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ABSTRACT 

This report provides methods to collect data and evaluates impacts con­

cerning ground-water elements of production-scale leach mining of uraniu 

T~J overlapping networks of monitor welts are designed to collect pre­

mining hydrogeologic and b8seline water-quality data and to detect 

excursions of leaching fluids. The pre-mir.ir•g data collection network 

consists of 24 wells completed into the ore-zone aquifer and the water­

bearing units above and below it. The excursion-monitor network utilizes 

two rings of wells encircling the ore body and other wells strategically 

placed i .. to other water-bearing units. The lateral excursion detection 

system is keyed to changes in water levels whereas the vertical excursion 

detection system is keyed to changes in water quality. 

Several ground-water restoration methods are evaluated. Mechanical and 

chemical restoration methods can significantly remove most introduced 

and mobilized chemicals. Natural geochemical mechanisms should be 

capable of causing water-quality improve~nt. Several water-quality 

constituents, i.e., ammonia, chloride, ~ulfate, may not be greatly 

affected by restoration efforts. 

Most mining and restoration activities shou~d not greatly affect the 

availability or usefulness of ground water unless uncontrolled withdrawals 

from many sources occur. Disposal of leach mining wastes may prove a 

greater threat to the environ~nt than the mining. Natural conditions 

and/or current state and Federal regulations limit the types of disposal 

methods that may be used. 
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SUMMARY 

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

The physical environment3 of the potential mining areas and the methods 
used in the in-situ 1ea~hing are very similar, and can be briefly summarized 
as follows: 

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

2. Ground water in the uppermost part of the sediment?.ry sequence 
is under water-table conditions, whereas the beds containing 
the ore bodies are at least loc~lly ~onfined. 

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

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

5. The uranium is mined using lixi·tiants that oxidize and complex 
toe uranium and other metals in soluble form. 

6. The standard leach field utilizes injection wells as the outer 
ring of wells and production wells at the center. By pun.ping 
at a rate higher than the injection rate, the effects of 
mining on the ground water ar~ normally co~fined to within a 
few tens of feet of the leach field. 

CRITERIA AND METHODOLOGY FOR ESTABLISHING BASELINE WAT[R QUALITY 

An analysis of ore-body mineralogy, lixiviants, geochemical reactions, 
and the ground-water flow regime indicates that several different water­
quality conditions may naturally occur in and around the well field. 
Thus, a comprehensive hydrologic survey must be made to define the 
ground-water system in three dimensions. For this purpose, 13 observation 
wells are installed: 9 in the ore zone, 3 In the water-bearing ~nit 
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above the ore zone, and I In the water-be-aring unit below the ore zone. 
Water-level mt!asuremcnts tal,.cn In these wells are u~ed to determine both 
h..,rlzont.al and vertical tlow In the ground-1~atcr ~y:.tem. The wells arc 
al•o used ~- ~etermlne the (I) capacity of the system to transmit Wdter, 
(2) permcablll ty of the ore-zone aqul fer, (3) ani sot ropy of the u•·c-zonc 
aquifer, and (4) capacity of the confining beds to transmit fluids. 

Baseline water-quality data arc collected from 22 l'lclls, Including: 16 
wells Installed In two linear arrays through the ore body and perpt"tHflcuJ,,r 
to the ore-body trend; 3 1vells in the overlying h•ater-bearlng zone; and 
3 l'lells in the undt~rlylng watt>r-bearlng ;rone. Water samples arc collected 
and analy:ed for 38 parameters Including the n~jor cations and anion~, 
.:~r~enlc, selenium, hedvy metal~. radioactivity p.irameters, spec:lflc 
conductance, and temperature. Wells used to collect water-quality data 
can also be u~ed to collect pre-mining hydrologic data and n~y b~ converted 
to e)(cursion monitor wells or Injection or production lvt'lh.. NRC should 
reevcalu.Jte the uscfulne:.:. of this pre-mining data collect I on program as 
guidelines and program decisions are made. 

METHODS Of RESTORATION 

Several techniques have been tested or proposed fo1 restoration of 
ground water affected by mlniny. The restoration t~chnlque~ have only 
been applied at the rcse.1rch and developmt•nt p1ojec~ lt>vcl wh~·rc:- t'Xtr.l­
polatlon of resufts to production-scale oprratlon:. Is parti~ularly 
difficult because of differing geologic and gt•ochcmlclll frdtllCI\'\Jrl..s. 

The resto.r3tlon technique being considered lllost widcly tod.w lnvolvcs 
pumping re:.ldual fluid:. trom the well field .trld dr<11"ln9 unrontaryJin<~tcd 
ground lvater from out:.ide the field to dlspi.JCt' :ht' r··~ldual tluld:.. 
Pilot-project tests Indicate th.Jt lhc total dlssolvrd solids concentration 
In ground water within the well field can be restored to the average 
baseline level. However, concentr.1tio;1:. cf trace met.lls, ,1n1110ni ., 
arsenic, and selenium may aot be returned to averag~ baseline conditions. 

To expedite restoration, :.lmultaneou:. pump:ng of tht> lvt.•ll field and 
Injecting of specifically tallort.'d fluid Into the 1vell flt•ld ha!> been 
suggested. Natural ground water and treated leach-fitlld 1-liltcr r.lt.ly be 
Injected to displace and dilute residual llxl,iant tluids. This tech­
nique may dChl~ve .eduction of total di:.solvcd solids concentrations to 
acceptable levels, but the cfft•ct on any ont' constituent is unl,.nown. 
The Introduction of oxygen into the ground-water system by the Injected 
water will allow continued mobi I ilatlon of uranium and ottltlr oxidizable 
metals. 

Another restoration technique utilizes the injection of special chemical 
solutions to remove cert.1ln bothers0me constituents from the 1"1:'11-field 
ground water. Theoretically, the Injection ot reducing agents, such as 
hydrogen sulfide, will convert the l>Oiuble uranium and ht>oavy met.lls to 
Insoluble forms which will be•naturally removed In-ground by precipita­
tion. The solution lett In-place will ren~ln high In the major Ions 
that are not affected by ttl~ reducing ag~'nts. lhls rcstoratlotl approach 
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has not been field tested. Ammonia desorption and removal has been 
field tested using salt 5olutions. Results indicate that some ammonia 
can be removed from the system but that baseline water-quality conditions 
are not restored. 

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

EXCURSION CONTROL METHODS 

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

Upon confirmation of a lateral excL ~n, corrective action should be 
t~kPn. If the excursion is relatively small, correction can be achieved 
by re-establishin~ an inward hydraulic gradient in the area of the 
excursion. If the excursion is extensive, restoration-type measures 
f',Lst be taken. 

lateral excursions have been documented using water-quality monitoring 
techniques. Avai !able data indicate that the best \'later-quality in­
dicator of an excursion is an increase in total dissolved solids con­
centration, which is attributable to large changes in concentration of 
Ccllcium, magnesium, sodium, chloride, and sulfate. 

Vertical excursions occur when lixiviants escape into water-bearing rock 
a~ove or below the ore body. Escape m?y occur through natural weak 
points in the confining beds or around improperly completed or abandon~d 
wells. To minimize the impact of the vertical excursion, it is necessary 
to eliminate the pathway of escape, if it can be located. Natural paths 
cannot be closed but arti;icial avenues of escape may be. Restoration­
type measures can be used to control and clean up a vertical excursion. 

MONITORING PROGRAM 

A monitoring net~tork, develcped to detect excursions in a timely fashion, 
is installed in the ore-zone aquifer a~d other water-bearing units. The 
network of monitoring wells IS arranged in two rings around the ore 
body, located 50ft (15m) and 250ft (75 ml from the well field. Wells 
in each ring are spaced 200 ft (60 m} apart. In addition, three monitor 
wells are lnscalled In the water-bearing unit abo~e or below the ore 
body. 
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The hydraulic properties of ore-zone aquifers are such that excursions 
are expected to MOVe slowly. Ground-water quality changes resultir.g 
from an excursion will be noted in monitor wells only after large volumes 
of ground water are affected. On the other hand, pressure changes 
caused by injection and production imbalances are transmitted instanta­
neously throughout the system. Water-level measurements in a system of 
moni~or wells can provide sufficient data to rapidly determine excursion 
events. 

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

POTENTIAL IMPACTS ON WATER USE 

The general quality of ground water found in aquifer systems that contain 
leachable uranium is very good, so that the water is usable for most 
water-supply purposes. High radium levels, however, MaY make water that 
is in direct contact with the ore body unusable. The excursion monito~ing 
program will help prevent water-quality impacts from extending bev-:-.1d 
the immed1ate vicinity of the well field. 

The aquifer systems in which the ore bodies occur cover thousands of 
square miles and are thousands of feet thick, thereby stor1ng billions 
c& gallons of water for use. Because the in-situ leach mining operation 
u~es only small amounts of water, the ove~all avdilability of ground 
water wilT not be affected during mining. Water-intensive restoration 
techniques, however, may have a greater impdct on the availability of 
ground wCiter because tho•Jsands of ga lions may be pumped each minute. 
Nevertheless, after restoration has be~n completed, the system will 
replenish itself. 

The current demand for water in areas subject to in-situ leach m1n1ng is 
not large, but is expected to increase as uranium, coal, and oil reco~ery 
increases in these areas. Severe impacts may be expected if the ground­
water system is not adequately managed to meet these energy demands. 

IMPACTS OF WASTE DISPOSAL 

lmpro~er disposal of wastes produced during t~e day-to-day operation and 
during restoration at an in-situ leach ~ining site may pose a threat to 
the environment. Because leach m!ning wastes are in liquid or slurry 
form, (;ell1110n methods of disposal include disposal wells and cv;,poration 
~onds to handle the entire waste stream. The waste may also ~e treated 
to remove objectionable material prior to release to the environment. 
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The use of disposal wells has proven to be environmentally safe when 
Lhey are constructed and operat~d according to state and Federal regu­
lations. Injection wells are used to dispose of leach minirog wastes in 
Texas, but geologic and hydrolocic conditions in other Teach mi'ling 
areas do not appear suitable for this practice. 

11inlng companies planning to use evaporation ponds to dispose of the 
liquid waste line the ponds to prevent seepage of the waste to the 
shallow ground water. Lined ponds can be used i~ all uranium w.ining 
ar~as; howev~r, it may be Impractical to use ponds to handle the large 
volumes of wastes produced by some restoration techniques. In addltl~n, 
it i~ difficult to monitor the integrtty of a liner to assure that 
leak~ge will not occur, and also, cvaporati~" of waste dater will leave 
large voluw.es of solids at the bottom of the ~onA~ to be disposed In an 
NRC-acce~ted manner. Lined evaporation ponds to handle proces$ wastes, 
wastes prior to well dispo~al, and reverse osmosis wastes may be used 
successfully in all mining areas. 

Restoration waste can be treated to remove objectionable dissolved 
solids, includin~ radium, arsenic, and selenium, so that the treated 
f).,.id should .neet a; I appl !cable drinking water, agricultural, or livestock 
water-use standards. HowevAr, because EPA effluent guidelines prohibit 
tt.e rel~ase of any wastes from ur 1nium mi lis to streams, the treated 
water should be used only for irrigation purposes. 
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1 • INTRODUCTION 

The U. S. Nu::lear R"gulatory Commission (NRC) presently has the responsi­
bility of issuing I 1censes for in-situ leach minir.g of uranium in several 
western states. This mining practice is a relath•c::fy new one, and only 
nine research and development operations have been licensed by NRC thus 
far. Because the mining calls for the injection of chemical mixtures into 
subsurface geologic formations that contain usable water, NRC must evaluate 
the applicant's programs to monitor such injection and to res~ore the 
natural chemical quality of the ground water after the leach mining is 
terminated. In addition, NRC must take into account potential impacts of 
pumping of ground water and of waste disposal on the natural environment 
and on other water uses in the mining areas. 

This report, prepared under a contract with NRC, evaluates (1) criteria and 
a methodology for establishing baseline ground-water quality; (2) methods 
of restoration and their potential environmental iopacts; (3) excursion­
control methods and thei. c~vironmental impacts; (~) bases and criteria for 
selecting excursion and rest~ration monitoring programs; (S) the potential 
impact of mining ana restoration on hater use; and (6) the potential imp :t 
of disposal of wastes generated dLring mining and restoration. Few data are 
available on ground-water conditions at mining sites, and consequently, the 
findings ln this report are based heavily on general scientific prfnciples, 
case histories of ground-water impacts from s:milar acti~ities of man, and 
eval•Jation of the regional occurrence and movement of ground water in 
poter:tial mining areas. Data from on-going research and development and 
produc~ion scale operations in Texas and Wyoming r.~ve been utilized to 
support a number of the findings. 



2. OEFINLTION OF THE PHYSICAL SYSTEM 

To date, NRC has been evaluating license applications on a case-by-case 

basis, first taking into account the geology and hydrology of the proposed 

mining site and iw~acts upon the physical system attributable to present 

use of th~ L3nd and water. To assist NRC in making these evaluations, 

the following sections describe the geologic aPd hydrologi~ characteristics 

of the areas where most of the future in-situ leach mining of uranium is 

expected to take place. 

'L l GEOLOGY OF POTENTIAL URAN!UM LEACH MINING SITES 

There is s~e degree of uranium mineralization in most Tertiary and 

older sedimentary rocks of the Western and Southwestern United States. 

However, the principal regions of potential uranium recovery by in-situ 

leach mining are the Wyoming Basins, the Colorado Plateau, and the Gulf 

Coastal Plain of Texas. The southern Black Hills and northeastern 

Colorado, within the Great Plains regior., also contain sedimentary 

uranium deposits that may be amenable to in-situ leach lloining (Figure 

2. I and Table 2. J), Details of the stratigraphy and mineralogy of these 

and other mining areas are given in Appendix A. 

leachable uranium deposits are found in sandstones that have been deposited 

in intermontane basins, along mountain fronts, and in near-shore marine 

and deltaic environm•nts. Alternati~g periods of sluggish and swift 

streamflow, as well as changes in base level due to tectonic forces, 

have created a complex and heterogeneous sequence of sediments that may 

be greater than 6,600 ft (2,000 m) thick. These sediments are fine- to 

coarse-grained arkosic sands, with some conglomerates, siltstones, ond 

claystone~. Successive scouring, filling, and beveling of channel 

segments have resulted in the lenticular a~d cross-beddeJ characteristics 

of the depo~it~. The stream-channel deposits become fine-qrained away 

from the source ot seuiiiiar:t5 v1here they commonly .grade inr, carbonaceous 

shales and lignites, deposited contemporaneously in Svlall•t-'Y areas or 

lakes. 2 

Zones of uranium mineralization follow the general trend of draina3e 

channels. However, individual ore bodies in sandstone lenses rarely 

exceed a few hundred yards in length; they are eiongate and narrow, 

commonly a few tens of yards wide, and less than a few tens of feet 

thick. The geologic environment favoring the deposition of uranium ore 

is defir.ient in oxygen, has zones with less permeable siltstones and 

~hales, and contains reducin~ agents such as carbonaceous material, 

hydrogen sulfide, or pyrite. Figures 2.2 and 2.3 illustrate the 

o~currence of types of ore deposits and their relationships to sources 

of oxygenated ground water and changes in permeability. 

