Body Preparation and Mining

This section only contains a description of those mining aspects which are
unique to borehole slurry mining of uranium. A description of equipment
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currently available or proposed for borehole slurry mining is presented in
Chapter 9 and is not repeated in this section.

The preparation of uranium ore bodies for borehole slurry mining is in many
respects similar to that required for ore body preparation for in situ leaching.
At any rate, a p,attern of hClles large enough to accommodate the jet cutting
equipment and slurry pump is :required •

. A possible development i.n borehole slurry ml.nl.ng is the use of lixiviant
rather than nativE~ water to jet and slurry uranium ore, thus obtaining a "head
start" on leaching and reducing the required plant capacity of the surface
facility. Carbonate leach solutions would be compatible with most equipment
materials while ,acidic lixiviants would require use of corrosion resistant
materials for borE~hole mining equipment.

A major disadvantage of using lixiviants for hydraulic slurrification is
that groundwater monitoring requirements would be greatly increased. The
possibility of thE~ escape of present lixiviants would require the establishment
of a rather extensive ground'water monitoring program and its associated high
costs. Another consideration, which must be addressed, is that the addition of
foreign material to the hydraulic slurry water could result in the entire
operation coming under VIC regulations of the Safe Drinking Water Act.

At the present time it would appear that the use of a lixiviant with
borehole slurry mining 'would reduce the claimed regulatory advantages of the
mining technique. FigurE! 9-1 presents a schematic diagram of the borehole slurry
operation applicable for the mining of uranium bearing sandstones. Figure 11-2
presents a simplified flowsheet illustrating the initial slurry processing
required. Slurry from the bo,reholes is classified into two and possibly three
streams depending upon the nature of the ore. The classifier will segregate the
liquid stage, which is r4~turnE~d to the borehole for further hydraulic slurrying,
and a concentrated ore which is then processed for the recovery of uranium. It
is possible that the classifier can differentiate between the uranium-bearing
material and an inert material which may be lime or quartz. The waste material
from the conventional beneficiation process is then sent to a classifier or
directly to storage/disposal ponds. A classifier may have the advantage of
reducing the volume of fine materials which must be consolidated before their
disposal. The coarse solids are stored in a pond and then used to backfill
previously mined boreholes.

It has been estimated that borehole slurry ml.nl.ng could remove as much as
75 to 90 percent of ore in a given area depending on characteristics of the ore
and the mining operations. This uranium recovery is in the same range as that
obtained by in situ leaching.

Uranium Recov-ery From Borehole Mining Slurries

Conventional uranium mills use crushing and grinding operations. In
borehole slurry mining these operations are accomplished largely hydraulically
by the underground jet, .:md it may be sufficient to recover the uranium directly
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from a concentrated slurry. A simplified flowsheet of conventional uranium
processing is presented in Figure 11-3. Note that not all of the operations
illustrated in Figure 11-3 B.re required for processing of ores from borehole
slurry mines.

An in-depth analysis of the liquid streams generated by the beneficiation
processes is beyond the scope of this study. These waste streams are typical of
those from any conventional mill operation and could be disposed of by proven
techniques. Some modifications in the disposal operations may be required due to
the fact that the majority ,of the tailings are returned to the borehole for
backfi lling.

It is neither technically nor environmentally feasible to inject the liquid
processing wastes into the backfilled boreholes in view of the lack of
containment and possible communication with surrounding aquifers. Adverse
environmental effiects due to the disposal of these liquid wastes can, however, be
minimized or eliminated by employment of conventional techniques such as
deepwell injection, eVBlporation in lined ponds or concentration followed by
evaporation in lined ponds.

The selection of either acid or alkaline as the leaching reagent can
directly affect the envi.ronment depending on the composition of the ore and the
technique used for disposal of waste liquids. From the processing viewpoint, the
circuits are quite similar except that the alkaline circuit incorporates regene­
ration of the reagent with mnximum recycle of solutions. Many more impurities
are solubilized by acid lixiviants and it is necessary to provide a greater bleed
off for prevention of lixiviant contamination. If excess water is pumped from a
borehole and the classification operation, preceding the uranium recovery
process, is unable to se~parate the uranium-bearing fines from the water stream,
it will be necessary to process large quantities of water.

~and-Slime Separation

An integral lPart of most uranium mill circuits, particularly in acid leach
mills, is a sand-slime separation. This separation is accomplished by the
classifiers shown in Figure 11-2. This separation produces a clean-washed sand
that is stripped of uranium vB.lues and should be low in radioactive constituents.
Potential toxic m'iterials are usually found in the slime fraction. The clean­
washed sands are very suitable for borehole backfill. The slimes, after
separation from the pregnant liquor, are hygroscopic, exceedingly difficult to
settle, and cont~lin a large proportion of the total radioactivity. A major
environmental problem associated with borehole slurry mining is disposal of or
contamination by these radioactive slimes, which tend to blow away with the wind
when dry and which are probably unsuitable for mine backfill due to extremely low
dewatering rates and their potential for contamination of adjacent aquifers.

Disposal of the slime fines could be more difficult than regular uranium
tailings disposal because of the differences in particle size distributions. The
slime fines will requirE~ much longer periods to dewater than the conventional
tailings.

222



PROCESSING
OF HYDRAULIC

BOREHOLE SLURRY

MINED ORE

~
ORE PREPARATION
CRUSHING
GRADE SELECTION
BLENDING

PRELIMINARY TREATMENT
ROASTING
BENEFICIATION

I

LEACHING ACID
OR ALKALINE

•

PURIFICATION
SOLVENT EXTRACTION
ION EXCHANGE

•

PRECIPITATION
YELL'OW CAKE
CONCENTRATE

REFINING

,

I

~

PROCESSING
OF CONVENTIONALLY

MINED ORES

PURE U02

FIGURE 11-3 COMPARISON OF MILL PROCESSING FOR CONVENTIONALLY MINED AND
HYDRAULIC BOREHOLE (SLURRY) MINED URANIUM ORES.

223



It might be possible that a fraction of the fines could be combined with the
coarse sand and the mixture backfilled in the boreholes. The entire area of
slime disposal requires study for identification of the environmentally
acceptable disposal methods.

Waste Disposal.

Waste disposal of tailings produced by borehole slurry m~n~ng of uranium
could present significant problems operationally as well as environmentally. It
might be economically and technically unfeasible to return all of the processed
material back into the borehole because: 1) the fine solids in the processed
material which may cause significant subsidence, if reinjected, cannot be
economically processed {dewatered) prior to injection; 2) it is likely that the
tailings will contain the major portion of the radioactive waste materials, which
require special disposal techniques, such as those currently utilized with
conventional uranium milling processes; 3) the beneficiation process may have
adversely altered or added to the physical, chemical, or radiological character
of the tailings in such a manner so as to impair or prevent the economic
backfilling of a significant portion of the tailings. Because the tailings are
not amenable to total disposal by backfilling, there will be secondary or
indirect impacts associated with tailings disposal due to the additional
handling and processing required by the "expanded" waste. Environmental factors
such as air, noise, energy, ~md land form will be adversely impacted.

The volume of wastewaters generated by slurry mining will be greatly
influenced by the hydraulic characteristics of the underlying aquifers and by the
nature of the beneficiation process utilized at the project site. There are two
categories of wastewaters in slurry mining, those generated by the slurrifica­
tion of the ore ~md those generated by the mineral beneficiation process. The
disposal of these wastewaters will depend upon the volume and degree of
pollution. Environmental considerations include an analysis and evaluation of
the quantitative impact of these wastewaters on the disposal sites. Physical
impacts include dogging of the geologic strata by fine solids present in the
wastewater. ChE~mical quality and contamination of receiving bodies by the
process wastewaters is possihle and radioactive pollutants may be introduced to
receiving waters by waste process waters.

SITE CLOSURES

Upon completion of m~n~·ng operations, it will be necessary to restore the
mine site to an environmentally acceptable condition. The nature of the borehole
slurry mining tec:hnique caUSI~S it to be significantly less difficult to restore
that conventional open pit technique. The primary aspects of closure are:
1) backfilling of tailings in boreholes; 2) sealing of the surface tailing ponds
which contain radioactive wastes; 3) sealing of the boreholes to prevent
communication between any potable water aquifers and zones of poor quality water;
4) surface restoration.

The use of the borehole for tailings disposal has been described in the
preceding section. The surface tailings ponds will contain small concentrations
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of radium which generates radon gas. Tailings ponds containing radium are
typical of uranium mill sites and closure procedures have been developed.
Suitable tailings pond closure techniques are described in Chapter 13.
Boreholes should be sealed with concrete or other suitable material to prevent
any contamination of aquifers overlying the ore deposit. Sealing techniques have
been described in Chapter 9 for boreholes and in Chapter 6 for in situ leaching
wells. Surface restoration consists of removal of pipelines, revegetation of
access roads and drilling sites, removal of processing facilities and removal of
fences used to control access during mining operations, followed by minor land­
scaping and reseeding for vegetative cover.

ENVIRONMENTAL ASSESSMENT

Hydraulic borehole uranium mining could have significant impacts upon the
environment, depending upon site-specific characteristics. A site-specific
assessment of the possible impacts is an essential step in the evaluation process
and must include consideration of the potential impact on larger physical, human­
social, and economic environmental systems as well as the impacts in the vicinity
of the project sites.

Such a detailed analysis is beyond the scope of this study, which addresses
those potential impacts which are unique or characteristic of the borehole slurry
mining techniques. Environmental evaluations of "typical" borehole mining sites
in Texas and Wyoming are discussed in this section and summarized in a matrix
format in Appendix A.

Direct actions resulting from implementation of hydraulic borehole m~n~ng,

which may cause environmental impact upon the existing regime, are alteration of
groundcover, groundwater and surface water hydrology, levels of noise, light and
odor, general disturbance of the natural wildlife setting, loss of land to
tailings ponds, and subsidence.

Water Environment

Borehole slurry mining of uranium can affect both the surface and subsurface
water environments. The mining process does not necessarily utilize any
chemicals, toxic or otherwise, which come in contact with ore body. There is
however the possibility of solubilizing toxic substances in the ore which could
be transmitted into adjacent formations. Solubilization would result from
changes in solution pH and/or oxidation potential values. The aeration due to
the jetting action could change a water from a reducing state to an oxidizing
state. This solubilization process is described in detail in Chapter 6.

The magnitude of potential adverse impacts resulting from solubilization of
toxic substances (if it does occur) depends on additional factors such as the
proximity of potable water aquifers, the velocity of the groundwater movement,
the quality of original groundwaters and the total quantity of water available in
the region. While the groundwater hydrological scenarios described in Chapter 9
could result in the transport of some objectionable substances into surrounding
aquifers, the potential for this transport is small. Recovery of the uranium ore
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by surface, underground or in situ leaching would have equal or greater potential
for contaminatiol1l of surrounding groundwaters.

The borehole slurry technique would have minimal effects on the groundwater
quality in semi-acid regions such as Wyoming and southwest Texas. A primary
impact would be an incrE!ase in the consumptive use of water in water-short areas
such as Wyoming. Borehole sJLurry mining does not inherently consume more water
than other techniques, hO'liever the potential is there, depending upon
conditions. Ob'l7iously, an increase in mining activity by any extraction
technique will increase consumptive water use in the developed region.

In general, the surface waters of a region would not be affected signifi­
cantly by borehole mining. It is possible that negative impacts could result
from accidental spills of pro,cessing solutions and from regional increased water
consumptive use.

L~md Transformation and Construction

Land transformation and construction activities associated with borehole
m~Ill.ng pertain to construction of pipelines and boreholes, processing
facilities, roads, cut and fill, spoil deposition and generation of noise and
dust.

The majority of adversE~ environmental impacts would only be temporary in
that they would be eliminated by proper restoration. The only long term effects
would be: 1) the p()tenti.al for subsidence which might restrict future
construction of l;tructures on the mined area; 2) the presence of buried uranium
tailings which generate radon gas. Subsidence is not unique to uranium mining by
the borehole method and has been discussed in Chapter 9. The radon gas emission
rate to the environment can be controlled by proper sealing of the waste tailing
ponds. The radium, which is backfilled in the borehole, does not present
environmental problems if the access shaft is properly sealed. All danger
associated with radioactive 'waste materials can be eliminated though employment
of proper closure techniques.

Accidents

Mining operation activities are subject to the occurrence of accidents. The
probability, extent and severity of damage suffered in such events are directly
related to the complexity of the operation and maintenance of facilities.
Possible accidents include explosions, spills and leaks, and operational
failures. Subject to risk are public and private property, and the health,
safety and life ,of persons inside and outside. the premises of the project site.

The potentic:tl for accidEmts and their detrimental consequences are signifi­
cantly less for borehole slurry mining than for the conventional methods of
surface and underground mining. These factors are significant since underground
mining is the most dangerous occupation in the United States.
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CONCLUSIONS

Borehole slurry mining of uranium does not have any inherent adverse effects
on the environment which preclude its use. Proper measures such as tailings
control and borehole closure can be employed which minimize environmental
impacts. Borehole slurry mining may enable recovery of uranium from deposits
which are economically undevelopable by conventional methods at the present
time.
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CHAPTER 12

CONCLUSIONS - HYDRAULIC BOREHOLE (SLURRY) HINING

The borehole slurry technique has recently been demonstrated as a techni­
cally viable alternative to surface or strip mining for ores which can be
slurried hydraulically (1). The technique has not yet been applied at a full
production scale and the following conclusions are based on the general
characteristics of the process and the data from short-term demonstration tests.
In the previous three chapters the general characteristics of the technique and
its applicability to Florida and North Carolina pebble phosphate deposits and
Texas and Wyoming uraniferous sandstone deposits were presented.

The in situ borehole slurry method, which is a specialized m1n1ng or ore
extraction technique, is contrasted with the in situ leaching process.
Conventional mills or processing plants must be used for beneficiation of the ore
extracted by the borehole method. The waste streams, either solid-, liquid-, or
airborne-produced by the mill, are typical of mills processing conventionally
mined ores. It has been proposed that the waste tailings be backfilled into the
boreholes for disposal (1). Such backfilling requires the prior dewatering of
the tailings, which occurs at a relatively slow rate, unless the coarse materials
are separated from the fines or slimes.

The long period for dewatering of the slimes could prevent their usefulness
for backfilling into the borehole. The slimes or the fines will probably be
stored on the surface in conventional evaporation-tailings ponds. For uranium
ores, the major quantities of radium are associated with the slime fraction.
This necessitates the use of the standard radioactive waste tailings ponds. The
large clay content of the pebble phosphate ores results in the generation of
large volumes of slimes. These slimes, while less voluminous than those
generated by conventional techniques, will have a significant impact on the
surface environment. Accordingly, the slime ponds present the most significant
environmental impacts in the existing phosphate mining industry in Florida.

The potential for solubilization of trace metals in the gangue material does
exist with borehole slurry mining. The use of plain water which has been
proposed for the hydraulic solution will minimize the solubilization of toxic
materials. The jetting action in the borehole results in aeration of the water.
Development of this oxidizing chemical environment could solubilize metals if
the native groundwater was reducing. The short period required for mining a
borehole minimizes the potential for transport of any solubilized materials in
the surrounding aquifers. If the borehole is located below the groundwater
table, then dewatering must occur and water will flow into the borehole from the
aquifer. There is very little potential for pollutant transport out of the
borehole under these conditions.

If the borehole is located above the groundwater table, the bore should be
in a relatively oxidized state, and the use of an oxidized jetting water might
not solubilize large quantities of metals. Depending upon the distance of the
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borehole above the groundwater table and the permeability of the deposit between
the borehole and the groundwater table, all water seeping from the borehole could
be retained in the unsaturated soil zone by capillary action.

If the borehole is located in a confined aquifer underneath potable water
aquifers, it will be necessary to case the access hole to prevent contamination
of overlying waters. The dewatering of the borehole for the duration of the
mining operation could resul t in lowering the piezometric surface several
kilometers {miles} away. This could necessitate the deepening of surrounding
water-supply wells and the installation of larger pumps.

Ordinarily, the process does consumptively use small quantities of water. A
major component of the consumptive water use is the evaporation ponds. A very
large consumptive use of water could occur for boreholes located below the
groundwater table or in areas of high permeability. These boreholes would have
to be dewatered, and the excess water would be pumped to and disposed of on the
surface. This large consumptive use would not pose any significant impacts in
Florida or North Carolina but could use sizeable quantities of water relative to
availability in Texas and Wyoming.