2. 1. 1 Source and Deposition of Uranium 

The uranium in sandstone-type deposits :s thou9ht to have been derived 

from either granite, which supplied the materi31 to form the arkosic 
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of uranium discussed In this report. 1 



TABLE 2.l 
1 RH!CIPAL HOST ROCK.3 FOR PCTENTIAL URANIUH PRODUCTION 
:.y IN-SITU LEACH MINING IH THE WESTEP.N UNITED STATES 

~-=~-=-~==================================================== 

Mirang Area 
Principal Ore­
Bear~ng ?ormati~~ 

Age of 
Host Rock 

--~ --=--~=: ,-================================= 

co:o~~i~ ~lateau 

·_,~ l: ~ca 3 .al Pla~n 

Shirley Basin 

Powder ~ver Basin 

Wind ~ver Basin 
(Gas H~lls) 

Great Divide Basin 
(Crooks Gap) 

Grants M~r.eral Belt, 

Wind R~ver 

Wasatch 
Ft. Un~on 

Wj .ld R~ VE:r 

Wagon Bed 

Battle Spring 

New Mc,~co Morr~son 

Monument Valley-~n~te 
Canyon (S. Utah, S. 
Arizona) Chinle 

Uravan M~r.eral Belt 
(E. Utah, W. Colorado) Morr~son 

Karnes D~strict, 
Texas 

Live Oak Distr1ct, 
Texas 

Catahoula Tuff 
Wh~tesett 

Catahoula Tuff 
Oakville Sandstone 

Eocene 

Eocen~ 

Paleocene 

Eocene 
Eocene 

Eocene 

Jurass~c 

Tr~ass~c 

Jurass1c 

H1ocene? 
Eocene 

Hiocene? 
Miocene 

---------------- ----------------------------------~-----------------

Southern Black H1lls, 
s. Dakota, Wy-:·•nlng 

Grover Area, NE 
Colorado 

Intan Kara Group 

White River Group 

Eady 
Cretaceous 

Oligocene 
0~-~~~=============================================== 
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sandstones. or from volcanic material that was deposited with, or later 
than, the sandstone, or perhaps from both. 5 Granitic bodies containing 
uranium are found In many of the mountains that supplied the sediment 
comprising the host sandstones. Oxygenated ground water percolating 
through these units oxidizes and mobilizes the uranium. 

As the urunium-enriched ground water moves through the aquifer from the 
basin edge toward the basin center, it comes in contact with carbonaceous 
material and pyrite. During the period of active anaerobi~ decomposition 
of the organic material, the ground water may also encounter hydrogen 
sulfide and methane. None of these constituents is stable in the 
uranium-enriched oxidizing ground water and, t~erefore, will react to 
reduce the uranium to insoluble uraninite (U02). The dissolved oxygen 
is consumed, while hydrogen sulfide and sulfur from pyrite is oxidized 
to sulfate. Organic material and methane may be oxidized to carbon 
dioxide and water. The pH and Eh of the solutions decreases at this 
oxidation-reducted front. Further downgradient, the ground water is 
reduced, the pH is near neutral, and pyrite and organic material is 
found as the more stable phases for iron, sulfur, and carbon. 

Freshly precipitated uranium along with uranium in the arkosic sandstone 
minerals is continually dissolved by oxygenated ground water and dis­
placed further downgradient. Eventually, uranh•l'll cf economically 
recoverable grade is deposited at the oxidation-reduction interface. 
The distribution of uranium and other elements in and around the ore 
depo~its depends not ,tnly upon the oxidizing capacity of the ground 
water, but also upon the available reactive concentrations of precipi­
tating agents. 

2. 1.2 Associated Minor and Trace Elements 

Numerous other elements with si.ni Jar C:.emistries are mobilized and 
precipitated under the same conditions as uranium; most importantly for 
this study, these include arsenic, selenium, vanadium, copper, and 
molybdenum. The most complete investigation of the distribution of 
these elements in and around uranium ore bodies was done in the Shirley 
Basin of Wyoni~g. 6 ' 7 Although the core samples in that ir.vestigation 
were taken only at points about 30ft (9 m) in front of the ore roll in 
the unoxidized portion of the aquifer a,d approximately 80 ft (24 m) 
behind the ore roll in the oxidized int~rior, certain trends in the 
distr:bution of the elements are obvious. Figures 2.4 and 2.5 present 
data from Lhe Shirley Basin as well as other mining districts. 

2.2 GROUND-WATER HYDROLOGY OF URANIUM LEACH MINING SITES 

The sedimentary sequence in which the uranium-ore bodies are found may 
be several thousands of feet thick and may comprise one interconnected 
hydrologic unit (aquifer). Characteristically, this aquifer is made up 
of a number of water-bearing units separated by confining units. The 
water-bearing unit containing the ore body has been defined ~~ the ore­
zone aquifer for the purposes of this study. The confining materials 
separate the ore-zone aquifer (at least locally) from other water-bearing 

7 
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units above and below. In all cases, the aquifer zones are saturated 
with ground water moving In response to hydraulic forces. 

The aquifer syste~ is recharged by direct infiltration of rainfall or 
snow melt at the land surface. The recharge generally occurs in the 
outcrop area~ and moves slowlt downgradient to and through the ore body. 
The uppermost part of the aquifer system is under water-table conditions 
and the ore-zone aquifer is under confined conditions. Uranium deposits 
f0und in water-table aquifers cannot presently be mined by the in-situ 
leaching method. 

2. 2. I Hydraulic Properties 

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

Depths below land surface to the ore-zone aquifer are between a few 
tens of feet and thousands of feet. Economic considerations determine 
which ore bodies will be mined; at present, Jnly ore bodies less than 
about ~00 ft (160 m) deep are being mined. 

2.2.2 Water Quality 

Throughout the uranium mining areas, the quality of the ground water is 
variable, depending on proximity to ~ources of recharge and to depth. 
Ground water at p0tential sites in Wyoming and the Colorado Plateau is 
of the c~lcium or sodium s~lfate or bicarbonate type, with a total 
dissolved solids {TOS) concentration generally in the range of 160 to 
1,250 milligrzms per litre (mg/1). In Texas, however, the ground water 
is of th~ sodium bicarbonate and sodium chloride type, with a TOS 
concentration genera:ly ranging from 1,2~0 to 3,000 mg/!. Higher or 
lower T~S levels are found locally. Tra'e and heavy metal concentrations 
generally are within accepted public healt~ limits in all areas. Levels 
of raoioactive parameters (radium-226, gross alpha, and gross beta), 
however, are commonly above recommended public health standards in 
water samples taken from water in contact with the ore body. AppePdix B 
provides specific hydrologi~ and water-quality information for the 
uranium-mining area5. 

2.3 LAND AND WATER USE IMPACTS 

Ground water in the anticipated mining areas is currently used for 
residential supplies, stock water, and small municipal supplies. Some 
irrigation utilizing ground water is taking place in Texas al'd some coal 
miuing operations are using g~ound water in Wyoming. The urJnium deposits 
are generally in sparsely populated areas that are not heavily used for 
agriculture or ranching (Texas is an exception, altho~gh the local 

10 



population cannot be considered dense even there). Water quality does 
not appear to preclude the use of ground \llater for these purposes, 
although the quality may be marginal in some parts of Texas. 

Future conjunctive development of uranium, oil, coal, and oil shale in 
some uranium mining districts could have an extensive cumulative adverse 
impact on ground-water supplies. A complete water-management study 
would have to be undertaken to adequately define these impacts. The 
study should be undertaken by the state, Federal government, or some 
intergovernmental body. A detailed assessment of present uses and 
available, usable wAter supplies ~hould be made. Future spatial and 
volumetric water demands should be predicted and evaluated against 
current needs and available supplies. (Appendix 6 contains an overview 
assessment of ~resent water use and needs for each mining area). 

2.4 POTENTIAL IMPACTS OF IN-SITU LEACH MINING 

The water-quality effects that can result from in-situ leach m1n1ng 
include e~cursions of lixiviants dur1ng injection and natural migration 
of residual lixiviants and other mine-affected ground water after 
mining has cea~ec. The ideal lixiviant for in-situ use is one that will 
oxidize the uranium, complex it so as to maintain it in solution, and 
interact little with barren host rock. Unfortunately, no lixiviant is 
entirely inert to the other minerals commonly associated with sedimentary 
uranium deposits. Numerous chemical interactions are possible between a 
lixiviant and the uranium and associated secondary minerals; therefore, 
lixiviant agents and concentrations must be adapted to each ore body to 
assure maximum uranium recovery while minimizing undesirable secondary 
react ions. 

Lixivlants for in-situ leach m1n1ng are salt solutions of ions such as 
sulfate, bicarbonate, carbonate, and ammonium known to form stable 
aqueous complexes with hexavalent uranium. An oxidant such as air, 
hydrogen peroxide, sodium chlorate, sodium hypochlorite, or potassium 
permanganate, is added to the Jixiviant to effect the- oxiaatior, of 
ura~ium. The lixiviant solution may have any pH, although the mineralogy 
of most uranium deposits dictates the use of ~eutral or basic lixiviants 
such as bicdrbonate and carbonate lixiviants. 

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

2.4. I Principal Geochemical Reactions 

Interactions and reactions between Jixiviant agents and minerals, which 
occur at the time of lixiviant injection and may cont1nue well after 
solution mining operations have terminated, can be divided into four 
broad categories: (I) oxidation and reduction; (2) dissolution (3) 
reprecipitation; and (4) adsorption and ion exchange. 

II 



2.4.1.l Oxidation and Reduction 

Oxidation ultirrately controls the amount of uranium recovered by solution­
mining nlethods. The tetravalent ore minerals, uraninite and coffinite, 
are insoluble under reducing conditions but will dissolve in the presence 
of a suitable oxidant. The oxidizing agent may be injected along with 
the lixiviant or generated internally through the actions of the l1xiviant 
on associated non-uranium minerals. For example, when hydrogen peroxide 
is injected in the presence of the bicarbonate ion, the oxidation reaction 
can be depicted by equation 2.1: 

- -2 U02 + H2o2 + 2HC03 + uo2(to3}2 + 2H20 (2.1) 

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

+2 - + +3 -6Fe + Cl03 + 6H + 6Fe + tl + 3H20 

U02 + 2Fe+3 + U02+2 + 2Fe+2 

(2.2) 

(2.3) 

Once oxidized, the uranium is readily leached by sulfate, bicarbonate, 
or carbonate solutions. 

2.4.1.2 Dissolution 

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

+ ~ ) Caco3 + 2H ~ Ca + H20 + C02 (2.4 

Mining with neutral or slightly basic lixiviants tends to minimize the 
dissolution of uranium-associated minerals. However. some alteration of 
carbonates and silicates is expected in localized zones. For example, 
ferrous iron minerals deposited in intimate contact with carbonates and 
silicates may undergo oxidation reactions that produce acid wnich, in 
turn, reacts with the same carbonates and silicates. 

2.~. 1.3 Reprecipitation 

The wDbility of many salt complex&s placed into solution by the lixiv;ant 
is limited by reprecipitation and coprecipitation reactions. Reprecipi­
tatlon of uranium may be detrimental to the in-situ leach mining operation 
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the pressure effects extend. Assuming the case of a direct-line-drive 
arra'lgement and assuming that the outer row of wells is used to inject 
lixlviant, the pressure effects are calculated to be of significance 
only wi~hin a few tens of feet of the well field. Even if the field 
consists of a large number of rows of wells, this condition is maintained 
if the net rdtes of injection and production remain equal for all wells, 
excep~ for the outer row of production wells, which must b~ produ~ed at 
1.5 times the average flow rate for each well. 

On the other hand, model studies show that even a slight excess of 
injection (or deficit of production) at one well, in a well field that 
is othe~wise balancP.d, creates a press~re front that expands rapidly 
away from the well field. Fluid flow will respond to this imbalance so 
f 1at the injected lixiviant will begin to flow out of the field. However, 
unless flow is along a pathway of anomalously high permeability, such as 
a fracture or a sand lens, the movement away from the field 1vi 11 be very 
slow. 
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3. HONITORING PROGRAM 

In this report, the term monitoring program ;s used to describe a com­
prehensive surveillance system, whirh ~~eludes not only the installation 
and operation of monitoring wells, but also the colle~tion and evaluation 
c•f informatio.1 concerning pr.,Jllining conditions, economic circumstances, 
and regulatory requirements. The criteria used in the follani~g sections 
reflect this broad concept of surveillance. 

3. I CRITERIA AND METHODOLOGY FOR ESTABLISHING BASELINE WATER QUALITY 

3.1. I Data tc be Supplied by the license Applicant 

Prior to operation of the in-situ leach mining facility, the applicant 
should supply NRC with data on (I) geology, (2) hydrology, (3) land and 
water use impacts, (4) in-situ leach mining impacts, and (5) Methods to 
comply with any applicable regulatory requirements. A list of the 
principal items to be addressed under each of these headings is given 
below. 

A. Geology 

Regional geologic structure and seismicity 

Regional stratigraphy 

Cross sections through the mrnrng site depicting the location 
and trend of the ore zone and the confining bees 

Isopach, contour, or structure maps of the mining site 

B. Hydrology 

Water le'.'els (potentiorr;~tric levels) of the ore-zor.P ::~quifer 
and the aquifers above and below 

I _gional and local directions of ground-water flow 

Total and effec.tive porosity and permeability of tf.Je ore­
zone aquifer 

Transmissivity and storage coefficient of the ore-zone 
aquifer 

Water quality of the ore-z-,ne aquifer including th~ ore 
body ar.d both upgradient and downgradient areas 

Wdter quality of the aqulfers above and bel~~ 

Competence and ex!ent of tf.Je confining beds 
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Surface-water flow rates through the property including 
seasonal variations 

Surface-water quality 

C. Land and Water Use Impacts 

Water supplies- areally and by source 

Other mining activities 

Agricultura! activities 

Potential sources of pollution 

Locations of unplugged exploration wells 

D. Mining Influences 

Type and quality of lixiviant 

Volumes and pressures of injection/production 

Well-field design 

Recovery proce~s plans 

Methoa~ of waste disposal 

E. Regulatory Requirements 

Well construction 

tlonitoring 

Waste disposal 

Restoration 

Rec 1 amat ion 

Site Abandonment 

In some mining areas, much cf the background data may be compiled from 
~n examination of geologic and ground-water reports, w~ll logs, well 
·ecords, pump-test results, and water-quality information available from 
:he U.S. Geological Survey, State Geological Surveys, the Soil Conservation 
~ervice, State departments of land Management or Resources Management, 
3nd Environmental Protection Agencies. An inventory of existing water­
.upply, oil, or exploratiQn wells ~~y have t~ be made to supplement the 
3vailable records, particularly with regard to data on well depths, 
jepths to water, fluctuations of water levels, and chemical quality. 
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Commonly, however, there are insufficient data in public files to meet 
all of the data requirements, and field studies, Including exploration 
test drilling and installation of observation wells, may have to be 
undertaken to collect data on the specific ground-water hydrology of the 
mining site. 

3.1.2 Methodology for Collecting Background Hydrologic and 
Water-Quality Data 

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

3.1.2.1 Hydrologic Data Collection 

Flow Regime 

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

Ps few as three observation wells could be constructed into the ore-zone 
aquifer to develop a rudimentary potentiometric surface map of t.hat 
aquifer. However, it is recommended that three such arrays be constructed 
to provide a better definition of ground-water ~vement to and through 
the ore body itself. Additional observation wells may be constructed 
into the aquifers above and oelow the ore-zone aquif~r if there is 
reason to believe that extensive exploratory drilling has opened potential 
avenues for the ex=ursion of flu1ds. 

The direction of horizontal flow will be determined from a comparison of 
water-level readings taken in t 11e completed wells; Figure 3.3 Illustrates 
o11e method to accomplish thls. Once the ground-water elevations are 
known, a map showing ground-water contours and flow directions can be 
prepared. 

~ertic~l flow components can be determined by comparing water-level 
measurements for each of the three aquifers. The ground-water flow in 
the vertical direction is from the aquifer showing the highe~t water 
level (potentiometric level) into the unit showing the lowest water 
level. 
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Water-level measurements in the 13 wells·~ the system should be made 
within a c,hort period of time (pn~·ferably on the same day) to rule out 
water-lev•el changes attributab!e to seasonal, daily, or barometric 
fluctuations. In roost situations, pre-mining water-level measurements 
need be made only once, irasmuch as the natural ground-water flow pattern 
will not vary significantly over a short period of time, if at all. 
However, if pumping wells are located nearby, it would be desirable to 
repeat the measurements in the network, on perhaps a weekly or monthly 
basis, to ascertain whether radical shifts are taking place. 

Hydraulic Properties 

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

The pumping well should be pumped f~r at least 24 hours at a constant 
rate at least equal to the bleed anti~!pated for the production scale 
leach operation. The water levels in all other welts should be observed 
and recorded during the pumping, either by means of continuous water~ 
level recording instruments or by manual water-level measuring. Standard 
methods presented by Krauseman and De Ridder, 2 lohman, 3 or Walton 4 and 
others may be used to determine the transmissivity, storage coefficient, 
anistropy, and permeabi 'ity of the system. 

The capacity of the confining bed to transmit fluid is defined by the 
response of observation wells in the ~quifers above and below the ore­
zone aquifer. Water-level change is not expected in these wells unless 
the confining bed has been artificially breached, ha~ natural paths of 
higher permeability, or is not laterally extensive. The integrity of 
these confining beds is critical to the prevention of vertical excursions 
of lixiviant. 

3.1.2.2 Baseline Water-Quality Data Collection 

It is important to note that baseline water-quality, which is called the 
background water quality by many, refers to the natural water-quality 
conditions occurring in and around the uranium ore body prior to leach 
m1n1ng; Because NRC utilizes the information on baseline conditions to 
gauge aquifer contamination due to in-situ leac~ mining practices, 
it is necessary to develop a program to collect sufficient baseline 
information to cover any condition. The program outlined below for 
collection of baseline water-quality data is therefore particularly 
intensive, and NRC should continue to evaluate its usefulness as excursio~ 
and restoration programs are developed and modify the data-collection 
program accordingly. 
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Baseline water-quality levels must be determined not only for the 
common constituents of natural waters, but also for minor constit~ents, 
particularly trace and h~avy met9ls, whose ~uncentrations are likely to 
change as a result of chemical reacttons Initiated during leach mining. 
Although solubilities and theoretical equilibrium reactions under varying 
Eh and pH conditions can be determined for relatively s:mple compounds, 
it is not yet possible to adequately predict the effects of the mobili­
zation, reprecipitation and adsorption of trace metdls in a complex ore 
body undergoing solutiof' mining. Therefore, comprehensive chemical and 
radiochemical analyses of water samples obtaired within the ore body and 
at locations away from the ore body shoutd be made to determine pre­
mining conditions. A list of water-quality parameters (Table 3.1) to be 
measured has been prepared, based on an evaluation of uranium-ore body 
mineralogy, EPA drinking water standards {Table 3.2}, water-quality 
standards for agricultural uses {Table 3.3), and uranium leaching 
processes {lixiviants used}. 

An analysis of ore-zone aquifer mineralogy and the r;round-water flow 
regime indicates that several different baseline water-quality con­
ditions are present in different part~ of the potential minir.~ area. 
The major differences are in the: (1) oxidized rock areas, (2) the 
reduced rock areas, (3) the ore body, and (4) the transition zone 
immediately downgradient from the ore body (Figure 3.11). Data thus far 
supplied to NRC by mining companies do not reflect a recognition of 
these different water-quality zones. 

For the purpose of this investigation, the water sampling system is 
designed to determine whether the inferred water-quality profile across 
the ore zone actually exists. This sys~em may be modified to suit 
unique conditions. Figure 3.5 shows the 22 wells which will be used to 
collect baseline water-quality data. Two linear arrays consisting of 
eight wells each are completed in the ore-zone aquifer, and three wells 
each are installed in both the overlying and underlying aquifers. The 
ore-zone wells describe baseline water quality conditions within approxi­
mately 250 ft (76 m) on either side of the ore body. Although the two 
linear arrays will be adequate for most standard mining oper~tions, it 
is suggested that there be one array for each 300 ft (100 m) of length 
of the mining well field. The wells used for sampling the other aquifers 
should be installed directly above and below the ore body, approximately 
every 100ft {30m) between the linear arrays. 

For the determinati~n of th~ baseline water quality conditions, it is 
suggested that two sets of samples be col1ected. The samples should be 
split and sent to different laboratories to varify the natural conditions. 
The sets of samples should be taken within a week or two of each OL~er. 
Natural ground-water flow rates and recharge conditions suggest that 
additional sampling is not neces~~ry as rapid or extensi~e quality 
variation would not be expected. If, however, mining is planned in an 
aquifer systPm that is ec.~ntially UPconfined, seasonal water-quality 
changes could be expecte_ .nd.a more intensive sample collection program 
would be needed. 
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TABLE 3.1 
Bl~SELINE WATER-QUALITY PARAMETERS TO BE 

DETERMINED DURING PREMINING DATA COLLECTION 

Aluminum 
Arsenic 
Barium 
Boron 
C;;_dml.um 
Chroml.um 
Cobalt 

Ammonium 
Bicar.oonate 
Calcium 
Carbonate 

A. Trace and Minor Elements 

B. 

c. 

Copper 
Fluoride 
Iron 
Lead 
Manganese 
Mercury 
Molybdenum 

Common Constl.tuents 

Chloride 
Magnesl.um 
Nitrate 

Phys1cal Parame~ers 

Nickel 
Radium 226 
Selenium 
Thorium 230 
Uranium 
Vanadium 
Zinc 

Potassl.um 
Sodium 
Sulfate 

Specifl.c Cond.uctl.Vl.ty!/ 
Temperature.Y 

Gross Alpha~ Total Dl.ssolved Solids2/ 
Gross Beta2./ 

PHY Appearance, color, odoc2/ 

!/F1eld and laboratory determ1nat1on. 

YFl.eld only. 

ll~aboratory only. 
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TABLE 3.2 
SELECTED EPA INTERUl PRIMARY AND PROPOSED 

SECONDARY DRINKING \'lATER STANDARDS5,6) 

Parameter 

Arsenic 
Barium 
Cadmium 
Chromium {VI) 
Fluoride 
Lead 
Mercury 
Nitrat.e (as N) 
Selenium 
Silver 

Radium 
Gross Alpha 
Gross Beta 
Turbidity 

ChloriC.e 
Copper 
Hydrogen Sulfid8 
Iron 
:..fanganese 
Sulfate 
TDS 
Zinc 

Color 
Corrosivity 
Odor 
pH 

A. Inter1m Primary 

B. Secondary 

f>laximum Level 
(mg/1) !/ 

0.05 
1.0 
0.01 
0.05 

1.4-2.4 
0.05 
0.002 

10 
0.01 
0.05 

5 pC'i./1 
15 pCi/1 

4 millirem/yr 
lTU 

250 
1 
0.05 
0.3 
0.05 

250 
500 

5 

15 Color units 
Non-corros1ve 
3 Threshold odor number 

6.5-8.5 

l/ Concentrations in m1ll1grams per liter unless otherw1se noted. 
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TABLE 3. 3 
EPA ~-;rATER-QUALITY CRITERIA FOR 

INDUSTRY AND IRRIGATION7) 

Parameter 
Irrigation Industry 

(mg/1).!/ (mg/1) 

Alkalinity /,0-500 

Alwninum 1.0 0.01-5 
Anmlonia (as N) 0.1-0.7 
Arsenic 1.0 
Beryllium 0.5 
Bicarbonate 48-600 
Boron 0.75 
Cadmium 0.005 
Cl.loridc-. 200-l.OOrJ 
Chromium 5 
Cobalt 0.2 
Copper 0.2 0.01-0.5 
Hardness (as cacc3 ) 100-850 
Iron 0.01-1 
Lead 5.0 
Manganese 2.0 0.01-5 
Magnesium 12-36 
Molybdenum 0.005 
N!ckel 0.5 
p!-I 5-10 
Selenium 0.05 
Sl.1ica 0.01-50 
Sulfate 200-620 
Total dl.ssolved soll.ds 5,000 1,000 
Vanadiwn 10 
zinc 5 

!/ All constl.tuents in mg/1 except where otherwise noted. 
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3.2 CRITERIA AND METHODOlOGY FOR MONITORING EXCURSIONS 

3.2. I The Excursion-Mon:toring System 

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

The pre-mining aquifer test results and other data will be used to 
determine the method of monitoring the aquifers above and below the ore­
zone aquifer. For example, If the aquifer test shows no evidence that 
an adjacent aquifer is susceptible to excursion from the ore-zone aquifer, 
the need to monitor the aquifers during mining is decreased. As a 
precaution, hovtever, monitor wells should be constructed in whichever 
adjacent aquifer has a water level or potentiometric level that is lower 
than the water level in the ore-zone aquifer. If it is desired, monitor 
wells may also be constructed into any other water-bearing unit to 
provide an additional level of safety. At least three monito1· wells 
should be us~d to monitor the non-Qre-zone dquife~. These wells should 
be constructed above the ore body segment befng mined. 

If the pre-mining aquifer test shows a susceptibility to excursions 
between the ore ~one and the aquifer above or below, no mining should 
take place until It Is determined if the connection is natural or is the 
result of improper construction of wells. If the wells are not sealed 
opposite the confining beds, for example, the annular spaces around the 
wells may serve a~ direct path~1ays for the excursion of lixiviants. 
Such well~ would of course have to be plugged or sealed to prevent such 
excursions. B~cause naturally leaky confining beds cannot be artificially 
sealed, the o~eration of the we11 field must be closely controlled to 
prevent verti~al excursions. 

To monitor excursions within the ore-zone aquifer, two tiers of monitor 
wells will be used. The wells are installed 50ft (15m) and 250ft 
(76 m) outward from the outmost injection wells (Figure 3.6). The 
location of the monitor-well tiers corresponds to the locations used to 
collec~ pre-mining water-quality data; in fact, the pre-mining data 
collecticn wel:s should be used as excursion-monitor wells. In addition, 
the location of r~nitor wells has been selected to provice meaningful 
data for the water-level monitoring program outlined be 1o1-1. It is 
important also to i•Ote that the excursion-monitor well net\>JOrk is not 
greatly dlff~rent than that being used or proposed by wining companies 
today. 

3.2.2 Water-level Monitoring 

The procedure being followed at present to detect excursions of lixiviants 
is to collect water-quality samples from monitor wells located 200 to 
400 ft (61 m to 122 m) from t.te well field. Generally, the samples are 
collected biweekly and analyzed for specific conductance, uranium, 
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ommonla, and chloride or sulfate. However, the hydraulic properties of 
the ore-zone aquifer are such that the natural ground-water flow rate is 
n~ry slow, and even though the addition of pressu'"e rrovlded by injection 
c t lixiviants causes the flow rate to increase, it is .. ot expected that 
the ope rat i ona 1 f 1 ow rate w i 11 exceed l ft (31i ::ro) ~' r desy. Thus, tflere 
s little likelihood of detecting water-quality -han"es in lhe widely 
paced monitor wells unless a large volume of •l..:lt~riai has tscaped over 

.1 long period of time. 

>n the other hand, pressure ch~·HJeS resulting from "''"' i;;-,balance in 
tnjection and withdrawal rates are transmitted instantaneously throughout 
~he aquifer system and therefore should serve as a much more timely 
indicator of an excursion. Lixiviants will flow in response to the new 
1ydraulic grc~dients developed, and if there is a complete reversal of 
~radient, the lixiviants will flow away from the well field as an ex­
cursion. The lixiviant will move a distance into the aquifer that is a 
function of the hydraulic properties of the aquifer and of the volume of 
excess fluid being put into the system during ant increment of time. 

Based on the foregoing, monitortrg of water lP.vels in a system of monitor 
wells should provide sufficie,·t 1Jta to detect an excursion event imme­
diately, long before any change in chemical quality <;auld ever sh0\<1 up 
in samples from the monitor wells. Evidence to support this position 
has been documented at the Wyoming Minerals Corporation site in Bruni, 
Texas.. 8 

All monitor wells in the ore-zone aquifer should be equipped with l<~ater­
level recorders capable of easily recording water-level changes as small 
as 0.01 ft. When an evaluation of all water-level measurements sh.:>ws 
that an outward hydraulic gradient has been established in part of the 
well field, it should be ~resumed that an excursion is taking place. 
Several days of continued reversed conditions (maybe 5 to 7 days) should 
be allowed before action is taken to assure that the problems are not 
the result of routine adjustments of the mining operation. To locate 
the cause of the excurs1on, water-level readings for the three wells 
surrounding the presumed excursion area should be analyzed (see Figure 
3.3). Appropriate action, as described in Section 5, should be taken. 
It i~ important that someone knowledgable in hydrology be responsible 
for evaluation of the water-level data to confirm the excursion. 