Compaction of backfilled boreholes could result in surface subsidence. In
most of the areas under consideration, mining subsidence is not a significant
problem except for roads, construction, and utilities. The magnitude of
subsidence in some areas would require that no buildings be constructed over the
backfilled boreholes. The degree of subsidence is determined by the nature of
the strata between the borehole and surface, by the degree of filling and the
nature of the fill material.

In an area which experiences significant subsidence, a series of small
depressions would develop. These depressions could retain water and cause
changes in the flora and fauna. The impacts of such a change depend on the nature
of the local environment.
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CHAPTER 13

APPLICABLE FEDERAL ENVIRONMENTAL LAWS AND REGULATIONS

Recent years have seen the institution of numerous laws designed to improve
our environmental quality. Mining operations are regulated currently by a broad
spectrum of Federal laws and regulations. The principal controls affecting these
operations include regulations for mine safety, air and water quality, land use
and mine reclamation, and environmental impact analysis. The purpose of the
present and the following chapter is to review the significant environmental laws
and regulations affecting in situ leaching operations.

In the past decade the field of environmental law and the associated
regulations has been in a constant state of flux with existing laws continuously
being revised and new laws being added. It is therefore the intent of this part
of the report to present an overview of the current laws and regulations which
may affect an in situ leaching operation.

This overview was finalized in late 1978 and the reader is cautioned that
many changes are expected to occur in the next few years.

Because in situ leaching is not a mature mining method, regulatory agencies
may exert control over a mine operation through interpretation of laws not
specifically addressed to in situ leaching. Thus, as in situ leaching becomes
more commonplace, regulations may be expected which are directed towards
controlling in situ leaching.

The Federal environmental laws which appear to have the most significant
impact on in situ leaching and borehole slurry mining are the following acts:

o Atomic Energy Act of 1954

o National Environmental Policy Act of 1969 (NEPA)

o Federal Water Pollution Control Act Amendments of 1972 (FWPCA)

o Safe Drinking Water Act of 1974 (SDWA)

o Energy Reorganization Act of 1974

o Resource Conservation and Recovery Act of 1976 (RCRA)

The following sections will review these acts, the regulatory agencies in control
of the implementation of the acts, and will discuss pertinent regulations
affecting in situ leaching.-

NATIONAL ENVIRONMENTAL POLICY ACT OF 1969 (PL 91-190)

Regulatory Agency Council on Environmental Quality (CEQ)
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Regulations National Environmental Policy Act
November 29, 1978 40 CFR 1500
(Effective Date)

Discussion

Regulations
July 30, 1979

The purpose of NEPA is:

"To declare a national policy which will encourage productive and enjoyable
harmony between m~m and his environment; to promote efforts which will
prevent or eliminate damage to the environment and biosphere and stimulate
the health and welfare of man; to enrich the understanding of the ecological
systems and natural resources important to the Nation; and to establish a
Council on Environmental Quality."

The result of NEPA is that all agencies of the Federal government are
required to prepare a detailed Environmental Impact Statement (EIS) ". • • on
all proposals for legislation and major Federal actions significantly affecting
the quality of the human environment." In drafting NEPA, Congress did not
attempt to pull 'within the Act IS EIS requi,rement all state, local and private
actions which may cause environmental degradation. Thus, an important issue in
NEPA' s implement~ltion is whether a particular action is sufficiently "Federal"
for NEPA to apply (1). The types of Federal action which fall within NEPA' s
jurisdication are projects, permits, licenses, certificates, regulatory
actions, and proposals on legislation. The definition of major Federal action
and "significant" has been, ~md undoubtedly in the future will be, the cause of
much conjecture and court review.

The procedure followed in determining if an EIS is required will be
discussed briefly. A mine operator submits an environmental report to the lead
or permitting agency for revi.ew. The agency then reviews the proposed action to
determine if there is a significant environmental impact. If so delineated, the
lead agency is re:sponsible for preparing a draft EIS. Publication of the draft
EIS and the publi.c hearing follows. The lead agency then grants or denies the
permit, taking into account the public review comments. This process has greatly
extended the l~ad time necessary in premine planning. If an EIS is required, it
must be prepared in accord~mce with Sec. 102I(2)C of NEPA quoted below and
40 CFR 1500:

"Sec. 102. The Congress authorizes and directs that, to the fullest extent
possible: (1) thE! policies, regulations, and public laws of the United
States shall be interpreted and administered in accordance with the
policies set forth in this Act, and (2) all agencies of the Federal
Government shall--

(C) include in every recommendation or report on proposals for
legislation and other major Federal actions significantly affecting the
quality of the human environment, a detailed statement by the responsible
official on---
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(i) the environmental impact of the proposed action,

(ii) any adverse environmental effects which cannot be avoided
should the proposal be implemented,

(iii) alternatives to the proposed action,

(iv) the relationship between local short-term uses of man's
environment and the maintenance and enhancement of long-term
productivity and

(v) any irreversible and irretrievable commitments of resources
which would be involved in the proposed action should it be
implemented.

Prior to making any detailed statement, the responsible Federal official
shall consult with and obtain the comments of any Federal agency which has
jurisdiction by law or special expertise with respect to any environmental
impact involved. Copies of such statement and the comments and views of the
appropriate Federal, State, and local agencies, which are authorized to
develop and enforce environmental standards, shall be made available to the
President, the Council on Environmental Quality and to the public as
provided by Section 552 of the Title 5. United States Code, and shall
accompany the proposal through the existing agency review processes;"

FEDERAL WATER POLLUTION CONTROL ACT AMENDMENTS OF 1972 (PL 92-500)

Regulations

Regulatory Agency

Effluent Guidelines and Standards Issued for various
Industry

U.S. Environmental Protection Agency and states granted
primacy in permit issuance

Discussion

The passage of the 1972 amendments to the Federal Water Pollution Control
Act represented the culmination of a long evolutionary trend in enforcement of
water pollution control in the United States. The original Federal legislation
on this subject was passed in 1948 and authorized a modest program of
construction grants for municipal sewage treatment facilities. The Water
Pollution Control Act Amendments of 1956 strengthened the enforcement provisions
by providing for an abatement suit at the request of a State Pollution Control
Agency; where health was endangered. The Federal Government no longer had to
receive the consent of all states involved. The Water Quality Act of 1965
required that the separate states establish receiving water standards related to
the highest demonstrated and/or desirable uses for particular water bodies
(e.g., recreation, fishing, industry, etc.). Allowable effluents from
dischargers were predicated based upon attainment of these water quality
standards.
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The primary enforcE~ment responsibility belonged to the individual states,
while the Federal government was empowered to conduct enforcement actions in
matters pertaining to intelrstate pollution. The practical difficulties
associated with the desi.gnation of acceptable water uses, the establishment of
appropriate water quality standards, and the subsequent translation of the
effects of such standards to effluent limitations led to major delays in
construction of libatement fa.cilities. Furthermore, theoretically at least,
sources discharging to large bodies of water could have had somewhat of an
economic advantage since a lesser investment in abatement facilities would
insure the attaimllent of water quality standards.

The Clean Water Restoration Act of 1966 imposed a $100/day fine on pollutors
who failed to submit a required report. The Water Quality Improvement Act of
1970 established a State certified procedure.

The 1972 amendments to tbe Federal Water Pollution Control Act mandated the
achievement by July 1, 1977, of the "best practicable control technology
currently available" for all sources of water pollution regardless of existing
water quality standards. The amendments further mandated that the "best
available treatment economicdly achievable" (BATEA) be installed by July 1,
1983, and established as a national goal that the discharge of pollutants to the
navigable waters of the United States be eliminated by 1985. The Act required
that the United States EPA provide guidelines for effluent limitations that would
meet the "best practicable t:ontrol technology currently available" (BPCTCA)
criterion. In addition, the: Act required the establishment of standards of
performance for twenty-seven industrial source categories which reflected· the
greatest degree of effluent rE~d1Jction determined to be achievable by application
of demonstrated tE~chnology.

The United States EPA bas determined that the effluent limitations and
standards of performance shoul.d be incorporated into waste discharge permits for
all sources of water pollution in the United States (2). Should water quality
standards dictate more stringE!nt effluent limitations than those required by the
best practicable technology, EPA feels that these more stringent limitations
must be incorporated in the waste discharge permit. The development of the
effluent guidelines, stcmdards of performance, and waste discharge permits, in
coordination with establishment of applicable water quality standards,
constitute the NationCll Pollutant Discharge Elimination System (NPDES),
Section 402 of the 1972 Act.

Section 404 of the Water Pollution Control Act Amendments of 1972
(PL 92-500) authorizes the Secretary of the Army, through the Corps of Engineers,
to issue permits for the discharge of dredged or fill material into navigable
water of the United States at approved discharge sites.

Implementation of Section 404 has generated significant controversy, as a
result of the broad definition of navigable waters adopted by the Corps of
Engineers. The term "navigable waters" is defined to include not only coastal
waters, rivers, l.akes, streams, and artificial water bodies that have been used
in the past or are now used (lor are susceptible to use) as a means to transport
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interstate commerce, but also all interstate waters and tributaries of navigable
waters up to their headwaters and landward of their ordinary high water marks.
This is taken to mean the point on the stream above which the flow is normally
less than 5 cubic feet per second.

Dredged material is defined as material that is excavated or dredged from
navigable waters, but excluding material resulting from normal farming and
ranching activities. A discharge permit is required for the addition of dredged
material into navigable waters in excess of 1 cubic yard when used in a single
operation. Fill material is any pollutant used to create fill in the traditional
sense of replacing an aquatic area with dry land or changing the bottom elevation
of a water body for any purpose. Thus, any dredging of waterways within the
project site area, or filling of potential waterways, including the construction
of road crossings of streams, will require dredge and fill permits to be issued
by the Army Corps of Engineers under Section 404. Any alteration of a natural
stream channel, construction of diversion dams, construction of bulkheads, and
discharge of tailings likewise will require a Section 404 permit.

Because the activities enumerated above are so vast, the Corps of Engineers
has chosen to implement the permit procedure in three phases. Discharges into
coastal waters or into inland navigable waters, navigable in the traditional
sense, and discharges into fresh wetlands require permits as of July 25, 1975.
Discharges into primary tributaries and lakes are covered as of October 1, 1976.
Discharges into all other "navigable waters" including the headwaters of
tributaries are governed as of July 1, 1977.

A crucial requirement of the permit review process under Section 404 is the
requirement that certification be given by the State or appropriate interstate
water pollution control agency prior to the issuance of a permit to the effect
that any discharge will comply with the applicable effluent limitations and water
quality standards.

The permit application is reviewed also by the Environmental Protection
Agency. The EPA has the authority to prohibit the discharge into a specific site
if it determines that the proposed discharge will have an unacceptable adverse
effect upon municipal water supplies, fishing areas, wildlife, or recreational
areas. Time involved in obtaining such a permit is usually approximately
180 days.

Effluent Guidelines and Standards

The following is a review of the current status of effluent guidelines
published for in situ leaching for copper, phosphate and uranium.

Copper and Uranium

Copper and uranium ore mining and milling are categorized under the Ore
Mining and Dressing Point Source Category for which effluent limitation
guidelines were published on July 11, 1978 (40 CFR 440). These guidelines
established a zero discharge standard for in situ copper and uranium leaching but
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do allow, in areas where prl~cipitation exceeds evaporation, that a volume of
water equal to the difference between the annual precipitation falling on the
treatment system (and drainage area) and the evaporation over the same area may
be subject to the: limitations set forth in Tables 13-1 and 13-2.

SAFE DRINKING WATER ACT OF 1974 (PL 93-523)

Regulatory Agencr

Regulations

u.s" Environmental Protection Agency, Office of Water
Supply

State Underground Injection Control Program
Updnte

National Interim Primary Drinking Water Regulations
40 eFR 141 December 24, 1975

Drinking Water Regulations -- Radionuclide 10 CFR 141
July 9, 1976

Drinking Water Regulations -- Organic Chemicals to
CFR 141 February 9, 1978

National Secondary Drinking
(Proposed regulations) 10 CFR 143

Discussion

Water Regulations
March 31, 1977

Possibly thE~ most significant legislation affecting the in situ leaching
industry is the Safe Drinking Water Act with its State Underground Injection
Control Program regulations. The initial draft regulations were published in the
Federal Register on August 31, 1976 and appeared to have been drafted from
limited data on in situ lenching. On December 27, 1977, the Federal Water
Pollution Control Act was further amended by passage of PL 95-217, titled the
Clean Water Act of 1977.

The act requires that a list of states be published in the Federal Register
which, in the opinion of the administrator, require an underground injection
control program to assure that underground injections do not endanger
underground drinking water sources. In situ mining wells are regulated under
Subpart D Section 146.32 Requirements for Special Process Recovery Wells.

The proposed regulations are designed to protect the quality of existing
aquifers or poten.tial s()urces ()f drinking water for public systems. Public water
systems include any system serving the public having at least 15 service
connections. Underground dri.nking water sources are defined to include aquifers
currently supplying a public water system or ones which contain a TDS of less
than 10,000 mg/L
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TABLE 13-1. Effluent Limitations for Copper Mining and Milling

Effluent
characteristic

TSS
Cu
Zn
Pb
Hg
Cd
CN
pH

Maximum for
anyone day

Milligrams per liter

30
0.1
0.4
0.4
0.002
0.10
0.02

Within the range
6.0 to 9.0

Average of daily
values for 30

consecutive days
shall not exceed

20
0.05
0.2
0.2
0.001
0.05
0.01

TABLE 13-2. Effluent Limitations for Uranium Mining and Milling [a]

Effluent
characteristic

TSS
Cd
Zn
As
Ra226 [b]
U
COD
pH

Maximum for
anyone day

Milligrams per liter

30
0.10
1.0
1.0

10
4

200
Within the range

6.0 to 9.0

Average of daily
values for 30

consecutive days
shall not exceed

20
0.05

.5
0.5
3
2

100

[a] Federal Register, V 43, No. 133. July 11, 1978. pp 29763-29930.
[b] Values in picocuries per liter.
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The proposed regulations allow the 10,000 mg/l limit to be lowered provided
that adequate water supplies are available for all people in the state now and in
the foreseeable future, and if adequate geological conditions exist which
separate the waters to be protected from those not protected. State programs may
also designate specific: aquifers not to be protected if the aquifer is mineral
producing, if the aquifer is a.t a depth which would be uneconomical to pump for
domestic production, or if the water in the aquifer is so contaminated that it
would be economically i.nfeasible to treat the water to the applicable drinking
water standards. It appealrs as though there is sufficient latitude in the
regulations to allow a state administrator to designate a mineral bearing aquifer
which may often contain high levels of contaminants to be exempt from the
regulations.

The act allows for thE! issuance of area permits for large well
Subpart D Section 146.32 dE!lineates the specific requirements for
process recovery wells in which mining wells are covered. The proposed
tions summarize Subpart D as follows:

fields.
special
regula-

Since. in some caSI~S Chss III well activities (regulated under subpart D)
may take pl.gce in aquifers where hydraulically corrected portions serve as
drinking wa.ter sClurce, additional requirements would be imposed. For
example, "The execution of harmful fluids from the mining area would be
prohibited. 1I Similarly, more stringent monitoring and frequent reporting
requirements would be applied.

Of greatest significancla to the in situ leaching operation are the proposed
requirements for daily monitoring, constant maintenance of a negative hydraulic
gradient, and the aquifer restoration clause. Daily monitoring of observation
wells can be costly and will produce voluminous amounts of paperwork if several
constituents are: to be mea.sured. Requiring a constant negative hydraulic
gradient causing a continuous inflow of native groundwater into a well field
could cause an operator problems; for instance, it would eliminate the "huff and
puff" pumping method. The requirement of restoring an aquifer to within an
acceptable level of b,gseline is important, as it allows a director to use
flexible restoration limits, since each site i.s unique.

Again, it is emphasized that final regulations are not available at the time
of this writing imd the reader should consult the final regulations.

Al though the Drinking Water Regulations do not specifically regulate in
situ leaching, they establish water quality criteria which may be used as target
objectives by regulatory agencies when establishing aquifer restoration
programs. Preslanted in Tables 13-3, 13-4 and 13-5 are the Drinking Water
Regulations in their present status.

Tables 13-3 and 13-4 present maximum contaminant levels which are
enforceable but the secondary standards are recommended levels only and are
nonenforceable. It is inter,esting to note that water supplies in many areas of
the arid southwestern United States exceed the maximum levels for TDS.
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TABLE 13-3. National Interim Primary Drinking Water Maximum
Inorganic Contaminant Levels [a]

Level [b]
Contaminant (mg/l)

Arsenic 0.05

Barium 1.

Cadmium 0.010

Chromium 0.05

Fluoride 1.4-2.4 [c]

Lead 0.05

Mercury 0.002

Nitrate (as N) 10.

Selenium 0.01

Silver 0.05

[a] Federal Register. V 40, No. 248. Wed., December 24, 1975.
pp 59566-59574.

[b] The maximum contaminant level for nitrate is applicable to
both community water systems and noncommunity water systems.

[c) Varies as a function of the average annual air temperature.
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TABLE 13-4. Drinking Water Re ulations - Radionuclides
Mnximum. Contaminant Levels a]

Contamimmt

Combined Ra 226 + 228

Gross alpha particle
activity [b]

Level
PCi/1

5

15

[a] Federal Register. V 41, No. 133. Fri., July 9, 1976.
pp 28402-28409. Aho 40 CFR part 141.

[b] Including Ra 226 but excluding radon and uranium.

TABLE 13-5. National Secondary Drinking Water Standards
Maximum Contaminant Level~ [a]

Contamina.nt

Chloride

Color

Copper

Corrosivity

Foaming Agents

Hydrogen Sulfide

Iron

Manganelse

Odor

pH

Sulfate

TDS

Zinc

Level

250 mg/l

15 Color Units

1 mg/l

Non-corrosive

0.5 mg/l

0.05 mg/l

0.3 mg/l

0.05 mg/l

3 Threshold Odor
Number

6.58.5

250 mg/l

500 mg/l

5 mg/l

[a] Federal Register.
pp. 17143-17147.

V 42, No. 62. Thurs., March 31, 1977.
Also 40 CFR part 143.
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Regulatory Agency

Regulations

Regulatory Guides

ENERGY REORGANIZATION ACT OF 1974 (PL-93-438)

u.s. Nuclear Regulatory Commission

Standards for Protection Against Radiation
(10 CFR 20)

Licensing of Source Material (10 CFR 40)

Licensing and Regulatory Policy and Procedures for
Environmental Protection (10 CFR 51)

Guide 3.5 Standard Format and Content of License
Applications for Uranium Mills

Guide 3.8 Preparation of Environmental Reports for
Uranium Mills

Guide 3.11 Design, Construction, and Inspection of
Embankment Retention Systems for Uranium Mills

Guide 4.14 Measuring, Evaluating, and Reporting
Radioactivity in Releases of Radioactive Materials in
Liquid and Airborne Effluents From Uranium Mills

Guide 8.22 Bioassay at Uranium Mills

Guide 8.15 Acceptable Programs for Respiratory
Protection

Discussion

The NRC has license issuing authority over uranium mills and they have
determined that in situ mine is within its jurisdiction (3). The NRC's control
over a hydraulic borehole slurry mining operation is unknown, but if the mine is
associated with a mill, the question is a moot point, as the mine supplies the
mill and the effect of the mine's activity on the environment would need to be
addressed in an EIS. Thus, the NRC has, in fact, authority over borehole mining
operations, when uranium is being mined.

The NRC has established 8 performance objectives regarding tailings
management which will be applicable for a borehole slurry mining operation.
These new objectives are a result of past pollution problems associated with poor
tailings management. The objectives are listed below.

Siting and Design

1. Locate the tailings isolation area remote from people such that
population exposures would be reduced to the maximum extent reasonably
achievable.
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2. Locate the tailings isolation area such that disruption and dispersion
by natural forces is eliminated or reduced to the maximum extent
reasonably achievable.

3. Design the isolation area such that seepage of toxic materials into the
groundwater system would be eliminated or reduced to the maximum
extent reasonably achievable.

During Operation!

4. Elimimlte the blowing of tailings to unrestricted areas during normal
operating conditions.

Post Reclamation

5. Reduce direct gamma radiation from the impoundment area to essentially
background levels.

6. Reduce the radon emanation rate from the impoundment area to about
twice the emanation rate in the surrounding environs.

7. Elimimlte the need for an on-going monitoring and maintenance program
following successful reclamation.

8. ProvidE! surety arrangements to assure that sufficient funds are
available to complete the full reclamation plan (3).

One method recently presented was a draft EIS for Bear Creek (Wyoming) mine
and mill. A cross section of the proposed reclaimed tailings pond is presented
on Figure 13-1. Like the NPDES system the NRC has granted license issuing
authority to many states via the Agreement States Program with NRC. A list of
these Agreement States is presented in Table 13-6. If an EIS is required in the
Agreement States it is because of the requirements of the individual state.

As stated, the source mB;terial license from NRC may require the preparation
of an EIS. In determining the necessity of an EIS, a mining applicant would
submit an environmental report to NRC in conjunction with the source material
license application. The NRC then performs an environmental review to determine
if the proposed action would "significantly affect the quality of the human
environment." If so, NRC then prepares a draft EIS. The areas currently
receiving increased attention by NRC, on conventional minimum applications are:

1. Environmental monitoring, both premining and during operations.

2. Effect of mining and milling operations on the groundwater table.

3. Socioeconomic impacts on the local level.

4. Tailings management (3).
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TABLE 13-6. NRC Agreement States

1. Alabama 14. Louisiana

2. Arizona 15. Maryland

3. Arkansas 16. Mississippi

4. California 17. Nebraska

5. N. Carolina 18. New Hampshire

6. S. Carolina 19. New Mexico

7. Colorado 20. New York

8. N. Dakota 21. Nevada

9. Florida 22. Oregon

10. Georgia 23. Rhode Island

II. Idaho 24. Tennessee

12. Kansas 25. Texas

13. Kentucky 26. Washington
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The first three areas would be applicable to some degree for an in situ
leaching operation and all four would be applicable to a borehole slurry mine
since the mill will undoubtedly produce tailings. An area which apparently will
receive critical review for in situ leaching is aquifer restoration. It is
possible that there may be an overlap in regulatory authority of aquifer
restoration between NRC through the EIS process and EPA through the UIC program.

RESOURCE CONSERVATION AND RECOVERY ACT OF 1976 (RCRA)

In October 1976, Congress passed the Resource Conservation and Recovery Act
(RCRA). Regulations have not yet been promulgated under this legislation. The
regulations will govern the disposal of solid waste, which is very broadly
defined to include "solid, semi-solid, liquid, or contained gaseous" emissions
from a number of industries including the mining industry. Hazardous waste is to
be defined on the basis of criteria to be developed by the Environmental
Protection Agency. The RCRA provides for interested states to develop a
permitting program, somewhat similar to the NPDES program, to govern the
generation, transportation, and disposal of hazardous wastes. In view of the
radium which would be contained in uranium ores, the waste products from mining
and milling operations will probably fall under the provisions of RCRA. If so, a
permit will be needed for mining, transportation, and waste disposal, with a
manifest system and a complicated system of record keeping for the hazardous
components contained within the solid waste.
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CHAPTER 14

APPLICABLE STATE ENVIRONMENTAL LAWS AND KEGULATIONS

As previously stated, the scope of this study is limited to in situ mining
of copper, phosphate, and uranium. This chapter will discuss the environmental
laws and regulations affecting these commodities in those states having
significant resources and reserves. A summary of the states and the type of
mining is presented in Table 14-1.

This review was conducted during 1978 and will be rapidly outdated as states
adopt regulations for protection of their groundwaters. As in the previous
chapter on Federal laws, this chapter will dicuss those State environmental laws
and regulations which may have the greatest impact on in situ mining. These
subject areas include water pollution control, waste discharge standards, mine
reclamation, environmental assessment and radiological material control.
Although local land use laws and/or zoning ordinances may have a significant
impact on the feasibility of an operation at a specific site, it is beyond the
scope of this report to review and summarize such local laws.

Although in situ mining has been conducted in only a few states, it may be
feasible in ore or mineral deposits in many of the states listed in Figure 14-1.
Thus, the summary of laws and regulations in this chapter is an interpretation of
the existing State laws which could have control over in situ mining. The data
was gathered by contacting department heads in appropriate State agencies and by
summarizing the appropriate laws, regulations and guidelines.

ARIZONA

Water Quality Requirements

There appear to be no State statutes to protect the quality of groundwaters.
Although there are standards for domestic well construction, the objective is to
ensure the production of potable water and not for the protection of water
quality in the aquifers. Waste discharge to surface waters is regulated by NPDES
permits which are issued by EPA.

The Bureau of Water Quality Control, Department of Health Services,
appreciates the opportunity of a courtesy review of a proposed mining plan.
However, they have no statuatory authority to require one. As a result of a
courtesy review, a monitoring program may be recommended but an operator is under
no obligation to comply with such recommendations.

Mine Reclamation Requirements

No legislation has been passed regarding mine reclamation requirements
which may be impqsed on a mine operator. Local land use ordinances may, however,
dictate mine reclamation requirements as a condition of zoning variances or other
similar local controls.
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TABLE 14-1. State SummarL of Minerals and Type of Mining

Minerals
State ~er Phosphate Uranium

Arizona X X
California X
Colorado X

Florida X X
Michigan X
Montana X X

Nevada X X
New Mexico X X
North Carolina X X

South Dakota X

Texas X
Utah X X X

Wyoming X X
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Environmental Impact Statement

There are currently no State EIS requirements which may be imposed upon a
mine operator.

CALIFORNIA

Limited phosphate reserves in the State may be amenable to hydraulic
borehole slurry mining. The following summary reviews those laws which may have
regulatory control over the process. It should be noted, however, that none of
the laws address in situ mining, therefore it is not possible to determine with a
great degree of certainty what requirements would be placed upon a hydraulic
borehole mining operation.

The laws which appear to have the greatest potential affect on hydraulic
borehole mining are:

o Porter-Cologne Water Quality Control Act of 1969;

o Surface Mining and Reclamation Act of 1975;

o California Environmental Quality Act of 1970 (CEQA).

Water Quality Requirements

Law Porter-Cologne Water Quality Control Act of 1969

Regulatory Agency The Resources Agency -- California Water
Resources Control Board (SWRCB)

Discussion

The SWRCB sets broad policy and general requirements. The State is divided
into nine regional areas, each governed by a Regional Water Quality Control Board
(RWQCB). These local boards are in charge of setting local policy and
establishing water quality control requirements. Permits for the discharge of
all liquid wastes must be obtained for the RWQCB. If there is a discharge to
surface streams, the permit issued is an "NPDES Permit," all others are referred
to as Waste Discharge Permits.

In general, waste discharge permits for mining operations may contain the
provisions which would disallow: discharge to surface waters; excursion of
wastes beyond the designated area; increase in turbidity in surface waters;
aquifer contamination; or modification to the hydrologic regime which would
allow inter-aquifer exchanges of water with good and poor quality.

Mining Laws

Law Surface Mining and Reclamation Act of 1975

Regulatory Agency State Mining and Geology Board
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Discussion

The intent of the Act is to prevent or minimize adverse environmental
effects, reclaim mined lands, encourage conservation and development of mineral
resources while considl~ring other land uses, and eliminate residual hazards to
public health and safety. The Act is administered by the Board, but the Act
requires that each city and county adopt ordinances for the review and approval
of permits for mining operations and plans for the reclamation of mined lands.
The· Board has drafted model reclamation plans and ordinances as a guide for
cities and counties for use in meeting minimum standards in compliance with the
Act.

Mined lands were defined by the Act to include the surface, subsurface and
groundwater of an area in which surface mining operations are being conducted.
Surface mining is defined to include: the inplace distillation, or retorting or
leaching; the production and disposal of mining waste; and the prospecting and
exploratory activities.

Although hydraulic borE!hole slurry m~n~ng is not specifically delineated,
it could possibly fall under the jurisdiction of this Act.

Environmental Impact Statement

Law California Environmental Quality Act of 1970 (CEQA)

Regulatory Agency The Resources Agency

The Resources Agency of California acts as a state clearinghouse for all
environmental impact rE!ports. However, a lead agency may be any public agency
with regulatory authority over a particular project.

Discussion

The CEQA requires the preparation of an Environmental Impact Report (EIR)
when it is determined that Bi proposed project may have a significant impact on
the environment. The content of an EIR is similar to that contained in a Federal
EIS.

COLORADO

New uranium reserves have been discovered which may be amenable to in situ
leaching. Due to the limited experience in the State with in situ mining, many
State statutes which may regulate a proposed operation do not address in situ
mining directly. The laws which appear to have significant impact on in situ
mining include:

o Water Quality Control Act of 1973;

o State license (NRC equivalent);
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o Mined Land Reclamation Act of 1973;

o State Water Law(s).

Water Quality Requirements

Law Water Quality Control Act

-Regulatory Agency Water Quality Control Division (WQCD)
of the Colorado Department of Health

Discussion

The Water Quality Control Act requires a permit application for waste
disposal wells. Apparently the State has decided that in situ uranium leaching
wells fall within the jurisdiction of the Act. However, there are no rules,
regulations, or guidelines that are addressed to in situ mining. It is,
therefore, up to the mine operator to provide sufficient data, as may be
requested, to convince the State that the proposed operation will not cause
pollution.

Additional permits may be required from the WQCD, if a proposed mine
operation is expected to produce and discharge a liquid waste stream. The WQCD
is authorized by EPA to issue NPDES Permits for waste discharge to surface
streams. If there is no direct surface discharge but the waste stream is
expected to have a potential impact on groundwater quality, the Act requires the
issuance of a permit from the WQCD.

Radiological Protection

Law Licensing authority given to State by agreement with the U.S. Nuclear
Regulatory Commission (NRC).

Regulatory Agency Division of Occupational and Radiological Health,
Colorado Department of Health

Discussion

The current regulations satisfy NRC's requirements, but in situ leaching
and associated milling are not addressed in depth. As previously discussed,
Colorado has issued one in situ license which was for a development operation in
Weld County by Wyoming Mineral Corporation. An initial concern of the Health
Department was the concentration of radium in the ion exchange unit and possible
escape of the associated radon gas. This concern was satisfied by the design of
the facilities and proposed operation plan. The State has required Wyoming
Mineral Corporation to restore the water quality in the aquifer as follows: TDS
to within 10 percent of baseline, and to average concentrations of the premining
baseline water quality of the ionic species identified in the Interim Primary
Drinking Water Standards [EPA 1976]. The only exception is for ammonia which can
exceed the original levels since the native water does not meet potable
standards.
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Environ.mental Impact Statements

An environmental report is required for a source material license in
sufficient depth to "prlacludE: overlooking any serious environmental concerns."
There are no specific guidelines but, the report generally should follow the NRC
guidelines for Preparation of an Environmental Report for Uranium Mills
[NRC Regulatory Guide 3.8 1978].

Mine Reclamation Re~uirements

Law Colorado Mined Land Reclamation Act of 1973

Regulatory A~ Colorado Department of Natural Resources

Discussion

In the Colorado Mined La,nd Reclamation Act the State legislature declared
that the extraction of minerals and reclamation of land affected were both
necessary and proper activiti'as. Operations at an in situ leaching site, which
may fall within the jurisdiction of the Act, include: construction of roads;
prospecting and drill sites; evaporation and settling ponds; waste discharge
areas; physical facilities.

The Act requires a permit: for all m1.I11.ng operations. If a mine affects less
than 4 hectares (10 acres) and extracts less than 70,000 tons of mineral per
year, it is classified as a limited impact operation and subject to limited
requirements in permit applic~ltion. Other min.es are subjected to more extensive
requirements.

There are no regulntions regarding aquifer restoration after mine closure
but the Act states that "Disturbances to the prevailing hydrologic balance of the
affected land and surrounding area and to the quality and quantity of the water
in the surface and groundwater systems both during and after mining operation and
during reclamation, sh.'lll be minimized." 'Thus it appears that there is
sufficient latitude to allow the Board to require extensive aquifer restoration.