... 
J ' 

Water-Quality Monitoring 

~~t~:-~ual ity monitoring will be used as a backup indicator to assure 
thaL t'te water-level monitoring program provides adequate detection and 
earl 1 warning of lateral excursions, and will be the only indicator used 
1·. monitor vertical excu•·sions. Any program to monitor water quality 
shoul: be baseo on a "fingerprint" of the excursion. Because relatively 
simple chemical compounds are used as l;xiviants, ground-water degradation 
will be demonstrated by increased concentrations of the comn~n cations 
and anions of the lixiviant. Determination of the electrical conductivity 
•}f the fluid in a monitor well, which is a ~asure of the TDS content 
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(1najor common cations and anions), should provide an adequate fingerprint 
to monitor excursions. 

Biweekly electrical conductivity readings are to be made In all wells in. 
the excursion monitoring system, by lowering a conductivty probe into 
the monitor we 11 to position the probe approx i n·a te 1 y one-third of the 
way opposite the length of the well screen or open hole above the bcttom 
of the hole. The conductivity should be read at that depth and recorded. 
When the probe is retrieved, it should be rinsed with distilled water 
before being used in other 1>1ells. 

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

To differentiate between normal \later-quality changes and excursion 
events, as may be indicated by conductivity readings, water samples 
should be collected and analyzed to dete~ine the concentrations of the 
major cations and anions, including calcium, sodium, J.tagnesium, potassium, 
chloride, sulfate, and carbonate/bicarbonate. Results should be plotted 
graphically on bar graphs, vectors, or Stiff diagrams and compared with 
rre-~ining conditions (see Figure 5.1). Departures from background 
concentrations of the common ionic CCIHtituents vlill confirm the excursion 
event. Samples should be collected daily until the excursion is reversed. 

Although it is c~rrent ~ractice to monitor such water-qua ity parameters 
as uranium, arsenic, selenium, or ammonia. it is felt that the5e parameters 
are not good indicators for an excursion monitoring program. These 
materials are removed from solution in the ground water within a very 
shor: distance of the well field as a resul: of o~idation/reduction 
reactions, precipitation, or sorption and there is little reason to 
belleve that they will persis: in soluti~n long enough ~o be detected in 
samples f~om distant mo~itor wells ~See Section 5). 
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4. DESIGN AND INSTALLATION OF THE HONITOR-WELL NETWORKS 

4.1 MONITOR-WELL DESIGN 

The monitor-well system, as described in the preceding section of this 

report, must be designed to function satisfactorily throughout the 

period of its use, employing materials and methods of construction which 

in themselves do not offer a possibility of contributing to erroneous 

measur~ments. Moreover, the system must be designed to conform with regu­

latory standards imposed by State or other Federal regulatory agencies. 

4. 1.1 

Material normally used for monitor-well casing is either metal or plastic. 

The possibility that chemical reactions may take place between the 

casing and the mineral constituents in the water affects the choice of 

the casing material to be used in the monitor wells. For example, iro~ 

oxide in steel-cased wdls will adsorb trace and heavy metals dissolved 

in the ground water, so that in the baseline \o~ater sanpl ing program, 

which seeks to determine the concentration of trace metals, cas ng must 

be used that Is inert to these metals, such as PVC or fiberglass. Use 

of PVC or fiberglass in wells over 500ft (152m) deep or where high 

pressure cementing techniques are used Is not recommended because casing 

collapse can be expected. 

The casing should have an Inside diameter of 4 in (10.2 em) or larger, 

to accommodate pumps of sufficient size to evacuate the casing to obtain 

water samples. Pumping by air lift, which requires smaller casing, is 

not recommended as some constituents to be analyzed are susceptible to 

aeration. The 4-in casing will also accommodate a continuous water­

level recorder (3 in [7.6 em) diameter float) and the conductivity 

probe. 

4.1.2 Bottom Hole Completion 

The method used to complete the monitor well is determined by the type 

of material penetrated and its susceptibility to collapse. Wells com­

pleted into indurated sands can be left as an open hole through the 

sampli~g horizon without fear of collapse; however~ it is necessary to 

use some type of casing or screening in zones that are less stable. ihe 

screening material should be PVC or fiberglass. An artificial gravel 

pack should be placed around the screen to allow free water movement 

into the well while preventing sand from entering. Evaluation of the 

available geologic data will indicate the botto~-hole completion method 

to be used at any particular site. 

4.1.3 Backfilling and Sealing 

The annular space between the casing and the side of the borehole above 

the open portion of the well should be backfilled with a sealant to the 

ground surface. Proper backfilling isolates the screened formation 
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against vertical mfgrafion of wc;ter from the surface or from other 
formations, and also provides support for the casing. leakage caused by 
hE•ad differentials between formations In an improperly backfi I led well 
may result in misleading water-level readings. 

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

4.1. 4 Developing Monitoring Wells 

When the well ls completed, it must be developed by pumping and/or 
surging until production of essentially sediment-free water is assured 
for the life of the well. One technique of surging involves the use of 
a surge block or plunger in the well to create a vacuum on the upstroke 
and positive pressure on the downstroke. A similar effect may be 
obtained by alternately turning a suction pump on and off or alternately 
increasinG dnd decreasing the d1scharge. All fine-grained materials 
brought into the well during development should be removed. 

4.1.5 

Five wells meeting the basic design criteria discussed above are shown 
in Figures 4.1 through 4.5. The wells are completed to depths of 150ft 
(45.5 m), 400ft (121m), and 1,500 ft (455 m), typical of the range of 
depths expected to be needed during a monitoring program. The 150-ft 
and 400-ft wells are constructed using PVC casing; the 1,500-ft well 
uses black steel cas4ng. Construction methods will vary with each 
drilling contractor, but special care should be taken to assure proper 
completion. 

Unit well costs, including those for the drilling of the hole, installing 
casing and screen, cementing, emplacing of gravel, and mobilization/ 
demobilization of the drill rig and crew, are presented in Table 4.1. 
in addition, it will be necessary to conduct downhole testing to assure 
that the well has been completed in the proper zone for monitoring. Due 
to ~he lenticularity of the formatio~s involved, this coul 1 be the most 
critical phase of the project. Table 4.2 presents the tot~l constr~ction 
cost for each of the five wells. 

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

4. 2 SAMPLING OF MONITOR llELLS 

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

(1978 Dollars) 

Cost Items 

Drilling 
22 in. 
17 in. (diameter) 
14-3/4 in. 
12 in. 
9-7/8 in. 
7-,,J in. 

Casing 
16 in. 
12 ~n. (dl.ameter) 
10 in. 

8 in. 
4 l.n. 

Cement Baskets 

8creen {4 in. diameter) 

Cement 

Gravel 

Mobill.zatl.on 

Logs 
(Resl.Stl.Vl.ty and Gamma) 
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Unit Cost 

$ 36.00/ft 
24.00/ft 
24.00/ft• 
23 JO/ft 
18.00/ft 
15.00/ft 

22.00/ft 
15.00/ft 
12.00/ft 
9.00/ft 
6.00/ft 

180.00/unit 

43.00/ft 

3 
113.00/yd 

3 
75.00/yd 

1,200.00/ho1e 

2,400.00/hole 



.t­
w 

TABLE 4.2 
TOTAL COST OF ::::4-SITU LEACH HINn:G HONITOR WELLS 

=---==-=-=-=--= ...::..- -- -~---..=...=---=-=-=~-=--===-=--==-...:::.;..:.._::===-=-~=---==--==---=-~=----=-
--- ---=.=.~-=-~-~..:...-:;;-:::..--=--~ 

Cost I terr~s 

Dr lllJ..ng 

C.asJ..r-.g 

Scree:, 

Cenent 

Grav€:!1 

Cerr·ent Baskets 

S<.lbtotal: 

~t.ob~llza~~c:-.. 

Log:; 

Total: 

15';:; 
--
:;; 3 /}')") 

l,4l'J 

8f,Q 

37 3 
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to removal vf water, in order to compute the vo:ume of stagnant water to 
be evacuated. This volume of water should be pumped to waste prior to 
sampling. Dewatering may be accomplished by bailing or pumping. 

4. 2. I Water Sample Withdrawal 

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

The monitoring program necessitates the use of portable pumping devices 
for well sampling because samples will not be collected frequently 
enough to justify the expense of equipping all wells with pumps. Partic­
ular· care should be ta!..cn to clean the pump and the sampling equipment 
to prevent the possibility of getting erroneous readings due to water 
left over from prior sampling operations. The use of a self-priming 
pump can prevent such cross-contamination. If the well has a very low 
yield, the combined use of pumping and bailing equipment may be the only 
practical way to secure a water ~ample. 

4.2.2 ~~mple Collection and Field Analysis 

After evact;~tang the stagnant fluid from the casing and allowing the 
water level :n t~e well to recover, a sample is collected and placed in 
an appropria:e container for transport. Each container should be labeled 
prior to or immediately after collecting the sample. The la~el should 
include the site designation, monitoring well number, sampling dc.te and 
time, any treatment applied (preservatives, filtrat1on, etc.), and a 
list of the specific constituents to be Included in the analysis. 

Several other types of tlleasurements should be made dur1ng Sdn·pling to 
provide useful data. Temperature measurements should be made as the 
water leaves the well. Specific conductance (related to total dissolved 
solids concentration) and pH can be determined easily with portable 
battery-operated instruments. 

The ph of ground water frequently changes dfter the water sample contacts 
the at.10sphere. Gas exchange between \'later and the atmosphere induces a 
change in oxidation-reduction (redox) potential that alters the water 
chemistry. Therefore, pH should be measured as soon as possible after 
the water sample is collected. The physical appearance, odor, and color 
of the water sample should be noted at the time of collection. 

4.2.3 Settling and Filtration of Wa(er Samples 

Ions ads0:bed on silt, clay, and organic particles suspended in water 
sample~ may go into solution if certain preservatives are added directly 
to the sample. In t~e chemical analysis, this can result in higher 
concentrations of these ions and not reflect the true water quality. 
Settling and filtrat•on are the two primary field methods for reducing 
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or eliminating suspended matter. The method(s) selected depends upon 
the particle size of the suspended matter and the specific analyses 
indicated for the sample. 

Sand and silt-sized particles settle out fairly rapidly under the influence 
of gravity. Clay-sized particles, colloidai precipjtates, and other 
smaller particles wi I I remain suspended for much longer periods of tione, 
in which c<:se filtration ir the field should include gravity filtration 
and vacuum filtration. 

4.2.4 Preservation of Water Samples 

Water sample5 should be analyzed as soon as possible to assure repre­
sentative water-quality measurements. Because the laboratory may be far 
removed from the well location, sample preservation is important to 
insure that the chemical quality of the formation 1-1ater remains unchanged 
until the sample can be analyzed. During transit of water samples, 
exposure to the atmosphere and changes in temperature can lead to changes 
io1 pH and 5ubsequent alteration of the original ionic balance in solution. 

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

EPA, USGS, and APHA standard methods for laboratory analysis~' 2 ' 3 of all 
parameters to oe evaluated are available for use and should be adhered 
to unless some alternative method has been approved by NRC. All have 
bee~ shown to be highly reliable dnd legallv acceptable. 

4.2.5 

4. 2. 5. 1 

Monitoring Costs 

Water-Level Recorders 

Depending on the size of the ore body to be monitored, several dozen 
recorders may be needed. Recorders are designed to ~et individual 
conditions; consequently, prices are variable. Table 4.4 presents the 
unit cost of materials needed to custom fit a recorder. A recorder for 
a monitoring well with a depth to water of 100ft (30m) is estimated to 
cost approximately $836. 
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TAJLE 4.3 
SAMPLE SIZE AN~ 1-Rl::SBRVATION TECHNIQUES 

FOR STANDARD ANALYSIS1,2,3) 
~~=.:~o~c:::;cr...-u ;;wz:;,=z=m::m===- =m ::.n==,.,... ==m tt·m·nr~~-======m 

Vol. 
Req. Hold~ 

Measurement (tnl) C'on t..:u n~ r Preservative Tim l 

Ammonia 400 P,l.Y Cool, 4<>c 24 Hrs.Y 
H2so4 to pH<2 

Arsenic 100 !' ,, HN03 to pH<2 6 Mos. 

Bar1um 200 '"' HN03 to pH<2 b Mos. 

Boron 100 p ,y ,G Cool, 4°C 7 Days 

Cadn\lum 200 G HN03 to t-!!<..2 6 Hos. 

Calcium 200 P,G Filter on S1.te, 6 Mos. 
HN03 to pH<2 

Carbonate/Bicarbonate 
Alk<\lim ty 100 F,G Cool, 4°C 24 Hrs. 

ChlorldE~ 50 P,G None Requ1.rcd 7 Days 

Ch.ronu.um 200 G Cool, 4°C 3 Days 

Copper 200 G HN03 to pH<.: 6 Mos. 

FlUO.tlCic 300 i",.G Cool, 4°C 7 Dal'S 

Gross Alpha and 
Gross Beta 100 P.,G !-;one li.c>qUI n:d 7 Days 

Iron ::oo ?,G Filter on S1te, 6 !o!.os. 
llN03 to l;H<2 

Lead 200 P,G HN03 to FH<2 6 Mos. 

Magncsiurr· .200 G F'lter on Site, 6 l~os. 

HN03 to pH<2 

Manganes~ 20') P,G Cool, 4°C 24 Hrs. 

Mercury 100 i',G F1ltPr 38 uays (G) 

lft..03 to pH<2 13 Days 
(Hard P) 
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TABLE 4. 3 (Continued) 
"""='=-=-... 

Vol. 
Req. Hol:!".Y 

Measurc:m1ent (ml) Container Preservatl ve Ti l 

l~dl.um-226 200 P,G None Reqtured 7 Days 

Selenium 50 P,G HN03 to pH<2 6 Mos. 

Sihca 50 P only Cool, 4°C 7 Days 

S1lver 200 P,G HN03 to pH<-2 6 Mos. 

Sodium 200 p HN03 to pH<2 6 Mos. 

Specif1.c Conduct.:mce 100 P,G Cool, 4°C 24 Hrs • .V 

Sulfate 50 P,G Cool, 4°C 7 Days 

Total Dl.ssolved Solids 100 P,G Cool, 4°C .., Days 

Temperature 1,000 P,G Deternune on No Hold1ng 
S1te 

Uranium 200 P,G None Requ1red 7 Days 

Vanadl.um 200 P,G HN03 to pH<2 6 Mos. 

Z1n::: 200 P,G HN03 to pH<2 6 Mos. 

Yrt has been shown that samples properly preserved may be held for extended 
per1ods b<~yond t~e recom.mended hold1ng time. 

-:?/ - Plast1c or glass. 

~Mercur1c chloride may be used as an alternate preservatl.ve at a concentratcon 
of 40 mg/1, espec1ally 1f a longer hold1ng t1me l.S requ1rec However, the 
use of mercur1c chloride is d1scouraged whenever poss1ble. 

ifuse D~ron free glass. 