Water Supply Permits

Law Colorado Water Law

Regulatory Agency Colorado State Engineer

Discussion

The State Engineer reviews all mining permit applications made in
accordance with the Minl~d Land Reclamation Act for compliance with the State
Water Law. A water use permit may be required from the Engineer if a mine
operator plans a diversion of either surface or groundwater. Since groundwater
appropriators usually have junior water rights (rights subservient to prior or
senior rights) to surface applropriators, it may be necessary for an operator to
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JOLn a groundwater management district, if an augmentation of supply is required
to satisfy the prior rights of the senior appropriator.

FLORIDA

Florida is the country's major producer of phosphate rock. To date, there
have been no known commercial applications of the hydraulic borehole slurry
mining system for the extraction of phosphate. There has been some experimental
work done with the MARCONAFLO system, but the results are not published. The
Florida laws and regulations which appear to have control over borehole slurry
mining of phosphate are the Florida Environmental Land and Water Management Act
of 1972, the Industrial Waste Discharge Permit System, the Rules on Dams
surrounding slime permits, consumptive use permits, and system and mine
regulation rules.

Water Quality Requirements

Regulatory Agency

Regulations

Florida Department of Environmental
Regulation (DER)

Rules of the DER, Chapter 17-3 "Pollution of
Water."

Discussion

The rules were adopted to protect the waters of the state and to prevent
discharge of harmful substances. Minimum conditions were established for all
waters for settleable, floating, deleterious and toxic substances. The rules
adopted as a minium effluent guideline established by EPA (See Federal Register
42 No. 133 July 12, 1977 pp. 35843-35852 or 40 CFR part 436) for 30 industries
include the phosphate manufacturing industry. Stricter discharge standards may
be required to meet applicable water quality standards.

State waters are classified by use into 5 categories:

Class I
Class II
Class III

Class IV
Class V

Public water supplies
Shellfish harvesting
Recreation, propogation and management of fish and
wildlife
Agricultural and industrial water supply
Navigation, utility and industrial use.

Separate water quality standards have been established for each of the above
classes.

Environmental Assessments

Law -- Florida Environmental Land and Water Management Act of 1972.
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Regulatory Authori:!y' -- Florida Department of Administration,
Division of Planning

Rules -- Developments Presumed to be of Regional Impact
(Chapter 22F-2)

Discussion

. The law was promulgated to protect the natural resources and the environment
of the state. The Act intended that state land and water management policies
should be implemented by local government. The Act allowed the formation of
areas of critical concern in which land use plans must be adopted. Any
Development of Regional Impact (DRI) is required to obtain a permit from one of
11 Regional Planning Councils. Mining operations are defined to be a DRI if more
than 40 hectares Iii (l00 acres) are disturbed, or if the operation would consume
more than 11.3 x 10 (3 mgd) of water.

Mine Reclamation

Regulatory Authority _. Florida Department of Natural Resources (DNR)
Division of Resource Management

Rules -- Mine Reclamation Rules (Chapter 16C-16)

Discussion

The severance tax program offers monetary incentives for the mine operators
to reclaim their lands and recapture a portion of the severance tax paid during
mining. On new mined areas, reclamation and restoration of disturbed lands is
mandatory with an exception, if the product is sold:

1. To a government agency;
2. In the state and sales tax paid;
3. For the company's own use.

Prior to·restoration to recover severance tax, the operator must submit an
application to the DNR. Usually reclamation consists of allowing the slime pond
to dry and cake over. The area may then be covered over with top soil, providing
a site suitable for light farming. No building is allowed on a reclaimed site.
For each $1. 00 paid toward severance tax, the operator is allowed to recover
40 cents by reclaiming the mine site.

Water Resources

Law -- Florida Water Resources Act of 1972

Regulatory Agency -- Florida Department of Environmental Regulations
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Discussion

Florida is divided into six water management districts. The main purpose of
the district is to provide for the management of water and related land resources
and to promote the conservation, development and proper use of state waters. A
permit is required from the district for any project which involves the
artificial recharge or introduction of water into an aquifer as may be the case
in borehole slurry mining. The DER also requires water use permits.

MICHIGAN

As discussed in Chapter 5 the native copper deposits in the Keweenaw
Peninsula might be amenable to in situ leaching; however, to date there have been
no known in situ operations. The State could regulate in situ mining by the
Water Resources Commission Act, the Mineral Wells Acts, by Guidelines for
Preparing EISs under Executive Order 1974-4, or under a prospector's or mining
lease, if the mine is on state lands (as is much of the land in the Keweenaw
Peninsula).

Water Quality Requirements

Law Michigan Water Resources Commission Act 245, Public Acts of 1929
as amended.

Regulatory Agency Michigan Department of Natural Resources
Environmental Protection Bureau, Water
Quality Division

Discussion

The Division is responsible for issuing NPDES permits for all wastewater
discharges to surface waters of the state. It also issues State Wastewater
Discharge Permits for all wastewater discharges to groundwaters of the state and
all waters not specifically governed by NPDES permits. As discussed in
Chapter 5, many of the inactive copper mines have been filling with water which
may have a high TDS. The discharge of this water would require a permit by the
Division and may pose a significant obstacle in obtaining approval to mine in an
inactive mine.

Mining Wells

Law -- The Mineral Wells Act. Act No. 315 of Public Acts of 1969

Regulatory Agency -- Michigan Department of Natural Resources
Geological Survey Division
Supervisor of Mineral Wells

Regulations -- Rules Governing Mineral Wells, June 1972
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Discussion

The act was passed for the control of drilling, operating and abandoning mineral
wells to prevent waste discharge to surface or groundwaters. The regulations
define mineral wells to include brine, storage, disposal and test wells. Thus,
it is unclear if in situ leaching wells fall under the jurisdiction of the act;
however, it is possible that a permit would be required under the requirements of
the Act.

Environmental Assessments

Authority -- Governor's Executive Order 1974-·4

Regulatory Agency Environmental Review Board

Discussion

The Order requires that all major activities of each State agency, which
have a possible significant i.mpact on the environment, be the subject of an
environmental assessment by the agency involved. The Order includes
administrative actions, such as issuance of permits for the discharge of
materials that would result in a significant degradation of environmental
quality and the ~luthorization of changes in land use through the issuance of use
permits.

Major activities may require an EIS for several reasons such as a request by
the Governor, if the activity raises general public concern or controversy, if
the activity is expected to cause a significant environmental impact, or if
required by the Board.

If a proposed in situ mine were required to obtain permits, as discussed in
previous sections, or if the mine were on State lands, it is possible that an EIS
would be required. If there were no state action required, it appears that an
EIS would not be required.

Mining Lease

If a proposed mine is on state-owned lands the operator would be required to
obtain a State lease for either Prospecting, Exploration, or Development. The
requirements for the three types of leases may vary. The Prospecting Lease terms
are relatively si.mple while the Development Lease terms are more complex. If the
action proposed in any lease is determined environmentally significant, an EIS
may be required. To obtain n Development Lease an operator must submit a mining
plan for approval. The plan must include provisions for mine reclamation of open
pits, stockpiles:, tailing ba:sins and auxiliary lands.

MONTANA

There are three areas of environmental law in Montana which may be expected
to exert control over in situ copper leaching. These areas are:
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o Mine Reclamation Laws

o Montana Environmental Policy Act of 1971 (MEPA)

o Montana laws regarding water pollution

Mining and Reclamation Laws

. Montana has three mine reclamation laws each governing specific minerals.
The Strip and Underground Mine Reclamation Act of 1973 governs coal and uranium
mining. The Open Cut Mining Act of 1973 governs bentonite, clay, scoria,
phosphate rock, sand and gravel mining. The New Hard Rock Law of 1971 governs
those not covered above; thus, copper mining is included under this law.

Law New Hard Rock Law of 1971

Regulatory Agency The Department of State Lands

Discussion

The purposes of the act are fourfold and are to provide: 1) the usefulness,
productivity and scenic values of all lands and surface waters; 2) cooperation
between administering agencies; 3) for recognition of recreational and aesthetic
benefits of the land; 4) priorities and values to the aesthetics of the
landscape, water and ground cover. The Act may be exempted on certain Federal
lands, if the responsible Federal agency's requirements are equal to, or better
than, those imposed by the Act.

The Act does not specifically address in situ leaching, nor does it appear
to recognize the value of groundwater. However, underground mining is defined as
"all methods of mining other than surface mining."

The Act defines three types of permits that may be required, which are:
small mining, exploration, development and operating. With the exception of the
small mining permit, an operator must file a mining and reclamation plan and post
performance bonds with a value of between $500-$6250/hectare ($200 and
$2500/acre) of affected land. The reclamation plan is addressed to reclaiming
surface lands, consistent with an identified beneficial use, to a condition not
better than that which existed prior to mining activities. The plan does not
address groundwater restoration, therefore its present effect on in situ
leaching is expected to be minor.

Environmental Impact Statement

Law Montana Environmental Policy Act of 1971 (MEPA)

Regulatory Agency -- Environmental Quality Council

Regulations Rules Implementing the Montana Environmental
Policy Act of 1971
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Discussion

The purpose of the Act, much like the earlier Federal Act (NEPA), is to
"declare a state policy which will encourage productive and enjoyable harmony
between man and his Emvironment; to promote efforts which will prevent or
eliminate damage to the environment and biosphere and stimulate the health and
welfare of man; to enrich the understanding of the ecological systems and natural
resources important to the state; and to establish an environmental quality
council." (MEPA)

An application for a permit, such as a mining permit may require that an EIS
be prepared. The lead state agency issuing a permit would first perform a
Preliminary Environmental Revi.ew (PER) to determine if a proposed action would
have a significmlt effect on the human environment.

The permitt1ae must: supply the lead agency with sufficient data to perform
the PER. If the agency determines that there is a significant impact, it will
prepare a draft EIS and possibly a final EIS.

When an application for a permit is expected to result in a lead agency
incurring expenSE~S in excess of $2500 in compiling an EIS, the applicant must pay
for the costs incurred. (MEPA)

Water Quality Regulations

Law Montana Laws regarding water pollution

Regulatory Agency -- Montana State Department of Health and
Environmental Sciences

Regulations Water Quality Standards -- Montana Pollution Discharge
Elimination System (MPDES)

Discussion

The laws make it unlawful to cause the pollution of any State water or to
place waste where they are likely to cause pollution to State waters. Pollution
is defined as th'e modification of physical, chemical, or biological properties,
in excess of water quality standard, or discharge into State waters, which may
render the waters harmful. The definition of state waters includes bodies of
water, surface or underground. Montana has established surface water quality
standards but hillS not yet 8;dopted groundwater quality standards. It appears
there may be sufficient latitude in the law to allow the regulation of an in situ
leaching operation if ~m aquifer were to be affected.

The MPDES system was formed to allow the State to issue waste discharge
permits under the NPDES system. The State has been granted this authority by
EPA. Al though this system W~IS implemented for point source discharges to surface
water, there may be sufficif:!nt latitude to require permits from in situ leach
mining operators.
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NEVADA

In 1973, Nevada was the fifth largest producer of copper, but it produced no
uranium or phosphate. Since in situ leaching for copper occurs in hard rock,
there are few, if any, water quality laws affecting copper in situ leaching.
There are no state mined-land reclamation laws affecting in situ operations, but
local land use and zoning laws may impose requirements on a mine operator. No
EIS's are required of a mine operator, only utility companies are required to
file EIS's.

Water Quality Requirements

Law Nevada Water Pollution Control Law of 1973

Regulatory Agency -- Nevada Department of Human Resources

Regulations Nevada Water Pollution Control Regulations
January 1975

Discussion

The regulations were promulgated to administer NPDES permits.
regulations govern discharges to all waters of the state which include
bodies • •• of water, surface and underground • • ." Thus, if an in
operation were conducted in nonwater-bearing strata and the waste
discharged into an evaporation pond, no permit would be required.

Environmental Impact Statements

The
"all
situ
were

There are no state EIS requirements for construction by privately-owned
firms.

NEW MEXICO

The State has long been the center of a significant amount of conventional
uranium m1n1ng. In January of 1977, the New Mexico Water Quality Control
Commission became the first agency in the country to establish, on a state-wide
basis, regulations for discharge to groundwater. The regulations were adopted
under the New Mexico Water Quality Act of 1967. These regulations and the New
Mexico Radiation Protection Act of 1971 appear to have the majority of control
over in situ leaching. There is no State statute for mined land reclamation
affecting an in situ operation.

Water Quality Requirements

Law -- New Mexico Water Quality Act of 1967
Environmental Quality Control Act of 1971

Regulatory Agency Water Quality Division, New Mexico
Environmental Improvement Agency

259



Regulations Water Qunlity Control Connnission Regulations
(amended January 1977)

~adiological Protection

Law -- New Mexico Radiation Protection Act of 1971

Regulatory Agency Radiological Protection Section
New' Mexico Heal th Department

Discussion

The amended regulations established standards for groundwaters of 10,000
mg/l TDS, or less. The pH and constituent concentrations shown in Table 14-1 are
the maximum concentrations allowable in groundwater unless the existing
conditions exceed the standards, or unless otherwise specified in a discharge
permit. When the existing pH or constituent concentration of any of the
contaminants exccaed thE~ standards specified, the existing conditions shall be
the maximum allowable limit:1 provided that the discharge will not result in
higher concentrations at any place of withdrawal for present or reasonably
foreseeable future use.

Where the Director has determined that a hazard to public health will not
result, the Director may approve the following discharge plans that propose to
use a limited volume of water from an aquifer:

1. To allow purification, including dilution, to take place, provided the
experimental and theoretical basis for the predicted purification,
including dilution, are submitted to the Director and the effectiveness of
the predicted purification, including dilution, will restore the
contaminated volume of groundwater to the standards of Section 2-403 unless
otherwise approved, pursuant to Sections 2-410 and 2-411.

2. In an ore leaching process or any disposal process, provided the plan
includes a means by which groundwater contamination will be contained in a
defined limited volume of groundwater and a program for restoration of the
contaminated volume of groundwater to the standards of Section 2-403 after
cessation of the operation unless otherwise approved pursuant to
Sections 410 and 411.

3. In an ore lcaaching process or any disposal process where the discharge is
into a volume of ~Lquifer which, at the date of application for discharge
plan approval, has concentrations of certain contaminants above the
standards of Section 2-403 due to any previous discharge, provided the plan
includes a program which provides reasonable assurance that the discharge
after the d~lte of application for plan approval will not contribute to the
violation of standards, to be accomplished by one of the following:

a. After cessation of operations, return the aquifer to substantially the
same condition as exi.sted at the date of application for plan approval;
or
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b. After cessation of operations, return the aquifer to substantially the
same conditions that would have existed if additional discharge had
not taken place after the date of application; or

c. After cessation of operations, remove from the aquifer the weight of
contaminants discharged after the date of plan application, with wells
to remove contaminants placed to minimize potential for standards
violation; or

d. Any other method or technology which will provide reasonable assurance
that discharge after the date of application for plan approval will not
contribute to the violation of standards (amended Regulation, January
1977) •

Any person intending to discharge any of the constituents listed in
Table 14-2 which may move directly or indirectly into groundwaters must notify
the Director of the Water Quality Division within 60 days. The Director must
notify the applicant if a discharge plan is required. The amended regulations do
not address in situ leaching directly; however, the draft regulations do. The
decision was made by the Commission, when it deleted the section referring to in
situ mining, to use the deleted section as a guide for the Director when
reviewing in situ mining applications.

The State reviews NPDES permit applications for waste discharge to surface
waters and works with EPA, on a contract basis, to determine the conditions of
the permit. The permit, however, is issued by EPA.

The Department issues source material licenses in accordance with the
requirements established by NRC. The Department requires that an aquifer be
restored after leaching to ambient standards, MPC or background radiological
levels, whichever is greater.

NORTH CAROLINA

The relationship between the coastal phosphate deposits and fresh and
estuarine water resources has necessitated the formulation of a multitude· of
regulatory controls to protect the environment during phosphate mining. The
predominant laws, which may exert the major influences in controlling phosphate
mining, are the Mining Act of 1971, Water Use Act of 1971, Well Construction Act,
and the Dredge and Fill Law of 1970.