2/If the sample is stabil1zed by cool1ng, it should be warmed to 25°C for 
read1.ng, or temperature corrcct1on made and results reported at 25°C. 
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TABLE 4.4 
UNIT COSTS: WATER-LEVEL RECORDER 

(1978 Dollars} 

Cost Item Cost/Unit 

Bas~c Recorder!/ 
Clock (30-day battery driven) 
Float Pulley (10 in. cucumference) 
Float (3 ~n. c~rcumference) 
Float ~able (400 ft) 
Gears (Hl) 
Charts (Box of 54) 
Recorder Shelter 

Total 

lfstevens Type F-11 Recorder. 

48 

$315 
200 

19 
21 

120 
26 
10 

125 

$836 



~.2.5.2 Water-Quality Analysis 

Table ~.5 provides a range of costs for different sets of water-quality 
analyses that may be made during the course of the monitoring program. 
The costs shown In this table are based on a single sample analysis only 
and do not include collection or transportation charges. Discounts of 
as much as 50 percent may be given for multiple analyses. Comprehensive 
analyses wil I only be necessary for the wells used in the pre-mining 
data collection program (22 wells total) unless NRC determines thgt 
additional such data are needed during other phases of the in-situ 
Jranium leaching operation. 

During well field operation, a specific-conductivity meter will be used. 
The meter will have to be equipped with a windlass device to raise and 
lower the conductivity probe. The price of this specially designed 
conductivity meter is estimated to be $931 (including the meter @ $~13, 
the probe@ $~3, the cable@ $400 (400ft), and th~ windlass@ $75). 
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Uranium 
Vanadium 

._, Copper 
0 Selenium 

Molybdenum 
Arsen,.c 
RadJ.um 226 

Iron 
Magnesium 
Chloride 
Sulfate 

Lead 
Iron 
Manganese 
Chromium 
NJ.ckel 
Cobalt 
Cadmium 

TABLE 4. 5 
COST OF WATER QUALITY ANALYSDS 

(1978 Dollars) 

Ma]or Inorganic Chenucals 

Carhonato 
Bicarbonate 
Sodl.um 
Calcium 

Group Rate: $53.50 to $107.00 

ComprehensJ.ve Analysis 

Mercury Sulfate 
Z1.nc carbonate 
Barium Bicarbonate 
FluorJ.de N1.trate 
Boron Ammonl.a 
Magnes1um Sod1um 
Chloride Calcium 

Group Ral~: $206.00 to $447.00 

Radiochern1cal 

Potassium 
ph 
Electrl.cal Conductivity 

Potassium 
Sillca 
Gross Alpha 
Gross Beta 
Total Dissolved Solids 
pH 
Elnctrtcal Conductivity 

Gross Alpha Radium 226 
Gross BAtu Uranium 

Group Rate: $41.00 to $94.00 



REFERENCES 

1. U.S. Environmental Protection Agency. Methods for Chemical Analysis 
of Water ar.d Wastes. EPA-625/6-74-003. 

2. U.S. Geological Survey. Techniques of Water-Resource Investigations 
of the United States Geological Survey. Book I, Chapter 02, Book 

3. 

5, Chapter AI, and Book 5, Chapter AS, 1976, 1970, and 1977. 

American Public Health Association. 
Examination of Water and Wastewater. 

51 

Standard Methods for the 
13th Edition, 1971. 



S. METHODS APPLICABLE TO EXCURSION CONTROL 

5.1 LATERAL EXCURSION 

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

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

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

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

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

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

If the system is properly monitored, It should be possible to reverse an 
excursion of lixiviant in a short period of time without ~dusing en­
vironmental problems. If an excursion is verified, action should be 
taken to adjust the well-field operation to restore the desired inward 
hydraulic gradient. The principal corrective actions are: over-production, 
reordering the pumping balance of the well field, or reducing or stopping 
injection. These methods may be applied localh to a few wells within a 
cell, to the entire cell, to several cells, or t~ the entire well field 
as the situation dictates. 

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

An excellent example from Texas of the development and correction of ·• 
lateral excursion shows that the excursion to three monitor wells was 
caused by an injection-production imbalance. 1 Excess injection in parts 
of the mining area established a hydraulic gradient away from the well 
field that led to the movement of well-field water to adjacent monitor 
wells. The behavior could be directly related to rises in water levels 
in the monitor wells. It is probable that, had action been taken to 
restore the injection-production balance when water levels in the monitor 
wells began to rise, the excursion would not have reached the monitor 
wells. Background water quality was apparently restored successfully at 
the affected monitor wells when the hydraulic system was rebalanced 
(Figure 5.1). 

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

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

5.2 VERTICAL EXCURSION 

A vertical excursion takes place whEn ieach field fluids move "nto 
aquifers above or below the ore-zon~ aquifer, as a result of: 

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

2. Vertical leakage upward and/or downward thro~gh 
improperly plugged exploration boreholes. 

3. Vertical leakage upward and/or downward through 
semi-pe·meable confining beds. 
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TABLE 5.1 
APPARENT CHANGE OF SELECTED WATER-QUALITY 

PARAMETERS RESULTING FROM A CONFIRHED EXCURSION!) 

Parameter Apparent Change 
-------------------------------
Specific Conductance 
Calc1um 
Maqnes1um 
Sodium 
Chloride 
Sulfate 
Potassium 
Boron 
Manganese 
Radium 
Bicarbonate 
Fluoride 
Ammonia 
Arsenlc 
Bar1um 
Cadnnum 
Chrom1um 
Copper 
Iron 
Mercury 
Lead 
Molybdenum 
N1ckel 
Selen1um 
S1lver 
Uranium 
Vanad..~.um 

Z1nc 
N1trate 

Large Increase 
Lc.rge Increase 
Moderate to Large Increase 
Moderate Increase 
Large Increase 
Large Increase 
Small Increase 
Moderate to Large Increase 
Large Increase 
Incons1stent Laboratory Results 
Very Small Increase 
No Measurable Change 
No Measurable Change 
Inconsistent Laboratory Results 
rnconsistent Laboratory Results 
No Measurable Change 
No Measur<illle Change 
No M~asurable Change 
Incons1stent Laboratory Results 
No Heasurable Change 
Incons1stent Laboratory Results 
No Measurable Change 
No Measurable Change 
No Measurable Change 
No Measurable Change 
No Measurable Change 
No Measurable Change 
No Measurable Change 
No Measurable Change 
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4. Vertical t~akage upward and/or downward along 
natural fractures in c~nfining beds. 

S. Vertical leakage upward along induced hydraulic 
fractures. 

Monitoring for vertical excursions is best achieved by pumping from a 
well in an ddjacent aquifer so that the water-level cone of depression 
around the well extends to the boundaries of the field. With such 
monitoring, any significant vertical leakage of well-field water will be 
drawn to the monitor well where it will be detected by a water-~~3lity 
change. 

Determining the precise source and the path of a vertical excursion may 
be difficult, in that the monitor well can only detect a change in 
chemical quality and not the direction from the monitor well to the 
point where the excursion is taking place. At best, it is only possible 
to conclude that the leakage is the result of two or three possible 
causes. for example, it is seldom possible to distinguish, unequivocally, 
between leakage from an injection well and leakage through an improperly 
plugged exploration hole. 

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



TABLE 5.2 
POTENTIAl ACTIONS TO CONTROL VERTICAL EXCURSIONS 

Source Act~on 

When source of vert~cal excursion can be determ~ncd: 

Improperly cemented casing 

A well whose cas~ng has fa~led 

Sem~-permeable or naturally fractured 
conf~n~ng beds 

Art~f~cally fractured confin~ng beds 

Remed~al cement~ng 

Plug and abandon 

~ Reduce operational pressures so that little or 
no outward hydraulic gradient ex~sts across 
the cnnf~n~ng beds 

Keep ~nJection pressures below fracture pressure 

When source of vertical excurs~on cannot be determined: 

Ma~ntain1ng inJection pressures below the 
natural pressures in the vertically adJacent 
aquifers 

Abandonment of the f~eld or that portion of the 
field in which the vertical excurs~on has ue­
veloped 

w..:a.ao~l"?'l~•-w..,... :.:s~ = .... rmmm~ ... o:ol&~::.:a:=~D<=:~~.... ...........,......,.._.;;:-=...~-;.,-:.=."T.!;.~=-w"'f ~~~~~....,.,.~~;;~-..~'*""2JoM">" .. -"nhl~....--~~ 
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6. METHODS OF AQUIFER RESTORATION 

As u!'~d here, restoration means the reduction of the concentrations of 
dissolved minerals, within the leaching field and in adjacent affected 
portions of the ~quifer, to an acceptable level, based on regulatory 
consideratio11s. Several techniques are being used or have been proposed 
tc achie1e restoration. Thus far, however, efforts have been limited to 
pilot-scale projects. Experience and consideration of geochemical and 
geological principles indicate that restoration of all elements and 
parameters to baseline levels will be very difficult, if not impossible. 
However, restoration based on water u~P.. apoears to be possible. 

6.1 GEOCHEMISTRY OF AQUIFER RESTORATION 

In-situ leach mining takes place in an environment of complex mineralogy. 
All of the common trace elements associated with the ore body are 
susceptible to solubilization, which is likely to occur as a result of 
oxidation, complexation, or replacement reactions under favorable 
chemical conditions. The major elements, such as sodium, calcium, 
magnesium, dod iron can be put into solution by common dissolution or 
replacement reactions or ion-e~change reactions brought about by direct 
contact of the host rock minerals with inje~ted Jixiviant agents, or by 
contact with chemical agr 1ts forMed within the ore body during leaching. 

The mobility of an element i,, ~he ·~-situ mining environment is defined 
in terms of the tendePcy for oixiv .. nt waters to transport significant 
concentrations of tr· ~le111ent 0ver sor.~e dista'lce. The usual mod<> of 
transport is as star-~. SClluble ions or ionic complexes. Mobil. 1 ~>lill 

depend upon: (1) t' :..·"i of the 1 ixiviant, (2) the type of complexing 
agent introduced by tl·e l~aching SC' 1 ut:ion, and (3) the ef, iciency ot the 
natural geochemical l--aps capable c 1rging minor and trdce amounts of 
deleterious element~ from the lixivr t. 

The extent of aqu·r~r contamination may be controlled by selecting 
lixiviant5 .hat ar~ effective or uranium but that minimize the dis~olution 
of associated trace elements. As a general rule, more trace elements 
will be mobiltzed by 3cid :ixiviants than by base lixiviants. 

Lixiviants are prepared with salts known to form stable aqueous comple/~S 
with uraniur,,, ho~-<lever, some will also st::~i-Jilize unwanted trace elements. 
For example, ammonium brcarbonate/carbonate lixiviants form stJble 
aqueous amine complexes with environmentally sensitive arseni ., copper, 
zinc, cadmium, and mercury. Such complexation may retard tre effect. teness 
of natural geochemical mechanisms that purge a lixiviant of these ron­
taminating trace elemP.nts. A sin.r :ar problem may arise with the oxidant 
used, Chlorites and chlorates, for example, introduce chloride ion 
which complexes readily with heavy metals. 

Natural geochemical traps are likely to restrict the mobility or cor.­
taminating elements. Reprecipitation and ion-exchange mechanisr.s tend 
to immobili ,_. t.aroonate, sulfate, an.monium, iron, manganese, uranrum, 



and vanadium. whereas ad~orptlon ls most effective with the comrrcn heavy 
~tal trace elements. lhese mechanisms can purge ground water of 
significant amounts of contaminating ions. 

Once solution mining has started, ti1e mined aquifer will remain in an 
01ddizing stitte unt i 1 reducing conditions are re-established. The mere 
tf•_..nlr,atlon of I i.luviant injection l'lldY have negligible short-term effects. 
,..,~ral io111 of contaminated waters out;; ide the immediate ::niring-affected 
area will bring the dissolved metal com,,lexes into contact with reduced 
•nd less altered rack where reduction and precipitation of dissolved 
c:a,~mkal species are likely to occur. The transition metals susceptible 
to reduction reactions will be purged from solution in preference to the 
stable alkali. al~aline eartr.s, and halogens. It is important to note 
that the·se reactions are analogous to reactions responsible for the 
.:!e-oosition of ore and associated ninerdls described elsewhere in this 
report. Indeed, redeposition has been observed where uraniu~-bearing 
lix.ivic:nts have come into contact with reduced ,.u:~dstones on the periphery 
of a producing well field. 

Table 6.1 lists the common elements susceptible to nobillzation by both 
~ildy acid and alkaline I ixiviar ts during ln-si tu leach mininq ;md 
cites the mechanssl'ls likely to Ju,:t their mobility. Four mechanism:; 
.He included for purposes of comparision: (I) rerrec.pitat:cn rec.tCivns 
as a res.ul<. of solubility considerc;tion, (2) ion excndnge ,;th cof!V'"·..>n 
cl~ys, {3) adsorption onto hydrous iron and manganese oxides. and (4) 
chemicdl reduction by means such as contact of solution with more 
red~cing strata. The table is not intended to be absolute; reactions 
tr~t are questionable or effective only under very specific conditions 
~«t•re purposely omi t~<!d. 

6.2 E~ALCATION OF RESTOR·l ON TE~~~ :uES 

Tec~nl~ue~ of l~ach ficlJ rc&toratio~ t~at have been attempted or propc~~J 
<tre: (l) p.mptn,_; of !>t>lccted leach fieiJ wells; (2) ;>umring of seleclcd 
lcacn f.elc .• elh in .... ,mbination with injection into other selected 
w..·ells ·f nat . ..tral gruund -1at<>r, recirculated treaLed leach rield watc-, 
or one of the above lfpes ot water with chem•cals adoed; and (3) natural 
restoration. In evaluating these te~hniques, it I"R..St be realized that, 
a~ previou&ly mentio~•<'-i, the only existing experience with leach field 
resto1ation is at tht• oilot project level. Sor..e problems with extra­
polating ptlot-scale res·~ration results to production-scale operations 
th:-nfore exist. First, the geologic a·d geochemical framewcrk of the 
rilot·scale operations ma1 be differ~nt. For exanvle, a pilot-scale 
proJeCt might be entir<'"ly ~>.ithin and urrounded b) an ore N>dy, whereas 
t~~ production-sc~le operation would oe expected to extend to the limits 
of the ore bodv. ~~C<"l'l~, ,'! 1-ilot-scale •>peration, because of its sr-.all 
siz'! (tyricatly only a single five-spot aHa)" of "'ells), would not be 
exoected to encounter the ~tratigra•hic v~riations that will commonly be 
found over the area of a production-scale oper~tion. 
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TABLE 6.1 
NATURAL MECHANISMS LIMITING MOBILITY OF EL&~ENTS 

IN MILDLY ACID AND ALKALINE LIXIVIAN'l'S 

Mcchamx.sm 

r-tildly Ac:l.d I.ixlVl.ur,ts 

Rt~prec lpl. ta t1on 

I,on Exchange 

Adsorption 

Redu!:tion 

Mildly Alkaline Ll.XlVidnts 

Reprecipltation 

lon Exchange 

Adsorpt1on 

Reduct1on 

Elemen~s Immob1l1zed 

2 
S(so., ), Mo, s.~. As, v, Bol, Ra 

+ 
Nd, Ca, ltg, lH:-.<H .. ) , U, V 

_J. 