Mining Regulations

Law North Carolina Mining Act of 1971

Regulatory Agency Office of Earth Resources, Mining
Division. North Carolina Department
of Natural and Economic Resources

261



TABLE 14-2.. New Mexico Groundwater Standards [a]

Constituent Concentration [b]
--------=..;;=,;;;.,;;.:;;;.,;;.:;;..;;.:,

A. Human Health Standards -- Groundwater shall meet the standards
of Sections A and B unless otherwise provided.

Arsenic (As)
Barium (BA)
Cadmium (Cd)
Chromium (cd
Cyanide (CN)
Fluoride (F)
Lead (Pb)
Total Mercury (Hg)
Nitrate (N03 as N)
Selenium (Se)
Silver (Ag)
Uranium (U)
Radioactivity: Combined

Radium-226 and Radium-228

B. Other Standards for Domestic Water Supply.

0.1
1.0
0.01
0.05
0.2
1.6
0.05
0.002

10.0
0.05
0.05
5.0

30.0 [c]

Chloride (cl)
Copper (Cu)
Iron (Fe)
Manganese (Mn)
Phenols
Sulfate (S04)
Total Dissolved Solids (TDS)
Zinc (Zn)
pH

250.
1.0
1.0
0.2
0.005

600.
1000.

10.0
between 6 and 9 [d]

C. Standards for Irrigation Use -- Groundwater shall meet the
standards of subsections A, Band C unless otherwise provided.

Aluminum (Al)
Boron (B)
Cobalt (Co)
Molybdenum (l1o)
Nickel (Ni)

5.0
0.75
0.05
1.0
0.2

[a] New Mexico Environmental Improvement Agency, Water Quality Division
[b] mg/l unless otherwise specified.
[c] pCi/l.
[d] pH units.
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Regulations Various regulations and guidelines have been
established pursuant to many sections of the Act.

Discussion

The purpose of the Mining Act of 1971 is to ensure that the usefulness,
productivity, and scenic values of the land and waters affected by mining receive
the greatest degree of protection and restoration. The Act requires the issuance
of a permit for a mine and requires reclamation plans as a condition of the
permit. A performance bond between $2,500 and $25,000 depending on the size of
the mine must be posted as part of the reclamation plan. The liability of the
mine operator may not exceed the value of the posted bond.

A mining permit may be denied if it is determined that the proposed
operation would: 1) have an adverse effect on wildlife or fisheries; 2) violate
air, surface water, or groundwater quality standards; 3) constitute a hazard to
physical improvements; 4) have an adverse effect on recreational facilities;
5) cause sedimentation or water pollution to streams or lakes; 6) the operator
has not corrected previous permit violations.

Water Resources Management

Law North Carolina Water Use Act of 1971.

Regulatory Agency Division of Environmental Management
Groundwater Section. North Carolina
Department of Natural and Economic
Resources

Discussion

In the early 1960's, along the Eastern Seaboard, extensive mine dewatering
operations necessary for dry-pit phosphate mining caused a lowering of the
piezometric surface of the groundwater over an extensive area. This drawdown
caused many artesian wells to run dry and created fears of seawater intrusion
into the freshwater aquifer. The Water Use Act of 1971 was created to control
this condition.

The Act declared that the Board of Water Resources may define capacity-use
areas in the State. These are areas in which the aggregate uses of groundwater
and/or surface water: 1) have developed or will develop to a degree requiring
coordination; or 2) exceed or threaten to exceed the replenishment of the
hydrologic system. If a proposed mine is in such an area, a water use permit
might be required. Generally, if an operation is expected to require the
withdrawal or use of more than 378,000 l/day (100,000 gpd).

Law Well Construction Act of 1967
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Regulatory Agency ._- Division of Resource Planning and
EV~lluation, Groundwater Section.
North Carolina Department of Natural
and Economic Resources.

Discussion

The Well Construc:tion Act recognizes that in the State, groundwater
reservoirs are the only source of freshwater which has not been polluted to some
degree. Improper location, construction, use, and abandonment of wells is stated
to be contributing to the impnirment of groundwater resources. The Act gives the
Environmental Management Commission of North Carolina the power to promulgate
rules and regul.ations to control the location, construction, repair, and
abandonment of ,..ells and the installation and repair of pumps and pumping
equipment.

Mining wells are included in the Act which states that "The design and
construction spec:ifications for all wells intended for the purpose of recovering
minerals and ores shall be approved in writing by the Department of Natural and
Economic Resources."

Law Wastewater Dischargl~ Permit Regulations

Regulatory Agency Division of Environmental Management
NOJrth Carolina Department of Natural
and Economic Resources.

Discussion

If a waste discharge to surface waters is expected, a Water Quality
Certificate is required. ThE! certificate is issued in accordance with discharge
requirements est~lblished by stream standards. Waste injection into groundwaters
is prohibited.

Alteration of Aquatic Environment

Law North Ci:lrolina Dredge and Fill Law (of 1970)

Regulatory Agency -- Di'lrision of Marine Fisheries.
North Carolina Department of Natural
and Economic Resources.

Guidelines "Applying for a permit to alter Marshland,
estuarine waters, tidelands, and State-owned
la.kes. "

Discussion

Since many of the phosphate deposits are located under rivers and estuarine
waters, it is possible that a mining operation might be proposed which would
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alter the water course to recover phosphate. If such is the case, it will be
necessary for an operator to obtain a dredge and fill permit. The granting of
the state permit does not relieve an operator from the responsibilities of
obtaining the appropriate Federal Dredge & Fill Permit from the Corps of
Engineers under Section 404 of the Federal Water Pollution Control Act.

A State permit is reviewed by as many as fourteen other State agencies. An
objection of any of these agencies is sufficient to cause the application to be
brought before the Marine Fisheries Commission of North Carolina for hearings and
decision. The Commission's decision may be appealed in the courts by either
party.

Environmental Impact Statements

Environmental Impact Statements are required only for projects constructed
by State agencies. However, there may be a possibility that these requirements
will expand into the private sector in the future. If a Dredge and Fill Permit is
required, an EIS may be required by the U.S. Army Corps of Engineers under NEPA
Regulations.

TEXAS

There are an abundance of developments of various production level in situ
uranium leaching operations currently being conducted in the State of Texas.
This abundance of mines, combined with the fact that Texas is an Agreement State
with NRC, and issues source material licenses, has placed Texas in the forefront
of of experience with State regulation regarding in situ uranium mining. Unlike
surface mining, which is regulated by the Texas Railroad Commission, in situ
leaching is regulated by the Texas Department of Water Resources (TDWR) and the
Department of Health.

Water Quality Requirements

Law Texas Water Quality Act of 1967

Regulatory Agency -- Texas Department of Water Resources

Discussion

The purpose, in part, of the Texas Water Quality Act is to maintain the
quality of the waters in the State. The definition of waters in the state
includes "groundwater percolating or otherwise." Each application is treated
separately and as the technology of mining is developed, the operational
requirements may be modified. The basic concern of the TDWR, under the authority
of this Act, is the protection of groundwater by regulating injection wells and
holding or evaporation ponds.

As an example of the TDWR's requirements, the following will discuss briefly
the highlights of a recent permit issued for the operation of a 2.6 hectare
(6.4-acre) leach field containing a total of 72 production and injection wells.
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Storage ponds welre required to be lined and constructed with a 91 em (3-foot)
freeboard during; normlil operations and a 60 em (2-foot) freeboard during
emergency operations. The production area was surrounded by a total of
17 monitoring wells in the producing aquifer and two monitoring wells were
required in the .aquifer above the production zone. These wells are monitored
semi-monthly for sulfates, mnmonia, uranium, and electrical conductivity. To
prevent leaching fluid migration, the TDWR required that a sufficient volume of
water is to be bled from the process flow to insure a net inflow of water into the
production area. The permit requires that the water quality in the aquifer be
restored to conditions "consistent with" baseline conditions that existed prior
to mining operations.

Law Texas Disposal Well Act of 1961

Regulatory Agency -- Te:lCas Railroad Connnission

Discussion

Waste disposal by injection into deep saline aquifers is regulated by the
Disposal Well Act. Prior to drilling such a well, a permit is required from the
TDWR. The permit application must be accompanied by a letter from the Texas
Railroad Commission stating that the proposed injection well will not endanger
oil or gas fields. The permit must also be approved by the Water Development
Board, Health Department and the Water Well Drillers Board.

Radiological Protection Regulations

Law Texas Radiation Control Act of 1961

Regulatory Agency Department of Health Resources, Division
of Occupational Health and Radiation
Control.

Regulations 1URegulations for the Control of Radiation" and
Supplemental Sheet for in situ uranium mining
license applications.

Discussion

The radiological health requirements of the Department of Health are
similar to those promulgatE~d by NRC. However, unlike NRC requirements no
environmental statement is required. The two major requirements imposed upon an
in situ leaching operation are: 1) a domestic water well sampling program
whereby 1/8 of the wells loirithin a 4.8-8 Kilometer (3 to 5-mile) radius are
required to be sampled quarterly; 2) an aquifer must be restored whereby the
amount of radioactive ulaterial in solution is no greater than that which existed
prior to mining.
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Environmental Impact Statement

There are presently no state EIS requirements. The Texas Environmental
Policy Act of 1973 (TEPA) differs from other states in that this is not a statute
requiring an EIS. The language of the Act only recommends an optional
environmental study.

UTAH

Water Quality

Law Water Pollution Control Act of 1953

Regulatory Agency Utah State Division of Health

Discussion

The purpose of the Water Pollution Control Act is to ensure, among other
things, that no waste is discharged into any waters of the state without
receiving the degree of treatment required to protect the beneficial uses of the
waters. The waters of the state are defined to include wells, springs, and
underground sources. This definition specifically excludes bodies of water
confined to and retained within the limits of private property.

The Division of Health has promulgated a "Code of Waste Disposal
Regulations." The regulations establish standards of quality for waters of the
state and also sets forth an anti-degradation policy for those waters. The
classification system ranges from Class "A" waters which shall be protected
against controllable pollution to be suitable, without treatment, for domestic,
agricultural, and wildlife purposes to Class "E" waters which shall be protected
against such controllable pollution as may result in a health hazard or nuisance.
The Act does not address problems caused by mining. However, since wells,
springs, and underground sources are included in the Act it is probable that any
applicant for in situ leaching would need to insure the preservation of the water
quality of any sources of nearby waters.

Mine Reclamation

Law -- Utah Mined Land Reclamation Act of 1975

Regulatory Agency Division of Oil, Gas and Mining, Utah
Department of Natural Resources

Discussion

Mine reclamation plans are required for all m1n1ng operations within the
State. The Act limits reclamation at in situ leaching operations to only the
surface effects such as milling operations, evaporation ponds, leaching dumps,
waste discharge areas, and other appurtenant disturbances.
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The objecti'ves of the :Mined Land Reclamation Act are: 1) to return the
land, concurrently with mining or within a reasonable amount of time thereafter,
to a stable ecological condlition compatible with past, present and probable
future local land uses; 2) to minimize or prevent present and future on-site or
off-site environmental degradation caused by mining operations to the ecologic
and hydrologic rE!gimes ,and to meet other pertinent state and Federal regulations
regarding air and water quality standards and health and safety criteria; 3) to
minimize or prevlmt future h,azards to public safety and welfare.

Although the Act does not specify groundwater restoration, the reference to
hydrologic regimE!s in (2) above might be interpreted to give the Act authority to
require restoration of groundwater quality adversely effected by mining.

The Department feels that it is important for leaching operators to prevent
excursion of leach solutions to prevent contamination of springs or surface seeps
used by others such as farmers. Should such a spring become contaminated by the
actions of a leach mill1e op'i:!rator, civil action could be brought against the
operation by the injured party.

Envi.ronmental Impact Statement

No EIS is required by the State but an environmental assessment may be
required by the Department e,f Natural Resources if a proposed mine is on state
land and the action deemed environmentally significant. This requirement could
be made by interpretation of the Governors Executive Order, August 27, 1974,
Title 40-8.12.

WYOMING

Mining Permits

Law -- Wyoming :Environmental Quality Act of 1973 (as amended in
1974 and 1975)

Regulatory Agency Land Quality Administrator, Wyoming
Department of Environmental Quality

Discussion

The Act requires mine operators to obtain a mining permit for all proposed
mining operations.

The Administrator requi.res in situ uranium leaching operators to obtain a
mining permit. As part of the permit application, the operator must submit
sufficient data for the Administrator to review the action for potential adverse
environmental impact.

The Administrator curr~mtly requires that aquifers be restored to baseline
water quality levels after i.n situ leaching. This approach, in contrast with
Texas, where higher them bas,eline levels may be accepted, may severely limit the

268



viability of in situ leaching in the State unless some increase in consituent
concentration over baseline is allowed.

Water Quality Requirements

Law Wyoming Environmental Quality Act of 1973

Regulatory Agency -- Water Quality Administrator, Wyoming Department of
Environmental Quality

Discussion

Discharges of wastewater to surface water are regulated by the Water Quality
Administrator. The Water Quality Department has been granted jurisdiction for
issuing NPDES permits, the act allows the Administrator to establish water
quality standards and effluent standards and limitations on waters of the state
(including groundwater) but the Land Quality Administrator maintains
jurisdiction over in situ leaching operations.

Radiological Protection Regulations

Wyoming does not have an agreement with NRC for issuing source material
licenses and is a non-agreement state, therefore NRC issues source material
licenses.

Environmental Impact Statement

Wyoming has no formal EIS requirements, although a significant amount of
environmental data is required with the submittal of a mining permit application.
However, an EIS is required with a source material license application by the
NRC, if they determine that the proposed action will have a significant effect on
the environment (see NEPA Chapter 13).

Miscellaneous

If the construction cost of a proposed facility is expected to exceed
$50 million it may fall within the jurisdiction of the Wyoming Industrial Siting
Act and require an Industrial Siting Act of 1975 Permit. The socioeconomic and
environmental impacts of a proposed action are key considerations of the permit
required by the act.
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CHAPTER 15

IMPACTS OF LEGISLATION ON INDUSTRIAL OF IN SIro MINING

In previous chapters, the impacts of the m~n~ng operations on the
environment have been discribed and discussed. Reverse impacts refer to the
effects of the environmental and health protection legislation on the
development of the in situ mining industry. The objective of this chapter is to
discuss reverse impacts and potential regulatory areas which can be optimized to
reduce negative impacts on industry.

SUMMARY OF REGULATORY ASPECTS

State of Development

The previous two chapters describe a great number of regulations directly
impacting the mining industry. Most of these regulations were developed during
the late sixties and the seventies and continue to undergo modifications,
revisions, and reinterpretations. At the present time (late 1978), few states
have finalized groundwater protection regulations, Underground Injection Control
regulations, or radiation exposure standards. Many states have not recognized
that specific regulations are required for monitoring and control of in situ
operations, whether they are for copper, phosphate or uranium.

The development and adoption of regulations concurrent with the development
of mining techniques cause the miners to be constantly facing new restrictions
and requirements constantly. The long lag time between exploration and mining
necessitates that the future miner comply with regulations which do not exist at
the time of his exploration. Costs for compliance with future regulations must
be projected and considered in the economic evaluation of projects.

Regulations on the State and Federal levels can be expected to remain rather
fluid for the next five to ten-year period as final environmental protection
measures are adopted and additional experience is gained with in situ mining.
During this period mining companies will have to utilize their "crystal balls" to
anticipated future requirements. The regulations for the different types of in
situ mining operations (copper, uranium, phosphate, borehole, leaching) are in
different states of development. Regulations for in situ leaching of uranium
should be finalized based on experience gained from the existing operations.
Copper in situ leaching is in its infancy stage and several generations of
regulations will probably be developed during the next two decades. The
regulatory uncertainties and potential for revision of regulations are greatest
for the borehole slurry in situ in view of the extremely limited application
history.
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Operation Permits

In non-agreement states, the primary permit required for uranium mining
operations is the Source Materials License which obtained from the Nuclear
Regulatory Commission (NRC). Issuance of the source materials license requires
preparation and approval of an Environmental Impact Statement along with
demonstration of restoration on a pilot scale. In addition to NRC requirements,
there are numerous other permits which must be obtained from State, County, and
possibly City agencies. Many of these additional permits are not specific to
uranium. Twenty-three permits and/or approvals were required in addition to the
NRC Source Materials License for a recent in situ uranium leaching operation in
Wyoming. Several of these permits are issued by agencies with overlapping
jurisdictions. At the present time, no state has a single agency or department
for issuance of the required permits and industry must expend significant efforts
to simply identify all State and local requirements.

IMPACTS OF REGULATIONS

The regulations controlling in situ uranium mining, while protecting the
environment, can negatively impact development of the in situ uranium industry
in that there would be more in situ leaching if there were no regulations. The
absence of environmental protection regulations would be disastrous and is not
being proposed or even considered. Negative impacts on industry which can be
reduced include long time periods required for issuance of operation permits and
high costs for preparation of permit applications due to changes in permit
requirments. While environmental protection regulations are a necessity, these
adverse impacts on industry could be reduced by definition and simplification of
the permitting process without additional endangerment of the environment.

Mine Development Schedule

For non-uranium minerals, it typically requires between three and five
years for commencement of mining after completion of mineral exploration. During
this period, environmental studies, engineering design and plant construction
are performed. In the case of uranium in situ leaching, this period is extended
by 1-1/2 to 3 years because of the requirements to conduct pilot leaching and
restoration studies and to prepare an Environmental Impact Statement. The
additional time required for commencement of mining operations results in longer
financing periods and greater uncertainties in the projected return on
investment. It should be possible to reduce the 4.5 to S-year period for in situ
uranium mine development by ten to 15 percent by better definition of permit
application requirements and elimination of overlapping agency responsibilities.

Cost of Permits

The cost of obtaining the required permits and licenses for an in situ
uranium leaching operation operation in Wyoming range between $700,000 and
$2,000,000 which represents a unit cost of $0.66 to $1.10/Kg ($0.30 to $0.50/lb)
of uranium in a typical 23,000 Kg U3 0S per year operation (50,000 lbs/yr). The
great majority for this cost is for the environmental studies defining the
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geohydrologic environment and the surface environment which include flora and
fauna baseline studies along with analysis of social, economic impacts on the
region. Until additionc:ll experience is gained with in situ leaching, it will be
difficult if not impossible to streamline the studies by elimination of general
non-site specific considerations. The largest savings which can be achieved at
the present timle without ndverse environmental impacts would result from
definition, finalization, sind standardization of permitting requirements.
Definition and finalization of the permitting process would enable industry to
comply effectively with environmental protection regulations and measures at
minimum cost.
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APPENDIX A

ENVIRONMENTAL IMPACT ASSESSMENT MATRIX

The environmental impact assessment matrix presented in this appendix has
been adapted from a similar matrix published by the u.s. Geological Survey. The
matrix is utilized to identify and, where possible, to establish the relative
magnitude of potential impacts upon the environment posed by different in situ
mineral recovery scenarios. Such a matrix serves three basic functions:
1) providing an at-a-glance assessment of the significance of environmental
impact of a given mining technique; 2) serving as a comprehensive checklist of
all the component elements of a particular mining method which may exert effects
upon the environment; 3) providing a concise vehicle for rapid comparison of
different mining techniques in terms of their potential environmental impact -or
a comparison of the same technique employed at different locations.

The matrix presents an arrangement of the proposed actions (components of a
given mining program) as columns and the elements of the environment as rows. If
a proposed action will impact an element of the environment, a designation is
inserted in the appropriate block formed by the intersection of the column
(action) and row (environmental element). If sufficient information is
available, this designation takes the form of a number between +2 and -2
indicating relative magnitude of impact. These numbers are subjective
expressions of the sum total of quantitative and qualitative information
available to the evaluator(s) and are intended as tools for comparison. They
have no absolute definition. Ideally, these numbers are arrived at through
coordinated evaluation by several experts.

In this study it has not been possible in many cases to assign a numerical
designation to a particular potential impact, due to the general nature of the
investigation. In the absence of a specific project at a specific locality, it
has not always been possible to determine whether a particular action was to be
anticipated or whether a particular element of the environment would be present.
In these instances, the matrix indicates only that an impact should be
anticipated or whether a particular element of the environment would be present.
In these instances, the matrix indicates only that an impact should be
anticipated when the action is implemented or if the element of the environment
is present. No numerical values are assigned. In certain cases, information
available is not sufficient to predict with any confidence the occurrence or
absence of impact. These cases are designated by a question mark.

The reader is referred to the text for a discussion of the impacts summarized by
these matrices.

274
Preceding page blank





-IACCI­
ot",ts

E~RONMENTAL IMPACT

ASSESSMENT MATRIX

LAND """'--- 21-11-1

'-2 ••
---- 1-.1 I I I I 1--21 I I I H
_._au-.... '01 I I I I I I I I 101 1--.
_-.... I I I I 1.1 I I I I 1-21--.1 I 10.

WAlBI

~~fths

....aa IIWYImY /

PHYSICAL I ..-..,. au...... •• ., • lEGE"lO

CHARACTERISTICS. AIMU:iI"HERE _au...m 2. '2 > 2 THISMA~STRATES
I ...- AN EVALUATION Of' THE MAG-

" NITUOE OF THE 'MPACT OF
'- •• PROPOSED ACTIONS UPON
__A.- • • •• ELEMENTS OF THE EXISTING

-- • • • ENVIRONMENT.-.... .

'2~"
o ...........

-1

-2

-.,.

_ ..'tClA&.

MAQNITUOE

SCAlE OF
ENVIRONMENTAI. IMPACT

.10.1-2

.'.

.1-11-'1-2

21 I 1->1->1-.1->1-.

• 1-'1-. 1-. I-.I->H 1-.

.1 1->1-.1-.1-.1-.1-'

-...-

AQUATIC P\AJIT8

~""'ACII

'OM","

"""' .........

OteuW'llC1'OIIII

....-

---- .....
LAND
USE

ECOlOGICAL
PROCESSES

I MRA ,-- __
AND _""-.....

BIOLOGICAL FAUNA """'--....
CHARACTERISnCS •...,.""..0_........ .

lu,..Of'MtCa.,tQII

••YU..tIOUM:I .........

THE EXISTING

ELEMENTS OF

N
'-J
VI

ENVIRONMENT -----...-
RECREATION

00.....----
• 1011-21>1-21-'

CULTURAL
STATUS

AESTHETICS 'C.III< .....
AND _ .._ •• au........

HUMAN ct au .
I INTEREST _ ..H_

I un 1,...,,1 •• ,'tH![NVlflONM(NTAlEUU(N1
IN OUEST10"'IS PR£SE",T. AN

MlM.," AND'~ t 1 1 2' 2' ,,,,PAC' IS ANTICIPA'EO,
,....0".,_ t t 1 1 1 1 t 1 t- ~~~C;~OB~I~~~~~:Z~~~"o~
~TIOfIt ~H",," l'Op"je",' OJ" THE PROGR"'" IF'IT

IS IVPlEUENT£O AN IUPACT IS
....'O"tCMJMtCMAlOlOG~tITIl • • • • INOlca 'EO

A_",", ,"",Ill'll&. t 2 2 2 2 ." ~~~~~:~I:NT INFORMATION

a...,,,T 0001II UNa 2

CUlTURAL
CHARACTERlSnCS

MAN·MAO!!
FACILITIES

AND
ACTIVITies

IT''VeT''''''.
ntAJdII'OIITAnott "'TWOM

""""-....ttQ;.uuoa II I-I
W.aTl OIIPO.....

FIGURE A-l ENVIRONMENTAL IMPACTS OF IN SITU SPRAY LEACHING OF PORPHYRY COPPER - DESERT SOUTHWEST



N

"(J'\

'.~D:=IPROPOSED
MOOtF~AfION ""'""0....'" RtSOtJlltC( lSOVRCLtl GI:t~:"()tII IACCI-

MG'1otf COHS::SC'fIOfol '.'AACTION A£~(W"'l
AND DISPOSAl. OfNT'

ENVIRONMENTAL IMPACT ACTIONS ~
o..fP. ...,'i:t. ..

..(1 ...,. ...'(/;

ASSESSMENT MATRIX
...... .,.~......."" ~ .,0""",.,.'<;4 4.",... ~":" {~..:v

.;0...• ".(f';~ .....:1'-"'.,.-0 'iii>'.....~h~./ .",<,..0'\1...fJ"" "" ~...~.o'" '"
O'~O'::;(P:O~ ,,(, .. <,; 00""" (f.; ","

U •.~.>, ... iP. .. •.~" ~. ,
",,0" cf "....:.t;.••,....<,..,...:~..."" .0...... 1&......... !).../.-....:te..:;,·....,· (f'........."'..O·.....O·:o......~~:"';p.. fP....~~c..... (.....~h.....~, .'"• .;-'"

••-,.-0....':...'()l"..... .,V\"',1'f:!...~ .",,0 ... (flo, ...:- ..(f;.+ <;;1•••"'~.....9 .t,..........,..O .,;lJ ..to..,($<;......... ftI':...... ....(.~c"...,o...
...... ...... '.P.... 0" .' .0 ...., ... ," t~." ......'f'~... .. 0° ~ ............ 0" .. 0 ."...... ...~.,..:J ~ .... ':J':.... ".0 , ..." ........,.. ~."'.. 'J':.'" ............ .:. 0'" ."> ....., ..".........'... rJ'

.......- 2 ' ,
LAND -. I ,

"""aca _ON'tOMJl.MY • , I , ? 2_ ............
0 0 0

WATER
U*tI:IIIQ11OUMD CIUMJn / 2 ? -I 2 •

PHYSICAL --............ ./

CHARACTERISTICS
IUItf'''QauAUn ? • ·ATMu:>I"HERE AltII OUAun -I -I

LEGEND
-I -I ----

I I
'"'0''' THIS MATRIX ILLUSTRATES.- -I /

AN EVALUATION OF THE MAGl

~~'ftkES " NITUOE OF THE IMPACT OF
~..,.,,11OIiI · PROPOSED ACTIONS UPON-- • ?

ELEMENTS OF THE EXISTING
ENVIRONMENT.

I -- /

AOUATfC .......-n · · 1 .' I · I....... ..-.. I 2 , , / I -, "
SCALE OF

flORA .AIWa1IDAJfOIMD fIf.ANft . · ENVIRONMENTAl IMPACT· .. . ·ELEMENTS OF AND AQUanc AMMALI , · • ? · MAGNITUOE

BIOLOGICAL FAUNA ....... -.... 2 -I - t -1 I / I -I " ..........
CHARACTERISncS .....IJINO.....oI..O .......... · . · · . · ·

IUTflOl"MtCATtOII

.,~ECOLOGICAL ••TWa R.touacI Ul.JNlU11C*

PROCESSES ....... eM... "
THE EXISnNG OJUAN WWCfoeta il ""~

OHNUACa I ,-,
~ -.
PO"""'" ? ? • ? • -2

LAND ..........
USE --..- _....

ENVIRONMENT
.._-
COMIII"CIM.

.......--
RECREATION

00_"""---MUM'ftrtO

AESTHETICS tCI...C ..... · · · · · . .
CULTURAL AND Wll.Dt......~ · · · · · ·
CHARACTERISTICS HUMAN OtI'IN "an QUAL'TIII -I 1.1 ' I

I "
,

INTEREST .........MOttlA....

un In"t •• tfT"!NYIIlt()NMf"TAlIL(U(NT

...AI.1M AND auan I
IN OUESTION 1$ PRESENT. AN

/ • -, I 2 2 I tUPACT 1$ ANTlClP4UO,
.IIP\O..._

.1.1 / ,. ,I I .1 I I ,. THE .crlON INOUESTIONUAYQR

CULTURAL
I MAY NOT 8E AN INTRINSIC COM-

"'""-ATtOIiI Dtaf'llteUTtCMlfDl....n "
PONENT OJ' THE PROGR...... 'F IT

STATUS 1$ IMA.EMENlfO. AN IMPACT IS

....'OttICA&JdCuIOlQOtCaa. "ft, INDICATED

........1' IIfOtII LlYft. I 2 2 / 2 -.
., • INSUFfiCIENT lNFOAMATtON

AVA.llABLE
AIIII,I"" OOOlt Lha , ,

MAN·MADE
tT.UCTU....

'.AtdPQlfll'ATfOtII ........ tMMI
FACILITIES _....-

AND ununNnWCMK

ACTIVITIES ''''11I0'' UUGl

... ••tTl oewo.....

FIGURE A-2 ENVIRONMENTAL IMPACTS OF IN SITU SOLUTION MINING OF NATIVE COPPER - MICHIGAN



acCl_

ot.."

ENVIRONMENTAL IMPACT

ASSESSMENT MATRIX

LNG .--
lOlL

21 1-.1 I I I I I I I I 1-21 1 1 '1-1

- 1-21 I I I 1 I I I 1-.

___ 101 I I I I I I 1 101 I 1-2

-.-

'2~'1

o ...........
-1

-2

"-1QAl.
MAGNITUDE

SCALE OF
EHYlRQNMENTAl IMPACT

o

'..

?

H- •

.1-.

.1 1-11-.1-1

21 I 1-21-2

" 1-2.... 1-.

1_21-11-11_1 .... ,

IMMMI ..CTOM

PCMlU"'"

OH......ce

1'000_

_...

.- .........

........

_.......... 111111111111-211102111110

.....-LAND
USE

~~'ft!ES

ECOLOGICAL
PROCESSES

IROAAI-- _AND .......nc .......

BIOLOGICAL FAUNA.--.
CHARACTERISTICS •..,...._---- ••••• •• .

'U~.noM

.ATU....-cI ........,.,.

WATER ,

PHYSICAL I --.......... ." o· LEGEND

CHARACTERISTICS I ATMU~I'HERE -.......... • -" • THIS MATRIX ILLUSTRATES
I "'0000 AN EVALUATION Of THE MAG-

• •• NITUDE Of THE IMPACT OF
.- PROPOSED ACTIONS UPON
OI:fIO........."'.fIOtI· • ELEMENTS OF THE EXISTING

--- • • EOIVIRONMENT.--4QUAflCfII,ANq

THE EXISTING

ELEMENTS OF

I'V
-...J
-...J

ENVIRONMENT
..-C__OC1M.---RECREATION
.0.,.....---

21.2"2'-I21 I 1-21-2

CULTURAL
STATUS

AESTHETICS ..
AND - .._ ............

HUMAN _ auou .
'- INTEREST .
I U'llnu . •• "TMEIN'II"QNMENTAlIUMblT

....". ... 1Mtn 1 2 -1 1 ? ? -1 2 2 ~~~;:;'tC~:,:g(NT. .,.
'-"0'1"'" .,., 1.,., 1 1 j.'J.' i· ~~~::":~~~:~~=
POItUlATIOtI DIITII*IltOfiWOIMII'n PONINT 0' THE PROGR..... ""

'5 IMPlEMENTED. AN IMPACT IS
....'OIIICM/AM:MAlCkooecM IInl ••• tNOlCA'EO

I .......,. tMM.. La.... 1 2 -2 -2 2 .,. tNSUFFtClEHT tWORMATION

I AdliNT 0D0fILaVa" AVAlLAIILE

CULTURAL
CHARACTERISTICS

MAN-MADE
FACILITIES

AND
ACTIVITIE.

tT_UC'''''''

l • .utN"OItlA1'tC* ..lWOM

UflUn"""QM

, ...ltQy VSACII I-tl-t .1-.
• ..tTl DtWOM.

FIGURE A-3 ENVIRONMENTAL IMPACTS OF IN SITU SOLUTION MINING OF URANIUM - WYOMING



ENVIRONMENTAL IMPACT

ASSESSMENT MATRIX

LAND
.--
-.
.........ACI QlONYDItOlOOY -2

-_....., 101 I I I I I I I 10/ I 10

1·'= I==-~ __PHYSICAL ..-.a ouaun • ?? • LEGEND

CHARACTERISTICS ATMOSPHERE AI. au..." -I , II THIS MATRIX ILLUSTRATES

"'0000 AN EVALUATION OF THE MAG·

. .- I I ~~T6'~~s~~ ~~~I~::~Tpg~l.I I ~~~tkES 1....,-..·- ELEMENTS OF THE EXISTING
-- ? ? ENVIRO.....ENT.-- 'I I I I.".~...- ,... I I I I I I I I 1.1 I I? I 1 I? I I I II I I I 1.1 I I..
.-..- I -2 , -I -f -, ., SCALE Of

FLORA aANIICCOANOl:MD~ · · . · ENVIRONMENTAL IMPACT

ELEMENTS OF
AND ..ou.:nc ........... · ? ?

FAUNA
MAGNITUDE

BIOLOGICAL ......-.. 2 I , , _I , -I 1

CHARACTERISnCS
• ....,IMO.fiKII...D ."Al' · · . · . . · ."'ICW.
lunOPHlCATM)II

~~
ECOLOGICAL W.ft't MeouIIK:a &l&...zAnGII

PROCESSES
_...... '1

THE EXISTING
GINA.. WCfOMi , o NfUTllAl.