S (SO., ) , hn, Mo, se, As 

2 
S(SO., ) , u, Fe, Ho, S<!', As, C1, Ph, 

Zn, Cd, Hg 

Ca, Mq, C(CO! ) , S{SO._ ) , U, Fe, 

Nn, Sc, As, V, Cu, Pb, Ba, F, ~ 

+ 
Na, Ce~, Mg, N{'hi~ ) , U, V, Cu, Pb, 

Zn, Hg 

S(S0., ) , J, ~:-.. V, Cu, Ph, ~'1, Ba, 

CJ, 1!9 

S(S~~ ) , U, le, ~l. ~~. A&, Cu, Pb, 
:::n, Cd, llo 

-:.-1 



6.2.1 Pumping of Selected leach Field W.lts ,.,. 
The initial concept of leach field restoration, as developed in Texas, -
involves only the pumping of selected leach field wells after cessation 
of lixiviant injection. The puw.ping Is Intended to draw uncontaminated 
ground wetter from outside the leaching field to displace the injected 
lixivian't and the constituents mobiltzcd by it. Under ideal conditions, 
It is believed that ground water from outside the leaching field will 
completely displace the lixlvlant, thus producing a water-quality 
condition that is the same as average baseline quality. 

The best data examined for restoration by pumping alone are those 
obtained by the Exxon Company at the Highland Uranium Hine. 1 lhe pilot 
project involved a single injection well surrounded by six produ~ing 
wells (Figure 6. I) and a single ring of six monitor wells. The ore 
bearing sandstone at the site averages 23 feet tn thickness and has a 
porosity of 29 percent. 1 Based on this thic~ness and porosity, t~e pore 
volume withtn the ring of production wells is abo••t 1.27 million gal 
(4,800 m3) and within the ring of nnnltor wells is about 3.53 million 
ga I ( 13,350 m3). Because excursion beyond the rirtg of product ion wells 
did occur during mining, It can only be concluded that the aquifer 
volume affected by mining was greater than i.27 million gal, but less 
th~n 3.53 million gal. 

During mining of the pilot pr?ject, 11.55 million gal (43,890 m3) of 
I ixivlant (NaHCOJ and 02) were injected and 10.29 mi II ion gal (39,100 m3) 
were ~~ithdrawn, leaving 1.26 million gal (4,770 m3) In place whe" 
injection ceased on Novemb~r 4, 197t. After injection of lixiviant 
ceased, pumping of the six production wells continued and pumping of the 
injecticn VJell began. Aggregate production from the seven wells averaged 
about 21,u00 gpd (80m3/day). 

It is not knO\>m what the uranium concentration daS in the produced 
pregnant lixiviant during well-field operation, but it would be expected 
to be in the hundreds of mg/1, in contrast to the baseline uranium 
values which were less than I mg/1. By October 26, 1977, after production 
of about 22.7 million gal of water (Table 6.2 and rigure 6.2), the 
uranium concentration in water produced from t~~ former injection well 
wa5 61 mg/1 and con~entrations were from 9 ~o 33 mg/1 in the production 
wells. Figure 6.2 shows an irregular, but clear, tendency toward 
reduction in uranium concentration in the water pr.·duced from the in­
jection well until late 1977, although uraniu~ levels at that time were 
still more than 100 times the original average baseline value of 0.2 mg/1 
(Table 6.3). 

The restoration of other parameters includin) carbonate, bicarbonate, 
radium-226, thorium-230, arsenic, anJ seleniun W'lS evaluated. lns~ection 
of available data, without a rigorou~ statistical analysis, shows that 
both carbonate and bicarbonate levels remained very h:gh in water sample~ 
fr0'11 the injection well until April 1977, when the levels of both declined 
rapidly, with the bi~ rbonate level reaching baseline (Tables 6.4 and 
6.5). Radium-226 w<, 'Jriginally high (120 pCi/1) and has remained in 
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Figure 6.1. Well configurat:on of ExYon's Highl1nd in-situ leach 
mining pilot proj~ct. 1 
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TA'ULE 6.2 
URANIUM CONCENTRN .'ION DURING RESTORATiml, 

HIGHLAND SOLUTION MINE PILOTl) 
~-~====- =====-- ======---=~ -=======-====-

Observed Uran~um Concentrations 
Milligrams Per Liter By Well 

Date 1 2 3 4 5 6 INJ. 

08/19/76 34 72 9 14 57 60 157 

09/25/76 
y 

62 6 12 58 165 

10/11/76 49 5 9 111 

10/19/76 62 10 15 46 145 

10/29/76 8 54 13 16 50 133 

11/04/76 7 52 6 13 46 131 

11/15/76 6 42 11 15 42 126 

11/24/76 19 60 13 14 14 48 134 

12/03176 16 42 li 12 31 41 135 

12/07/76 24 44 7 11 37 39 12P 

12/20/76 .l:) 5( 10 11 45 42 139 

01/13/77 12 13 47 48 129 

01/30/77 27 6 60 49 112 

02/14/77 27 6 60 49 103 

03/01/77 27 33 10 61 54 121 

Ol, .~o.2/77 31 38 21 21 42 54 

03/25/77 18 37 50 24 19 89 

04/21/77 31 47 24 59 94 

0<./26/77 l7 37 5 42 31 73 

05/21/77 3€: 55 28 69 110 

06/23/77 11 31 5 42 39 68 

07/21/77 10 32 32 31 54 

08/04/77 9 31 1 ~ i 54 

09/25/77 3 31 3 31 57 

10/26/77 14 26 9 33 51 

1/ - Dash 1nd1cates well not produc~ng, and no sample was taken on that date. 
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TABLE 6. :! l/ 
ORE-ZONE BASELINE WATER QUAI,ITY ,-

HIGHLAND SOLUTION MINE PILOTl) 
=========~====~==============~================= 

Parameter 

Socb.um 

Calcium 

Magnesl.um 

Chloride 

Sulfate 

Bicarbonate 

Selenium 

Uranl.um 

Radium 226 

Thorl.um 230 

Value 

161 ppm 

77 ppm 

13 ppm 

27 ppm 

119 ppm 

237 ppm 

<o.s PPM 

212 ppb 

-7 
1.2 X 10 UCl./~1 

-8 
8.6 X 10 UCl./ml 

Y Average of 3 samples ta},en from 3 product1.0n wells 
l.n orl.gl.nal pl.lot area dur1ng May 1970. 
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TABLE 6.4 
CARBONATE CONCENTRATIONS DURING RESTORATION, 

HIGHLAND SOLUTION MINE PILOT!) 

Observed Carbonate Concentration 
Milligrams Per Liter Py Well 

Date 1 2 3 4 5 6 INJ. 

08/19/76 51 181 0 42 51 173 554 

09/25/76 163 0 23 209 650 

10/11/76 147 2 505 

10/29/76 0 165 0 11 143 569 

11/04/76 174 34 33 152 535 

11/24/76 11 161 0 11 0 97 550 

12/07/76 48 145 16 48 11 0 469 

12/20/76 24 167 24 24 24 71 547 

01/30/77 70 11 34 139 550 

02/14/77 47 0 6 104 485 

02/27/77 0 258 11 47 469 

03/06/77 50 71 0 14 50 264 

02/25/77 20 22 0 0 7 242 

04/21/77 30 60 0 10 40 20 

04/26/77 0 86 0 21 29 21 
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TABLE 6.5 
BICARBONATE CONCENTRATIONS DURING RESTORATION, 

HIGHLAND SOLUTION MINE PILOTl) 

Observed Bicarbonate Concentration 
Milligrams Per L1ter By Well 

Date 1 2 3 4 5 6 INJ. 

08/19/76 512 849 157 353 506 792 1,503 

09/25/76 495 142 355 520 1,511. 

10/11/76 619 255 1,233 

10/29/76 236 418 259 351 489 1,275 

11/04/76 165 472 178 311 495 1,145 

12/07/76 220 477 145 187 207 477 1,224 

12/20/76 387 676 290 338 436 556 1,718 

01/30/77 311 228 456 519 1,494 

02/14/77 328 234 517 434 774 

02/27/77 332 519 199 519 477 1,286 

03/06/77 181 226 113 26b 226 447 

03/25/77 147 194 68 158 136 520 

04/21/77 .U9 201 174 1.:'4 146 137 

04/26/77 90 271 102 254 226 243 
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the ra,~e of 50 to 100 pCi/1 during the restoration phase (lables 6.6). 
There does not seem to have been a clear trend toward reduction in the 
level of arsenic during the restoration period, but selenium levels 
appear to h3ve decreased during restoration (Table 6.7). 

It can be concluded that pumping for the purpose of drawing in natural 
ground \>later does produce a trend of water-quality improvement, but 
it can be very time consuming, and perhaps impossible, to bring the 
levels of all elements of concern back to within the original baseline 
range. Furthermore, the volume of water pumped to produce significant 
iwprovement in quality was large, and handling of such volumes of water 
would oe d major waste-disposal probl~m dL:ring a full-scale project. 

Pilot leaching projects using an alkaline leach, with the exception of 
the Exxon test, have used a~nium bicarbonate in the lixiviant. The 
use of ammonium has caused a special restoration problem. Figure 6.3 
shows the results obtained by Wyoming Mineral Corporation during restora­
tion by pumping alone at that company's lrigaray site. 3 ' 4 The pumping 
or "ground-water sweep" test was a single-well test, and, thus, particu­
larly unrepresentative of a production-scale effort. However, the 
inability of pumping alone to lower the ammonium level is typical of 
other such test data that have bP.en examined. The total dissolved 
solids were restored to below baseline, but manv of the individual 
parameters, in addition to ammonium, remained at many times the initial 
values measured in the 517-well area (Table 6.8). 

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

(I) Sandstone bodies of the type in which uranium leaching is 
bei~g practiced are naturally inhomogeneous and commonly 
include preferred paths of fluid flow. During restoration 
by pumpin9, it is expected that inflowi~g ground water will 
readily sweep contaminated water from the areas through which 
flow is preferentially channelled, but will bypass contaminated 
water in other areas. As restoration cc~tinues, water that 
was originally bypassed will be slowl~ remov~d. 

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

(3) Prior LO mini~g, water in contact with minerals in and 
around the uranium ore body is expected to have reached 
some state of cremical equilibrium with the rrinerals. 
During leaching, the existi.1g chemical equilibrium will 
oe disturbed and it"may ha difficult, if not impos~ible, 
to reestablish it. 
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TABLE 6. 6 
RADIUH AND THORIUM CONCE!;T.R.;TIONS DURING RESTORATION, 

HIGRWll~D SOLUTION MINE PILOTl) 
- - - - -

Radium 226 Thorium 230 
Date (}lCl./m1 x 1c-S) (!JCi/ml X 10-7) 

05/01/7oY 12.0 0.86 

07/04/72 9.2 39.5 

09/04/72 1.1 21.0 

01/19/73 2!..4 68.1 

05/10/74 110.0 1040.0 

08/05/74 42.0 

11/12/74 40.0 280.0 

02/04/75 8.8 67 .o 
05/02/75 4.4 1.6 

08/08/75 12.5 0.5 

09/03/75 6.8 1.2 

10/02/75 10.0 0.3 

11/03/75 14.0 3.6 

12/01/75 9.0 4.3 

01/05/76 8.2 20.4 

02/03/76 12.2 3.4 

03/01/76 8.2 0.3 

04/05/76 5.2 0.1 

05/03/76 7.9 1.3 

06/04/76 8.6 0.9 

07/02/76 5.9 0.7 

08/02/76 6.4 0.9 

09/01/76 5.6 1.0 

10/13/76 7.3 1.4 

11/09/76 7.7 2.1 

12/01/76 5.6 1.0 

01/03/77 7.4 .7 

02/01/77 7.6 1.2 

03/04/77 9.2 1.4 

y 
Average of 3 samples taken pric~ ~~ solution oining operat1ons. 



TABLE 6. 7 
ARSENIC AND SELENIUM CO~CENTRATIONS 

DURING RRSTORATIO~, 
HIGHLAND SOLUTION MINE PILQiil) 

Date Arsen~c Selen~um 

{mg/1) (mg/1) 

May 197o!/ <0.5 

09/03/75 :.36 0.17 

01/05/76 0.38 0.14 

02/0V76 0.37 0.17 

04/05/76 0.33 0.16 

05/03/76 0.36 0.17 

06/04/76 0.44 0.21 

07/02//6 0.31 0.14 

08/02/76 0.28 0.08 

G9/01/76 0.40 0.13 

12/01/76 0.09 0.05 

01/03/77 0.23 0.10 

02/01/77 0.32 0.08 

03/04/77 0.21 0.08 

Ysample taken ~n p~lot area pr1or to ini.t..i<:.t:i.P-g so1u-
t1on m1n1ng test. 
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TABLE 6.8 
tlATER-QU.t\LI'rY CHANGES RFSt:LT:rNG FROH J) 

GROUND-WATER SWEEP, IRIGA~!.! 517-3 PILCT 

NH4 
As 
Ba 
B 
Cd 
ca 
C03 
C1 
Cr 
Cond (JifilhoS) 

Cu 
F 
CaC03 
Fe 
Pb 
Hg 
Mn 
Hg 
Ho 
Nl. 
N03 
N02 
pH 
K 
Se 
Sl. 
Ag 
Na 
504 
TDS 
v 
U308 
Zn 
R.a-226 (I..C~/1) 

Gross Alpr.a .. 
Gross Beta 
Th 230 

Values .1.n pp:n, 

Im.tJ.al r1na1 
(opm)ll (DPIII) 

180 123 
• 033 .017 
• 09 .03 

8.3 u.26 
0.30 < .002 

58.5 13.5 
4.2 4.7 

531 229.9 
< .002 .004 

3.10 .A 103 1. 95 X 103 
.215 .041 

2.7S 4.10 
616 445 

2.15 .65 
. 32 0.58 

19.5 5.4 
.784 .150 
.0002 < .0002 

< .02 .42 
1. 79 < .20 
4.92 1.24 
2.76 0.151 
7. 9'.. 8.14 
8.14 2.9 
1.02 .339 
5.3 3.3 

< .002 < .002 
308 210.8 
270 233 

1,302 712 
< • 05 .21 
18 11.3 

.218 • 02 
478 ± 9 105 - 10 

12,317 ± 288 5,412 ± 177 
5,374 ± 115 2,052 "t 85 

6.;0 ± 21 1.5 ± 0.9 

exc.ept pH and ?S otherw1se noted. 