(Wt" "'ACII 2 2 2

~

-1

'00I11llY -2
LAND - , I I I 1 1

USE
... -.-'_1UlIII.._.......

ENVIRONMENT e_1ICtM.---
RECREATION

.0.'....--_,_
AESTHETICS KINtC ..... · · · . · . . ,

CULTURAL AND ....DI...... _ ....,.. · · · . · . . , .
CHARACTERlsncs HUMAN 0"" PACt 0UA1..,.... -2 2 2 -I 2 2 , .,

INTEREST ...."lit AND ftlRAVla

u.. ,nl.
.

• ., THI (NVfRONMENTAl !LEUENT

......YMAIIIOaanTT -I 2 I
eN QUESTION IS "ESENT. AN, ? I 2 2 I IMPACT 1$ ""'flOPAno,

(IiIf'lO........ , .1 ., I.' , ,_ TH( ...CTION'"OUESTtON ......",QA

CULTURAL
' .....Y NOT BE AN INTRINSIC COM.

POI'UUTtON OtITIIUINftOMlOlNatTf
PONENT OF THE PROGRAM IF IT

STATUS
Mf.l'O.ICMJ...CHA'OlOGtC.... IITt'

IS I"'PlE~ENTED. AN ...PACT IS· . . INDIC"'TED

.....ltlU IItOtU laUl I -2 2 2 2
.,. INSVJ"fICIENT INFOR.....TlON

AVAIlABl£

AII.IIMT 000. LI"VIL , 1/
U.UCTUf'"

MAN-MADE I ,.........,.'...'1Ofll WTWOII.
FACILITIES I UTlUn MTWOIt.AND
ACTIVITIES I '"1.0" USAOI , -I , -, -I -1 I .

.- . -,.,~ .-_,0'._- I •.UTI 0111'0"

'- ---

tv
-...J
00

FIGURE A-4 ENVIRONMENTAL IMPACTS OF IN SITU SOLUTION MINING OR URANIUM - TEXAS



N......
\0

YOOI'gi"'1IOttIn:t"'HS~~~'.aJ "'SOU'tCE LESOURCfI __STI 'ACC1-

PROPOSED MGllllt I COffS::~CT~ I (U....CTIOft I r::iE~rwAl-1 .~~~~S~"o~L DfNTS

ENVIRONMENTAL IMPACT ACTIONS
.0,-00. ....,p~ ~

•.,.4'0. "...,,,,. 010""... .........~

ASSESSMENT MATRIX •.'~o·:'.'-.,,r ,f.,,·P~:,:o.<'·' ,..~~P
et00"~o:.fOQO~.('(f.;:,,> ,....'i1..'~:..v·.....·:..(;" ~ .;,0....0",;,<..:... ~,d':.;~ .t'"

0' ~ ..~l' .. ," ,....,.' ..., ...."]J~..O#, u.....~./'..". CJ'. ., .'>'" ...(f" ....J' ,i':' rt ,.,._... ~ .,.1"" ....,,-
.. ~ J' o. ~'''' 0.; ....' $.'<; • ., ....,,,.. .,0 .. ,,. lJ,o{I' ,(,. ...

.......O.'to.' ..:~ \ .....f..,":·j'O~..:!"b 0" c$) ..~ .''"•.t' :J.....-.. .....9·(:, "",0 0 fP.~($""i";-...... ~ <..••J:1: ,O".

......... ......... ".P. C'o ,.:l ~.O ........"...... .,.cl> p ../ .........SO..,..'..'~.......~"''- ..O:J~.;:t ..'J". ·~ ~ ft:~ •.:J.'''~~O~v..: 5'O....• ..

\AND POItII 2 _1 -2

LAND __ -. +•

.,..,.,aca .~.,.,. -1 -t? ?

.....1tGaOUNO OUMn'en 0 0 -1 .,

WATER __ -.n 0 0 ?

PHYSICAL - ... -.... , ,
.......ACI OUMJ'n • 2

CHARACTERISTICS ATMOSPHERE AI. _un _. _. - LEGEND
"'0000 THIS ......TRIX ILLUSTR",TES

PHYSICAL .- -. +. ~~~~~L-:'~TI~Eo~M~~~~"'~
PROCESSES 01_6_. . PROPOSED ...CTlONS UPON__ ELEMENTS OF THE EXISTING

t;_~;;;;;_,;;------++++t-t-t-rHH--:_2t-+-+-HHH-4-4-+-+-+-4--4-+-IENVIRONMENT .
.-ou.nc Pl.Uff8 • -2
.- ........ _. -2 _. _. _. _. •• SCALE OF

FLORA __........ •• •• • • ENVlRONMENTAL IMP...CT

ELEMENTS OF ':~~A ._.......... . 1/ 2 M...GNITUOE
BIOLOGICAL .--. -. -. -. -1 -. -. -. +. __1ClAI.

CHARACTERlsnCS •.-....---.. • • •• •• • •

ECOLOGICAL :::::-:--=__ +2~
PROCESSES 0000_ -2 .,

THE EXISTING ..SUN YlCT_ -. -. 0 ...-
MIN PAC8 -2 -2 2 -1 -2
.......... _. _. _. _. _. _2-1

'OM''''' -2

LAND -USE t-:.=_=:::_=------1H-4-++++-+-HH-4++++-~W-l--I-+-l-+-+-W ..........._-
ENVIRONMENT r.c=_~_=-----HH-H-H-H-+++++-+~++-+-J-I-I~W-1--RECREATION t-::oo=·...=::------+-t-HH-+-t-H-++-+-H-+++_~-I-++_I_I_I__I_l_ -2_...

AESTHETICS '(INC wtI.. .. ... . . .. ...
CULTURAL AND ...OI_U-- ••• •• • • •• ••• -2

CHARACTERISTICS HUMAN -- QUAt..... -2 -2 -2 -. 2 +. -2 •
INTEREST .

lW' tnu: - • .,f..~T_ILlMlMT
.._TIt AND unn -1 -2 2-1 , :::..:':~~I~:::~[NT· ~
, ....OY..'" 1 ., ., t ., +1 •• I· 'HEACTtONlNQUEST1C)ttM....,QIt

CULTURAL POPUf,ATtOIt~...,. , =E~'O~ET= =':~~~,:
STATUS "'''OINCMJuteHUCM.OOICM.lmt •••• ::'::~~':NTlO.AN IMPACT IS

A.....NT IIIOIU UftL 1 -2 -2 -2 -2 -1 ,. eNSUF"ICIEHT INf'OfIlMATtON

....tlNt' 0Ct0f' lnIJ. -1 ". AVAilABLE

"IWC""'"MAN-MAD! ....._T.__
FACILITIESAND ITT ......_

ACTIVITIES 0. VI'GO -. -. -. -. -.. -. -.

W.I" 01111'0'"

FIGURE A-5 ENVIRONMENTAL IMPACTS OF HYDRAULIC BOREHOLE SLURRY MINING OF PHOSPHATE -FLORIDA



ENVIRONMENTAL IMPACT

ASSESSMENT MATRIX

UlIG_

LAND 1':'-~--- __-----+~!J-I~-+++-H~-+++-8P
.....IlHllIl'Aca _ONftMOt,.MY

_~ou....... 101 I I I I I I I I 101 1+.

I·A-I==-- _PHYSICAL ......ACt auAllfY • • LEGEND

CHARACTERISTICS ATMOSPHERE At. au..," -. -. . THIS MATRI. ILLUSTRATES

...- "N EVALUATION Of THE MAG-
+1 ' +t NITUOE OF THE IMPACT OF_

-----IC-- - ~~'~"''''''''~'II I ~R&'!.itfu I~- •. . ,. .. ~=~_pm_
-

........ 0tJllmI -1 -2 -1 -1 -1 -1 +1 SCAlE Of

flORA • ....,...,AMOIJtID "-""N · . ·. EN'.JIRCNtJlENTAL ;UPACt· . .. .
ELEMENTS OF

AND ...QUAne ....1IlAL. · / -. IIolAONITUOE

BIOLOGICAL
FAUNA UlIG-.o -1 -1 -1 -1 -1 -I -1 +1 ....ICIOL

CHARACTERISnCS
"""IIIIIID....OI'""' A_I · .. ·. · · . · .
luntOPHtCA'tOM

.,~ECOlOGICAL .ATD..~.....-u".

PROCESSES '000"""","
+1-.

THE EXISTING
DlNAM VlCT0ft8 -1 -. o 0lWfl'Al

OPiN PAC& -. -2 -2 -. -.......- -. -1 -1 _1 _1
-1

-2

'CNlI,,"'" -2
LAND .......
USE

_... --..-
ENVIRONMENT -----

RECREATION
.0.........- -.
_TOMO

AESTHETICS
ICINIC .,.... · . ·. · · . . . . . .

CULTURAL AND WilDt...... ou.u..n-. ·. ·. · · . . . .. . -.
CHARACTERISnCS HUMAN ON" PACt OUAUNII -. -2 -2 -.

INTEREST ........ "'....... .
un ITY18

• IF THI: (NVllItONMENTAl ELu.:NT

HlMTM'" MPI'n -. IN OUESTtON IS PAESIEHT. AN-..-. I IMPACT IS ANTICIPAUD

t-"O.,,1If1' ., +1 +. ., +1 +1 +1 ,. THEACTIO'4INOUESTtONM"YOA

CULTURAL POPUUnotf DtaTltleU'nOlllOl.-nY

I .....v NOT IE AN INTRINSIC co....

STATUS
f'O"IENT OF THE PROGRAM IF IT

....'ORtCAtJAJM:M.QOUH..C... _fli ·. · IS ,MPt,E'MENTlD AN IMPACT IS. tNl)ICA'EO

........, NOtU \.IW1L -. -2 -2 -2 -2 -. .,. 1NSU"ICIENt tNfORMATION

.....1...,. 000ft "'hal -. AYAIlABLE

tTRUe,...,...,
MAN-MADE flltAffPOIII''''TfOM NnWOM
FACILITIES

UTtt,.lnNnWoalilAND
ACTIVITIES ''''''0., USAOI -1 -1 _1 -I -1 -. -1 -1

.....nlHlPO...

N
00
o

FIGURE A-6 ENVIRONMENTAL IMPACTS OF HYDRAULIC BOREHOLE SLURRY MINING OF PHOSPHATE - NORTH CAROLINA



APPENDIX B

GLOSSARY OF TERMS RELATED TO SOLUTION MINING

Adsorptive capacity. Physical limit of adhesion of ions in solution to the
surfaces of solids with which they are in contact.

ADU. Ammonium+diuranate. Approximate chemical composition is given as [UO~

(OH)2 x H20 NH4] salt. ADU is not the common oxide form of uranium "yellowcake
or U30S (Eriuranium octaoxide).

Alkalinity. A measure of the power of a solution to neutralize hydrogen ions,
expressed in terms of an equivalent amount of calcium carbonate.

Alluvium. Clay, silt, sand, gravel, or other rock materials transported by
flowing water and deposited in comparatively recent geologic time as sorted or
semisorted sediments.

Annular space (annulus). The space between casing or well screen and the wall of
the drilled hole.

Aquiclude. Geological formation that, although porous and capable of absorbing
water, does not transmit it at rates sufficient to furnish an appreciable supply
for a well or spring.

Aquifer. Porous water-bearing formation (bed or stratum) of permeable rock,
sand, or gravel capable of yielding significant quantities of water for drinking,
processing, agriculture and other purposes.

Aquifer, leaky. Aquifer overlain and/or underlain by a thin semipervious layer
through which water flow into or out of the aquifer can take place.

Aquitard. Geological formation of a nearly impervious and semiconfining nature
which transmits water at a very slow rate compared with an aquifer.

Area of influence. Area around a pumping well in which the water table or the
piezometric surface (in confined aquifers) is lowered by pumping.

Artesian.
pressure.

The occurrence of groundwater under greater than atmospheric

Artesian (confined) aquifer. An aquifer overlain by confining beds containing
water under artesian conditions.

Artesian well. Well tapping a confined artesian aquifer in which the static
water level rises above the surface of the ground.
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Assessment actions. Those eVialuative actions taken during or after an accident
to obtain and pro(:ess information that is necessary to make decisions to imple­
ment specific emE~rgency measures; also, actions taken for environmental and
health and safety consideratil:>ns.

Barren lixiviant. Leachant solution pumped underground to an ore body before it
solubilizes up urlmium ions.

Baseline. The environmental condition that existed prior to mining as determined
by physical and/or chemical p,arameters and their natural variability.

Bleed system. A production adjustment technique whereby more fluid is pumped
from the production zom~ than is injected, creating an inflow of surrounding
groundwater into the producti,::m area.

Borehole. A hole: with a drill, auger, or other tools for exploring strata in
search of minerals for water supply, for blasting purposes, for proving the
position of old 'workings, f~LUlts, and for releasing accumulations of gas or
water.

Boundary, geohydrologic. Latl~ral discontinuity in geologic material, making the
transition from the permeable material of an aquifer to a material of signifi­
cantly different geohydrologic properties.

Boundary, impervic)us. Boundary of a flow through which no flow can take place
because of greatly reduced permeability at the other side of the boundary.

Brine. A highly saline solution (usually greater than 100,000 mg/liter),
usually of chloride salts of sodium, calcium and magnesium.

Capacity. Volume that can be ,contained by a tank, pond, or other vessel. Also a
rate of flow that can be carried by any conducting structure.

Capacity, specifil~. Ratio of discharge (output) of a well to drawdown (fall of
water table around well) at equilibrium.

Capillary diffusion. Movement of water by capillarity in a porous medium.

Casing. Steel or plastic pipe or tubing that is placed in a borehole to prevent
entry of loose rock, gas, or liquid or to prevent loss of drilling fluid.

Chemical water quality. The nature of water as determined by its concentration
of chemical and biological constituents.

Clogging. Deposition of fine particles such as clay or silt at the surface and
in the pores of a permeable P01~OUS medium, e.g., soil, resulting in the reduction
of permeability.

Coefficient of permeability. The quantity of water that will flow through a unit
cross-sectional area per unit of time under a unit hydraulic gradient at a
temperature of IS.SoC (600 F).
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Concentration. The weight of solute dissolved in a unit volume of solution
commonly expressed as milligrams/liter or grams/liter.

Conductivity, hydraulic. Combined property of a porous medium and the fluid
moving through it in saturated flow, which determines the relationship, called
Darcy's law, between the specific discharge and the head gradient causing it.

Cone of depression. The depression, ideally conical in shape, that is formed in
a water table or potentiometric surface when water is removed from a well.

Confining bed. Formation overlying or underlying a much more permeable aquifer.

Consumptive use. That part of the water withdrawn from a well or other source
that is no longer available because it has been evaporated, transferred,
incorporated into products or crops, or otherwise removed from the immediate
water environment.

Contamination. The degradation of natural water quality as a result of man's
activities to the extent that its usefulness is impaired. There is no implication
of any specific limits, since the degree of permissible contamination depends
upon the intended end use, or uses, of the water.

Corrective actions. Those measures taken to ameliorate or terminate a situation
at or near the source of the problem in order to prevent an uncontrolled release
of radioactive or toxic material or to reduce the magnitude of a release, e.g.,
shutting down equipment, repair and damage control, or reorganizing pumping
arrangements.

. Th . f d" . 1 .• 3 7 1010 d' .Cur~e. e quant~ty 0 any ra ~oact~ve mater~a g~v~ng_It x ~s~ntegra-

tions per second. A picocurie is one trillionth StO ) of a Curie, or a
quantity of radioactive material giving 3.7 x 10 disintegrations/sec or
2.22 disintegrations/minute.

Darcy. Unit of intrinsic permeability defined as the permeability ~ a medium in
which a liquid of dynam~ viscosity of 1 centipoise discharges 1 cm /sec through
a cross section of 1 em under a gradient normal to the section of 1 atm/cm.

Darcy's law. Law expressing the proportionality of the specific discharge of a
liquid flowing through a porous medium to a hydraulic gradient in laminar flow
(low Reynolds numbers).

Degradable. Capable of being decomposed, deteriorated, or decayed into simpler
chemical forms with characteristics different from the original; also referred
to as biodegradable when readily decomposed by micro-organisms.