517 E:1selir.eY 
(PJ:.m} 

< 1.0 
< .(1025 

.12 

.16 
< .005 

10.75 
.0135 

232 

.019 

.::>035 

.12 

.OG2B 

.013 

.013 

< .005 

793 

.0% 

.0(•3 
26.8 :!: 5.2 

168 :: 11 
164 .:: :9 

ll Orig.1.nal 5!7 basel.1.ne values were determ.1.ned on a s1ngle sanple 
analys1s and dl.d not .1.nclude all parc.meters of 1nterest.. 
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6.2.2 Pumping in Combination With Injection 

Restoration could be expedited by simultaneously pumping selected wells 
and injecting water that h~s been tailored by pretreatment and/or chemical 
adcition into other wells. Pumping would draw out the injected lixiviant 
and mobilized ions, while injection would dr:ve the contaminated water 
t~iard the pumping wells. 

6.2.2.1 Injection of N~tural Ground Water 

Injection of natural ground water is perceived to have no advantages 
over pw~ping alone. Pumplng alone draws in natural ground water without 
th~ added cost and technic~l difficulty of injection. In fact, if the 
injected water were to contain oxygen, it would be expected to have a 
neg~tive effect by sustaining the mobilization of uranium and other 
oxidizable elements. For example, 1 mg/1 of dissolved cxygen is capable 
of oxidi~ing 17.5 mg/1 of UJOa. 

6.2.2.2 lnjP.,tion of Treated Leach Field WatP.r 

One cf the major problems associated with restoration by pumping alone 
is the disposal of the contaminated Wdter brought to the surface (Section 7) 
Treatrnent of pumped water, for reduction of some or all of the contami­
nants, and reinjection of the treated water to the well field reduces 
the volume of contaminated water that must be disposed. A variety of 
partial or c~~~lete treatment methods are avail~ble. For example, 
pa:rtial treatment might consist of uran:um stripping and precipitation 
of radium-226. Complete treatment by one of the deionization methoas, 
such as reverse osmosis, may be utilized where partial or seiective 
treatment is precluded. 

Wyoming Mineral Corporation is the only company known to have experimented 
with injection of treated well-field Nater. At its lrigaray, Wyoming site, 
water ~reduced from the well field was run through a reverse-osmosis 
unit and reinjected during the "clean water recycle" test. The effective­
ness of the reverse··osmosis treatment of produced well-field water is 
shown in Table 6.9. It is estimated that the concentrate containing the 
contaminants comprised only 20 percent of the volume of water treated, 
thus eliminating 80 percent of the water that would otherwise have to be 
disposed. 3 '~ Obviously, Injection of the treated water will achieve a 
considerable reduction in the average levels of dissolved constituents 
by dilution. 

As discussed above, injection of treated water would be expected to 
introduce oxygen into the groundwwater system that will cause continued 
oxidation and mobili~ation of uranium and other metals, unless some form 
of deaeration is usf, prior to injection. 

6.2.2.3 Injection of Water Containing Added Chemicals 

An alternative restoration technique is the injection of water containing 
appropriate chemicals to remove uranium and trace metals from solution. 
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Constl.t.uent 

U308 

co3 

C1 

504 

Na 

Ca 

pH 

Conductl.Vl.ty 

TABLE 6.9 
EFFECTI\~NESS OF REVERSE OSMOSIS 3) 

IN WYOMING MINERALS IRIGARAY PROJECT 

Concentration of constituent l.n mg/1!1 

Before reverse After reverse 
osmosis OSffi('Sl.S 

43 < 1 

8 < 4 

686.8 26 

641.8 4.3 

434 10.7 

71.5 2.2 

23.3 < 1.0 

54.3 2.7 

4.7 4.9 

3,237.3 ~111hos 149 ~mhos 

.!!constituents in mg/1 except pH and eonduct1.v1.ty. 

75 

Percent 
Reductl.on 

> 97.6 

> 50.0 

96.2 

99.3 

97.5 

96.9 

> 95.7 

95.0 



The mo~t eff~ctive chemical would reduce oxidized elements, and combine 
with them to form insoluble compounds. Sulfides, such as hydrogen 
sulfide or sodium sulfide, appear suitable because of their assumed 
chemical effectiveness, environmental compatibility, and relatively low 
cost. Readjustment of the reduction potential of the ground-water 
system is expected to have only a minor effect on the major cations and 
anion~ (Na, Ca. Mg, S04, HC03, C03, Cl). The injection of reducing 
agents is not known to have been applied in the field. 

The injection of a solution to promote rapid allJllOnium ion desorption has 
been sugg•~sted. The affinity of cations to adsorb to minerals generally 
increases with increasing valence and concentration. Therefore, it is 
expected that adsorbed ammonium ions can be displaced from clay minerals 
by high concentrations of rraultivalent ions. Bivalent calcium and magnesium 
ions appear to be good candidates because of their affinity to adsorb 
and th·e i r common occurrence in nature. 

Wyoming Minerals performed a test at the lrigaray site in which a solution 
high in calcium, sodium, and/or magnesium was injected to desorb ammonium 
(Figure 6.4). 3 '~ As expected, the concentration of ammonium in toe 
recovered solution increased during injection of the ion-bearing solution 
from about 65 mg/1 to over 200 mg/1, reflecting the increased desorption 
of ammonium. The concentration then ciecreased as the ammonium was de­
pleted. After reccvery of about 450,000 gal (1,710 m3) of fluid, 
injection of water treate1 by reverse-osmosis was begun to remove the 
injected saline solution. After recovery of an additional 550,000 gal 
(2,090 m3) of fluid, the ammonium level was about 35 mg/1 as compared 
with the value of 65 mg/1 before the test began. 1t is concluded that 
additional reduction in well-field ammonium val~es can be achieved by 
ir0ection of a saline solution, but that the test failed by a consid­
erable margin to achieve complete ammonium removal. 

6.2.3 Natural Restoration 

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

The concept of natural ground-water quality restoration may have par­
ticular merit in uranium leaching. It is believed that, under the 
proper circumstances, most of the objectionable elements that hav~ been 
introduced or mobilized during leaching will be removed by reprecipitation, 
ion exchange, adsorption, or reduction, as discussed earlier in the 
introduction to the section. 

Problems associated with the concept of natural restoration include the 
difflo:ulty of predicting (1) the time and distance required for the 
contaminant removal processes •to be effective, (2) the degree of 
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contaminant removal that will be achieved, and {3) the ultimate fate of 
some elements or ions, e.g., chloride and ammonia. 

6.3 ENVIRONMENTAL IMPACTS OF RESTORATION TECHNIQUES 

The uranium leaching process mobilizes varying amounts of natural uranium, 
thorium, arsenic, sel«mlum, and other metals that are found in and 
adjacent to uranium ore bodies. In addition, leaching agents containing 
such chemicals ~s ammunla, car~onate/bicarbonate, sodium, sulfate, and 
chloride are adde~ to the gro~~d-water system. 

It has been shown, in pilot restoration projects, that west of the 
Introduced and mobilized chemicals can be significantly removed by 
mechanical and chemical restoration methods. It is believed that natural 
geochemical mecha1r>isms, either alone or after mechanical restoration, 
are capable of causing significant water-quality improvement but pre­
diction of the effectiveness of natural restoration is not now possible. 

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

Waste:> are generated during uranium re.;overy auJ aquifer rastoration, 
though t~e quality 3nd quantity of the wastes are variable. In ~eneral, 
the process wastes have a low volume but a high dissolved solids content, 
wher;as the resloration wastes are high volume and low solids. Appendix D 
and Section 6 discuss the process methods and restoration methods in 
detai 1. 

Because most ~1astes wi II be either I iquids or slurries, the following 
methods for di~posing of wastes associated ~ith in-situ leach mining 
have been evaluated: (1) disposal wells, (2) lined e•1aporation poncis or 
tailings por.ds, and (3) liquid/solid separation with use of the residual 
water for such purposes as irrigation. Additionall:•, direct surface­
water discharge was evaluated as a potential waste-aisposal method, 
however, current EPA effluent guidelines prohibit the discharge to streams 
of any material from uranium mills. 1 

Several assumptions were made ~oncerning the waste strea~s prior to 
making the assessment. The waste from a typical uranium recovery process 
(Figure 7.1) will be a liquid or a slurry of suspended solids produced 
at a rate of 27.9 ac-ft/yr (34.4 hm3) [30 gp~ (1.9 1/s)] or more. 
Table 7.1 presents a crude estimate of the chemical quality of this 
fluid (no complete chemical analyses are available from the industry). 
The restoration waste stream will be the fluid r· 'uced by the ground­
water sweep restoration method. This method re~ 3 an the handling of 
very large volumes of waste. The waste is produced at 1,300 ac-ft 
(1,600 hm3) or more per year (800 gpm [50.4 1/s)} and has a chemical 
composition similar to that shown in Table ].2. The qu~lity of the 
recovered water will improve with time for any one area of restoration, 
but because two or more areas may be under restoration concurrently, 
only the poorer qu~lity waste has been shown. 

7.1 DISPOSAL WELLS 

For' a subsurface Gisposal ststem to be environmentally acceptable, it is 
necessary to locate a porous, permeable forma'tion of wide areal extent 
at sufficient depth to ensurE' ··etention of the injected fluid•,. A low 
permeability zone should separate the injection horizon from horizons 
containing potable ground water and/or mineral reserves to prevent 
veatical migration of the wastes or displaced formation brines into 
these "usable" strata. 2 The disposal zone should contain water with a 
TOS quality·poorer than 10,000 mg/1. 

7. 1.1 Regula~ory Feasibili~y 

All States in which in-situ leach mining may take place have a regulatory 
position that allows the use of disposal wells. The requirements to 
operate such wells differ considerably, although in general, extensive 
preliminary data collection and engineering safeguards are necessary. 
Disposal wells of any type are Gp&rating only in Texas and New Mexico. 
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01) 
,-..~ 

waste Gem·rating 
Process 

Calc1um Control 

Over-Produced Lixiv1ant 

Res1n Wash 

Yellowcake Processing 

TABLE 7.1 
URANIUM PROCESS WASTE PRODUCTS 

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

).1 800 

17.9 

~-3 

4.6 800 

Composition 
TDS Material 

3,000 
(0.4-0.9 C1) 

ls,oooY 

Calcl.um 
uranium 
Radium 226 

Alr.monl.a 
ChlorJ.de 
Carbonate 
Metals 

Chloride 
Arnm•::mia 
Metals 

Barium 
Anunonia 
Carbonate 
ChlorJ.de 
Sulfate 
Metals 
Uranium 

Y over-produced l1xiv1ant, resl.n wast., y~llowcake process combined effluent qual1ty. 
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'l'ABLE 7. 2 
QUALI'l'Y OF WATER PRODUCED DURING 
"GROUND-WATER SWEEP" REST,)RATION 

Parameter 

Allmonia 

Arsenic 

Bar1.um 

Bicarbonate 

Boron 

Cadm1.um 

Chromium 

Chloride 

Copper 

Lead 

Manganese 

Mercury 

Nickel 

Selenium 

Silver 

Total DJ.ssolved Sol1.ds 

Uranium (UJOs) 

Zinc 

Gross Alpha 

Gross Beta 

Quaut1 
(mg/1)-/ 

235 

.021 

.069 

805 

.283 

.014 

.002 

524 

.220 

.uo 

.97 

.0002 

.218 

l. 75 

0.15 

1,324 

24.4 

0.22 

22,815 ± 296 

21,043 ± 441 

pCi/1 

pCJ./1 

Radium 226 371 ± 5.6 pCJ./1 

!/ Constituents 1.n mg/1 unless otherwise noted. 
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Uranium wastes are routinely disposed via wells In Texas. One well to 
dispose of mill waste is operational in New Hexico. 

Currently, EPA is preparing regulations applicable to disposal wells, 
under the mandate given to that agency by the Safe Drinking Yater Act 
(PL 93-523). These EPA Underground Injection Control Regulations pre­
scribe minimum Federal standards which are to be admini~tered by the 
States. 3 Only Colorado, New Hexico, Texas, and Wyomin~ will :.,e requit·ed 
to comply with the fPA program in the near future. The proposed reg•dat!or.s 
do not ao~ear to re~resent a great change from requirements already in 
use in tho~e States. 

7. 1. 2 Well Design and (~st 

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

lhe well should be designed to handle the largest volume of fluid poten­
tially available for injection; in this case the combined flow rate of 
830 g~ 52.4 1/s. Assuming that the disposal well will be constructed 
to a depth of approxirnatelt 4,000 ft (1,,212 m) and will have a final 
diameter of 8 in. (20 em), it is estimated that the well will cost 
between $500,000 and $750,000. This cost includes construction and 
testing. Not included is the cost for hydrologic field supervision, 
planning, pre-mining data collection, or other administrative costs. 

7. 1.3 Disposal-Well Practicability 

Although disposal wells are currently in use in Texas for in-situ leach 
mining operations, it is unlikely that such wells can be used to any 
great extent in Wyoming, Utah, or South Dakota. The fluvial basins of 
Wyoming, for example, are made up of sedimentary materials that are of 
low permeability, and even though the sediments are areally extensive, 
the permeable zones are lenticular in nature. Moreover, the quality of 
the ground .1ater through the entire sequence of sediments in the Wyoming 
basins is generally good. In most basins, for example, the Madison 
Limestone, whose base is at a depth of+ 10,000 ft t+ 3,000 m), contains 
usable water. Injection above such depths would be precluded in order 
to protect this water. 

In South Dakota, though a thick sequence of carbonates, sandstones, and 
siltstones containing saline ground water underlies the uranium mini~g 
districts, the permeability of these rock units is very low, thus raising 
serious doubts about their usefulness as an injection zone. Similar 
conditions also ~re believed to exist in southeastern Utah. 
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'· 
].2 EVAPORATION PONDS 

Evaporation ponds are de~igned to separate the dissolved and suspended 
solids from a waste liquid by me<.>ns of solar evaporation. Pure water is 
removed from the pond, leaving behind the solid constituents. If 
unlined, part of the water held in the impoundment may seep to the water 
table presenting a threat to the potability of the near surface grouno 
water. 

7.2.1 Regulatory Feasibility 

Both Texas and New Mexico have ~xtensive guidelines for construction and 
operation of evaporation po::~ds. Both States geuerally require that the. 
pond be constructed in natural earth materials which have very low 
water-tran~,i~tlng characteristics. Where this is not possiLie, man­
made syrthetic liners or emplaced clay liners should be usee.~ In some 
instances, double liners may be required. Wyon1ing and Colorado both 
c-all for sc:c-h construction methods, although the regulatory requirements 
are not as spec1fic. Utah and South Dakcta apparently have no detailed 
prograMS relating to impoundments. 