Degradation of water quality. The act or process of reducing the level of water
quality so as to impair its original usefulness.
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Depletion. Continued withdrawl:ll of water from groundwater at a rate greater than
the rate of replenishment; reduction of groundwater storage in an aquifer or of
the flow of a stream or spring caused by discharge exceeding natural recharge.

Dewatering~ Removing water by gravity or by pumping.

Dewatering coefficient. Amount of water removed per unit horizontal area and
unit drawdown.

Dispersivity. Property of a porous matrix to cause spreading of a tracer
traveling through it.

Dissolved solids. Total weight of dissolved constituents in water per unit
volume or unit weight of water in the sample.

Dominant direction of groundwater movement. The principal expected direction of
maximal groundwater flow. This dominant direction of movement is a result of
three major varil:lbles: the transmissivity of the aquifer, the hydraulic
gradient, and the differential applied hydraulic pressure.

Downstream. In the direction of the current of water flow.
surface streams or underground water movement.

Applicable to

Drawdown. Lowering of the water table or piezometric surface caused by the
extraction of groundwater by pumping, by artesian flow from a borehole, or by a
spring emerging from an ~lquifer.

Drawdown, equilibrium. DrawdO'tYn of the water table or of the piezometric surface
near a pumping well, at constant discharge, after a stationary condition has been
reached.

Effluent. A waste liquid, solid, or gas, in its natural state or partially or
completely treated, that discharges into the environment.

Eh. The potential gained in the transfer of 1 mole of electrons from an oxidant
to H2 , expressed in volts - also known as redox potential.

Electrical resistivity. The differences in electrical response between one pair
of points and another.

Eluant. The solution that removes (elutes) a material adsorbed on ion exchange
resin.

Emergency action levels. SpE!cific contamination levels of airborne, water­
borne, or surface-deposited concentrations of radioactive or toxic materials; or
specific instrument indications that may be used as thresholds for initiating
such specific emergency measures as designating a particular class of emergency,
initiating a notification procedure, or initiating a particular protective
action.
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Excursion. The movement of lixiviant (leachant solution) out of a leaching zone,
as evidenced by measured movement at a trend or monitor well. Measurement is by
an increase of selected parameter values above their established upper control
limits.

Freeboard.
the. liquid
of an open

Vertical distance between the normal maximum level of the surface of
in a conduit, reservoir, tank, canal, etc., and the top of the sides
conduit, the top of a dam or levee, etc.

Groundwater. Water beneath the land surface in a saturated rock, pebble or sand
zone that is under atmospheric or artesian pressure; the water that enters wells
and issues from springs.

Groundwater management. The development and utilization of the underground
resources (water, storage capacity, and transmission capacity), frequently in
conjunction with surface water resources, in a rational and optimal manner to
achieve defined and accepted water resource development objectives. Quality as
well as quantity must be considered. The surface water resources involved may
include imported and reclaimed water as well as tributary streams.

Groundwater, mining of. Withdrawal from a groundwater reservoir in excess of
the average rate of replenishment.

Groundwater recession. Natural lowering of the groundwater level in an area.

Grout.
usually
mixture

To fill, or the material filling, the space around the
between the pipe and the drilled hole. The material
of portland cement and water.

pipe in a well,
is ordinarily a

Hardness, carbonate. Hardness of water resulting from the presence of dissolved
calcium and magnesium bicarbonates (temporary hardness).

Hardness, noncarbonate.
dissolved calcium and
hardness).

Hardness
magnesium

of water resulting
salts other than

from the presence of
carbonates (permanent

Hardness of water. The property of water, due mainly to bicarbonates,
chlorides, and sulfates of calcium and magnesium, which prevents the production
of abundant lather with soap.

Hazardous waste. Any waste or combination of wastes (which pose a substantial
present or potential hazard to human health or living organisms) whose properties
include flammability, evolution of toxic or irritating vapors, contact
irritation, or human or animal toxicity.

Heavy metals. Metallic elements, including the transition metal series, which
also include many elements required for plant and animal nutrition in trace
concentrations but which become toxic at high concentrations. Examples are
mercury, chromium, cadmium, and lead.
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Hydraulic gradient. The change in static head per unit of distance along a flow
path.

Igneous. Formed by solidification from a molten state; the rocks of one of the
two great classes (metamorphic being the other class) into which all rocks are
divided and contrasted 1i'lith sedimentary.

Impoundment. A body of water formed by collecting water, as by a dam.

Infiltration. The flow of .~ liquid into soil or rock through pores or small
openings.

Injection well. A well used for injecting fluids into an underground stratum or
ore body by gravity fl01w or under pressure.

Ion exchange. RI~versible exchange of ions absorbed on a mineral or synthetic
polymer surface with ions in solution in contact with the surface. In the case
of clay minerals, polyv,alent ions tend to exchange for monovalent ions.

In situ. In place or i:n (natural) position.

Leachate. The liquid that has percolated through solid ore, waste, or other man­
emplaced medium ~md has extracted dissolved or suspended material from it.

Leakage. In groundwater, the flow of water from or into an aquifer through an
underlying or overlying semipervious layer.

Lixiviant. Leachate solution pumped underground to an ore body; it may be
alkaline or acid in character.

Metamorphic. Characteristic of, pertaining to, produced by, or occurring during
the metamorphism of certain rocks.

Mine field. Refers to the well field area(s) and affected surface associated
with in situ leach mining. The term is often used interchangeably with well
field.

Mine zone. The area from which an ore is extracted, including related buildings
and structures. In this instance, it would include the ore body, all associated
surface areas, and related well fields, process equipment, and buildings.

Mining unit (production unit:~. A segment or portion of an ore body capable of
economically supporting mineral extraction; the minable limits of an ore body,
which would norm~ll1y include several production fields.

Monitor well. A surveillance (observation) well located usually along the
periphery of a well field. It is used to indicate containment and/or lixiviant
migration beyond the well-field boundary. When the upper control limit
(concentration value) in a monitor well is exceeded, corrective action is
initiated.
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Monitor well zone. The area of possible monitor well location. This zone is
normally outside the limits of mineralization, but can be within the limits of
demineralization.

Nonpoint source. A series of sources from which the contaminant enters the
receiving water in an intermittent and/or diffuse manner, as runoff from a field
into an adjacent waterway.

Nonproduction zone(s). Those stratigraphic intervals underlying and overlying
the production zone that are aquifers or that are relatively permeable.

Ore body. The mineralized portion of the sandstone formation where the mineral
is found in various grades and concentrations which can be extracted
economically.

Osmosis. Passage of a solvent from a dilute solution to a more concentrated one
through a semipermeable membrane (one that is permeable to the solvent only).

Oxidation. A chemical reaction in which there is an increase in positive valence
of an element from a loss of electrons; in contrast to reduction.

Percolation. Movement under hydrostatic press~re of water through unsaturated
interstices of rock or soil.

Permeability. Property of a porous medium to allow for the movement of liquids
and gases through it under the combined action of gravity and pressure.

Permeable rock. Rock having a texture that permits water to move through it
perceptibly, under a head or gradient ordinarily found in subsurface water
(pervious rock) •

.p!!. Minus the logarithm of the hydrogen ion concentration (activity), in
moles/liters. It is used as an indicator of acidity (pH less than 7) or
alkalinity (pH.greater than 7).

Phreatic divide (groundwater divide). Line on a water table along the sides of
which the groundwater flows in opposite directions.

Piezometric surface. The surface defined by the levels to which water under
artesian conditions will rise in tightly cased wells; also called potentiometric
surface.

Plume. In water quality management and control, a body of contaminated ground­
water originating from a specific source (water anology to smokestock in wind)
and influenced by such factors as the local groundwater flow pattern, density of
contaminant, and character of the aquifer.

Point source. Any discernible confined and discrete conveyance, including but
not limited to any pipe, ditch, channel, tunnel, conduit, well, discrete fissure,
container, rolling stock, or concentrated animal feeding operation, from which
contaminants are or may be discharged onto the land, water or air.
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Pollutants (water). Substances including toxic compounds that may become
dissolved, suspencled, absorbed, or otherwise contained in water and impair its
usefulness.

Pollution (water)" The degrndation of natural water quality, as a result of
man's activities, to the extent that its usefulness is impared.

Ponds. Small storage reservoirs.

Pore. A very small open spaCI~ or void in rock or soil.

Porosity. The relative volume of the pore spaces between mineral grains in a
rock as compared with thE~ total rock volume. Expressed as percent void space or
porosity.

Porous medium. Solid body containing interconnected pores more or less evenly
distributed.

Pregnant lixiviant~. Leaching solution containing uranium, copper, or other
materials solubilized from the ore body.

Production area. The area of injection and production activity, which can be
portrayed by a plan view of the well-field area and vertically by a cross section
extending typically from the surface to at least 3 meters (10 ft) below the
bottom of the lowe~st production zone.

Production cell. The grc)uping of injection wells about a production or recovery
well arranged in various configurations and varying in number.

Production field (zone). Mine: or well field(s) actively used for production. It
could consist of two or lillore well cells.

Production module. A process plant that is modularized for ease of installation
and removal and is capable of handling a given production flow and output from an
in situ leaching clperation.

Production well (t'ecovery welJl. A well from which lixiviant is recovered for
conveyance to a re~covery or processing plant.

Production zone. That stratigraphic interval into which leaching chemicals are
introduced. This interval extends horizontally in all directions through and
beyond the production area.

Pump test. Extraction of water from a well at one or more selected discharge
rates, during which piez()metric or phreatic levels are measured regularly at the
pumped well and at nearby obsE~rvation wells. The data are used for determining
the aquifer parameters in the vicinity of the pumped well.

Purification. Treatment of water for the removal of harmful or undesirable
physical properties, chelnical substances, and living micro-organisms.
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Radius of influence. Distance from the axis of a pumped or recharged well at
which the effect of the well on the piezometric or the phreatic surface is no
longer perceptible.

Raffinate. The aqueous solution remaining after uranium or material being
recovered has been extracted by the solvent; tailing of the solvent extraction
sys~em.

Recharge. The addition of water to the groundwater system by natural or
artificial processes.

Reclamation. The return of the surface environment to acceptable preexisting
conditions. This normally includes equipment removal, well plugging, surface
contouring, and reseeding.

Recovery actions. Those actions taken after an emergency to restore the plant or
facility as nearly as possible to its normal operational condition.

Redox potential. The potential gained in the transfer of 1 mole of electrons
from an oxidant to H2, expressed in volts or millivolts - also known as Eh.

Reduction. A chemical reaction in which there is a decrease in positive valence
as a result of gaining of electrons.

Residual drawdown. The difference between the static water level in wells and
the observed water level during recovery.

Restoration. The returning of the affected groundwater quality to its premining
use by employing the best practical technology, consistent with environmental
considerations and economics.

Reverse Osmosis. A desalination process applicable to brackish and seawaters
utilizing a semipermeable membrane. High pressures (25-50 atmospheres) are
required for driving the water through the membranes.

Roll front (uranium). Uranium deposition localized as a roll or interface
separating an oxidized interior from a reduced exterior. The reduced side of
this interface is significantiy enriched in uranium, sometimes crescent-shaped
in plan view.

Runoff. Direct or overland runoff is that portion of rainfall which is not
absorbed by soil, evaporated, or transpired by plants but finds its way.into
streams as surface flow.

Saturated zone. The soil zone in which interconnected interstices are saturated
with water under pressure equal to or greater than atmospheric.

Sedimentary rock.
sediment.

Rocks formed from the accumulation and compaction of
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Seepage. Slow movement of water in unsaturated rock material; loss of water by
infiltration into the soil from a canal or other body of water.

Semi-confining bed. A horizontal stratum restricting but not eliminating water
seepage or flow.

Solution channels (holes or cavities). Fractures, joints, bedding planes, or
other openings in. soluble rock.s, through which flow can occur (especially in
limestone) •

Sorption. A general term used to encompass processes of adsorption, absorption,
desorption, ion exchange, ion exclusion, ion retardation, chemisorption, and
dialysis.

Specific conductance. The ability of a cubic centimeter of water or solution to
conduct electricity; varies directly with the amount of ionized minerals in the
water.

Static water level. The water level that was first observed prior to pumping and
the level to whicl~ the w'ater returns following pumping or injection.

Storage coefficient. Vc)lume of water released from storage in each vertical
column of the aquifer having a base of 1 meter square (1 foot square) when the
water table or other piezometJric surface declines 1 meter (l foot).

Stratigraphy. Concerning th,e sequence of rock types formed on the earth's
surface. Each stratum is defined by its composition, distribution, succession,
and geologic era.

Subsidence. Surfclce caving or distortion brought about by collapse of deep mine
workings or cavernous carbonate formations, or from overpumping of certain types
of aquifers.

Surface water. That portion of water that appears on the land surface (oceans,
lakes, rivers).

Toxicity. The abi.lity of a material to produce injury or disease upon exposure,
ingestion, inhalation, or assi.milation by a living organism.

Transmissivity. lhe rate at which water is transmitted through a unit width of
the aquifer under a unit hydrclulic gradient. It is expressed as the product of
the hydraulic conductivi.ty and the thickness of the saturated portion of the
aquifer.

Trend well. Surveillancl~ well for production control and/or monitoring located
between the well field and the! monitor wells.

Unsaturated zone. Consists of interstices occupied partially by water and
partially by air and is limited above by the land surface and below by the water
table.
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Upconing. The upward migration of groundwater from underlying strata into an
aquifer caused by a reduced hydrostatic pressure in the aquifer as a result of
pumping.

Upper control limit (UCL). A concentration value for any designated chemical
species Undicator species) that must not be exceeded in a monitor well.
Corrective actions are initiated when the upper control limits are exceeded and
are 'continued until UCL values are returned to acceptable levels.

Upstream. In the direc tion opposite to the main current of a stream on the
surface or underground.

Waste. Solids or liquids (including from solution
processes) of no further value and subject to no
processing. These are normally stored for concentration
Some process streams may be waste streams.

mining or associated
additional productive
and ultimate disposal.

Water, brackish. Water containing salt, but significantly less than seawater.
The concentration of total dissolved solids is usually in the range of
1,000-10,000 mg/liter.

Water conservation. Measures introduced to reduce the amount of water used for
any purpose and/or to protect it from pollution.

Water demand. Actual quantity of water required for various needs over a given
period as conditioned by economic, social, and other factors to satisfy a known
or estimated requirement.

Water, drinking. Water suitable for drinking (potable).

Water, fresh. Water neither salty or bitter to the taste and in general
chemically suited for human consumption (having a low dissolved solids content).

Water quality. Pertaining to the chemical, physical, and biological
constituents found in water and its suitability for a particular purpose.

Water resources. Supply of water in a given area or basin interpreted in terms
of availability of surface and underground water.

Water supply system. All storage reservoirs, pumps, pipes, and treatment works
required for providing water of a desired quality to the different sectors of
consumption.

Water table. That surface in an unconfined groundwater body at which the
pressure is atmospheric. It defines the top of the saturated zone.

Water table aquifer. An aquifer containing water under atmospheric conditions.

Water yield. See yield.
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Well capacity. Maximum rate at which a well will yield under a stipulated set of
conditions, such alS a given drawdown.

Well completion. Techniques used to control horizontal underground movement of
injected fluids from a wE~11 and to maintain the integrity of over and underlying
layers.

Well, disposal. Well uSE~d for the disposal of polluted or drainage water brines,
etc.

Well field (mine field). Several production cells capable of supplying a given
feed to a recovery plant.

Well, fully penetrating. Well that extends through the whole saturated depth of
an aquifer and is constructed in such a manner that water is permitted to enter
the well throughout its length.

Well, partially penetrating. Well in which the length of water entry is less
than the thickness of the saturated aquifer that it penetrates.

Well radius, effec:tive. Horizontal distance from the axis of a well to the
maximum extent out into the aquifer from which poor-water supplies the well.

Yield of aquifer (economic). Maximum rate at which water can be pumped from an
aquifer in the foreseeable future without continuously lowering the water table,
depleting the supply, or altering the chemical character of the water to such an
extent that withdrawal at that: rate is no longer economically possible.

Yield, optimal. Amount of water that can be withdrawn annually from an aquifer
or from a basin, ~lccording to some predetermined criterion of optimal use.

Yield, safe. Amount of water (in general the long-term average amount) that can
be withdrawn from a groundwater basin or surface water system without providing
undesirable results.

Zone of saturation. That p,art of the lithosphere in which the pores are
completely filled-with water.
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