A~ ~he F~deral level, EPA is preparing regulations regarding disposal 
and treatment of hazardous wastes in impoundments, pursuant to the 
Resour~e Conservation and Recovery Act (PL 94-580). The requi ·ements 
will be siMilar to those in the States outlined above. The program is 
to be State-admini~tered, based on minimum Federal requirements. NRC 
has required the lining of ponds for many years. 

].2.2 Pond DesiGn and Cost 

The e~aporation pond sho~ld be lined with a material that is inert to 
the che~ cal conditions to be encountered to assure its durability ?nd 
integrity. It must be compatible with the regional climatic conditions 
and care must be given to avoid overflowing of contaminants tc the land 
surface. Several liners were evaluated including bentonite clay, asphalt, 
and polymeric membranes such as polyvinyl chloride (PVC), Hypalon, 3110, 
ethylene propylene diene monomer (EPDM), and chlorinated and polyethylef'e 
{CPE). Bentonite and aspn3lt appear to be less safe than t~e plastic 
membranes, because they are subject to drying and cracking. The asphalt 
also will be subject to extensive frost action d~ring the winter. 

\/hen installing polymeric membranes, the soil under.ying tne membrane 
must be cleared of rocks, debris, and sharp o~jects and et should be 
smoothed and compacted. As movement caused by wind lift (Venturi effect) 
or wave action can cause the seams on some liners to break, they may be 
\.,oeight('d by<> sci! cover, sand filled bags, or old tires. If the liner 
has poor ~osistance to weather, a soil cover should be used to protect 
it fr~m ozone attack and weathering. 

Table 7.3 list~ the Jninstalled unit cost of various polyme~ic membra~e 
liners. The total cost of installing a lined pone depends on the type 
of liner material, its thickness, and the site-preparation and finishing 
operati0ns required. 
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TABLE 7.3 
UNIT COSTS: POLYMERIC LINING MATERIALS 

(1978 Dollars) 

!.l.nl.ng Thic'kness Del1.ver Cost 

Maten.al (mil) ReJ.nforced Unrein forced Uninstalled 
(~/ft2) 

PV~ 30 I .23 

CPE 30 I .26 
30 I .40 

EPDM 30 I .42 
30 .; .52 

HYPALON 30 I .32 
30 .; .45 

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

Table 7.4 lists the cost for two ponds of different sizes, locat~d in an 
area where the net evaporation rate is 38 in./yr (96 cm/yr). One pond 
covers 15 ac (6 t.a) and handles only waste from the uranium t'recipitation 
process at an estimated flow rate of 30 gpm (1.9 1/s). The other pond 
covers 400 ac (16G ha) dnd is designed ~o handle restoration waste from 
a ground-water sweef opei'ation at an estimated flow of 800 gk·' (50.4 1/s). 

The assumptions used to arrive at the cost are: (I) all costs are in 
early 1978 dollars; (2) ponds are constructed of 8-foot berms with L:l 
slopes, from material obtained near or on the site (no importction costs 
for fill material); (3) the J;ner is reinforced on slopes and unrein­
forced on the botl~~ of the ponds and is installed at unit costs of 
$.045/it2 ($4.90/m2) and $0.41/ft2 ($4.47/m2) for the 15-ac (6-ha) <1.1d 
400-ac (16D-ha} size ponds, respectively. land prices are not included 
in the figures for total pond cost. 

7.2.3 Evaporation Pond Practicabilitl 

lined evaporation ponds can be used successfully in all uranium mining 
areas covered by this study. Problems may arise, however, when ponds 
are used in conjunction with certain water-intensive restoration methods 
(ground-water swe~p). As indicated above,several tund~eds of acres of 
pond(s) may be needed to handle the waste fluid. The liner cannot be 
instdlled as one sheet in these large ponds thus providing a high potential 
of weak, ieaky seams. Additionally, the large ponds are difficult to 
monitor wit~ respect to ground water. As it may take years for con­
taminated fluid to move from the center of the pond to any monitor well 
located on t~e periphery, large volumes of water will be contaminated 
before it is det~ctzd. ~~a!ler ponds may be u~ed succe;sfuly, however, 
to handle process wastes, as short term storage prior to well disposal, 
and to evaporate reverse osmosis wastes. 

As much ~5 230 ton (109 tonne} or MOre of solids may be precipitated 
fr~~ the rtstoration pond and 1,320 ton (1,200 ton~e) from the uranium 
process p~nd each year. These wastes will contain up to I Ci of Ra-226 
p!us urani~. arsenic, selenium, and 'mmonia, as we'l a~ chloride, 
calcium, sodiuo, etc. Ultimately, this waste must oe disposed of at an 
NRC-approved disposal r.ite. When the pond is no longer needed, the 
liner and any other materials must also be disposed of at an NCR-ar-pro.,ed 
disposal si!e. 

7.3 liQUIC/SCLID SEPARATION 

In no case could wastes from uranium leaching processes be released to 
the surface envircnment without removal of the detrimental solid con­
stituents by such methods as ion exchange, precipitation, or reverse 
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Figure 7.3. Map of the western United States showing net evaporation 
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TABLE 7.4 
CONSTRUCTION COSTS OF EVAPORATION PONDS 

(197R nollars) 

Waste Pond Restorat~on Po~d 

(15 acres) (400 acres) 

Unlined pond 27,391 86,824 

Compaction and smoothing of 
pond bottom 875 10,500 

Hand dress side slopes 1,929 9,963 

Anchor ditches 808 4,174 

Installed linear cost 325,891 7,290,000 

Total cost of constructJ.on: 356,894 ·7 ,401,461 

Un~t 

Cost 

$1.30/yd3 

.24/ac 

.30/yd2 

.25/linear 

y 

!I Un~t cost of liner for 15-acre pond is $0.45/ft2 , unit cost for 
400-acre pond is $0.41/ft2 • 

90 

f~ 



osmosis. The waste resulting from the uranium processing is already 

concentrated to the point that furth~r treatment is impractical. Restor­

ation waste fluid produced by the ground-water sweep method, however, is 

of a gP.nerally good quality, except for the radioactive parameters and 

some metals, which must be removed prior to release for such purposes as 

irrigation. Restoration wastes produced during some more c~plex methods 

may not be ammenable to further treatment. 

Reverse-osmosis treatment produces two liquid streams. The treated pro­

duct is of good quality and has a volume of approximately 80 percent of 

the original 300 gpm (50.4 1/s} input; approximately 640 gpm (40.3 1/s) of 

usable water could be produced, with a quality expected to be within 
acceptable NRC, EPA, or State standards for agricultural use. The 

second liqui~ ~tream [160 gpm (10.1 1/s)] is a concentrated waste containing 

approximately 95 percent of the total solids from the treated waste. 

Disposal of the waste, which will have a volume of 258 ac-ft (318 hm3) 

per year, is of primary environme~tal concern. Methods available for 

disposal of this water are evaporation ponds or disposal wells. 

7. 3. I Regulatory Feasibility 

There are no State or Federal regulatory programs that are directly 

applicalle to this situation, although NRC guidelines limit the offsite 

release of these types of wastes if the ra~iu~226 level is more than 5 

pCi/1. ~ublic opinion may prevent the use of water which contained 
radioactive material prior to treatment. 

7.3.2 Cost 

The cost of reverse-osmosis equipment Is generally proportional to the 

volume and the solids content of the fluid to be treated. A capital 

investment cost of approximately $1.7 million can be assumed for a 

facility that would handle I mgd (3,800 m3/day) and the operating cost 

for t~at facility would be approximately $1.25 per 1,0(0 gal ($0.33/m3), 

for an overall yearly cost to the site operator of more than $500,000. 

7.}.3 Practicabilitz of Liquid/Solid Separation 

liquid/solid separation is possible at =ny location where in-situ leach 

m!ning may take place. The primary obstacle to its use is dis~osal of 

the treated fluid. It has been suggested that the treated fluid be 

reinjected as a restoration technique. Section 6 evaluates the feasi­

bility of t~is restoration approach. 
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Appendix A 

STRATIGRAPHY AND ORE HINEaALOGY OF 
SELECTED URANIUH-HIHI~G AREAS 

A.l GAS P.lllS, WYOMING 

A.l.l Stratigra£hl 

Approximately one-third of the Gas Hills Uranium District is located in 
tht area known c;s the Puddle Springs quadrangle, 11hich has been Investi­
gated In de~ail with regard to stratigraphy. The formations defined in 
the Puddle Springs study are p~obably representative of those in the 
entire district. The stratigraphy of th~ pre-Tertiary rocks is not 
relevant to the geochemistry of the uranium deposits ~~d is not dis­
cussed further. The geologic formations that are exposed at land 
surface or that have been logged in drill holes in the area of the 
Puddle S~r"ngs quadrangle are listed in Table A.J. 1 

A. I. I. I Wind River Formation 

The Wind River Formation, of early Eo~ene age, was deposited on a pre­
Tertiary erosion surfac! and is thus of varied thickness throughout the 
Gas Hills UraniuM District. The formation has been di~ided into thre~ 
members: the lower Fine Grained Member, the Puddle Springs Arkose 
Kember, and the Upper Transition Zone. A cross section through the Wind 
River Basin, Including the area ~f the uranium deposits, is shown in 
Figure A.l. 

The lo\'ler Fine Grained Member consists of grayish-green siltstone, 
light-grey very fine to fine grained quartzose sandstone, and olive to 
greyish-green claystone. Some thin and discontinuous conglomerate beds 
are found iocally near the base of the me~~er. Thin carbonaceous shales 
and lignite beds are also found within the unit. The thickness of the 
lower Fine Grained Member is about 150ft (~5 m) in pre-Tertiary vallf'Si 
elsewhere the member is thinr.er or it may be absent, as in the sot..th 
where It la?S on the Sw~etwater Uplift. 

The Puddle Springs Arkose Herr.ber is the host roc.k for roost of the uranium 
mineralization in the Gas Hills district. It is the thickest of tne 
three members of the formation and consists primarily of r~ ... lssive, very 
coarse to coarse-grain~d conglomeratic, arkosic sandstone. Bed~ of 
siltstone and claystone, as well as a few thin bed~ of carbonaceous 
shale and s11tstone, are also present. Near the surface, the arkose is 
primarily yellcwish-grey in color, but below or near the water taJle, 
whe~e it has not beer. oxidized, it is mainly gre~n or bluish-grey. 

The original ~hickness of the Puddle Springs Hem~er was probably about 
400 to 800 f t (12.') to 240 '11); thP. memb• - thins to the :;outh, as does the 
Lower Fine Grai'led Hember, and its thick. -c:c: :s highly variable due to 
variations In the pre-existing relief and later erosion. 
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Two gr~~ite-cobb1e and boulder conglomerate beds of the Puddle Springs 
Arkose Hember are mappable in the Gas Hills district. The lower bed, 
termed the Dry Coyote Conglomerate Bed, is generally between 10 and 30 ft 
(3 and 9 m) thick, but it is known to be as thick as 53 ft (16 m) in the 
southern part of the district. The bed lies approximately 320ft 
(97 m) above the base of the Puddle Springs Hember in the northern part 
of the basin, but to the south it lies directly on the pre-Tertiary 
erosion surfdce. 1 

The Dry Coyote Bed consists mainly of cobbles and boulders of Precambrian 
granite, a3 much a:> 3 ft (I m) in diameter, in a coarse arkosic sand 
matrix. Carbonaceous material is cOIMIOn in the upper part or directly 
overlies the cong1011'erate in places. Uranium miner:tls are conmon in the 
sand matrix and as coatings on pebbles and cobbles-in the conglomerate. 

The Muskrat Conglomerate Bed lies between 90 and 120ft (27 and 36m) 
above the Dry Coyote Bed and is usually about 20 ft {6 m) thick. This 
boulder conglomerate Is sheetlike in areal extent. It contains boulders 
up to 2 ft (0.6 m) in diameter, of Precambrian gra~ite and metamorphic 
rocks. The matrix of this conglomerate Is corrmonly argillaceous. "(he 
beds above and below the Muskrat Conglomerate, as well as the matrix of 
the unit, are finer grained than those associated with the Dry Coyote 
Bed. No uranium minerals are associated with the Muskrat Conglomerate. 

Carbonaceous bels, which ~reassociated with uranium mineralization, 
occur primarily in the central portion of the Wind River Basin, above 
the Dry Coycte Co~glomerate Be~ Carbonized wood and lenses and frag­
ments of carbonaceous shale are found in arkosic sandstone as much as 
200 ft (61 m) above the Dry Coyote Conglomerate in some portions of the 
mining district, and thin stringers and fragments of carbonaceous material 
are scattered throughout the lower 200 ft (61 m) of the Puddle Springs 
Arkose Member in other parts of the district. 

The upper 150 ft (45 m) of the Wind River Formation consists of inter­
bedded arkosic sandstones ano tuffaceous and bentonitic mudstones. The 
arkose is similar to the Puddle Springs Arkose and the mudstones are 
similar to the overlylr.g Wagon Bed Formation. Calcareous cement in the 
Upper Transition Zone is absent and the color of the rocks is generally 
yellow-grey to grey. 

Most beds of the Puddle Spring Arkose Member are poorly consolidated. 
Cerr~nting materials, where they are found, consist of clay, calcium 
carbonate, gypsum, goethite, limonite, jarosite, pyrlte. marcasite, 
black manganese oxiaes, and silica. 

A. I. 1.2 Wagon Bed Formation 

The Wagon Bed ~ormation of Hiddle and Late Eocene age is about 400 ft 
(121 m) thick and consists of bentonitic, tuffaceous, and arko~ic mudstone, 
sandstone, and conglomerate. The arkosic material decreases upward in 
the sequence as the volcanic material increases. The rock :s generally 
yellow-grey to light gre~n. 
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A.1.2 Ore Deposits 

The ore deposits in the Gas Hills District occur at or near the water 
table within the Pl!ddle Springe; Arkose me.nber of the Wind River Forma­
tior..1 Unoxidized portions of the ore bodies contain coffinite and 
uraninite as the main ore minerals in association with pyrite, calcite, 
and gypsum. In the oxidized zone the principal ore minerals are meta·· 
autunite, phosphuranylite, and uranophane. 

A. 1.3 Minor and Trace Element Distribution 

The distribution of several minor and trace elements in the Gas Hills 
District is shown in Figure A.2. 2 The elements considered are those 
which were found to be affected by the oxidation-reduction chemistry of 
roll-front uranium deposits in the Shirley Basin, Wyoming 3 (see following 
sections). 

A.2 SHIRLEY BASIN, WYOMING 

A.2. 1 Stratigraa 

Igneous, metamorphi~, and sedimentary rocks represented in the Shirley 
Basin area range In a~e from Precambrian to Quat~rnary. The igneous and 
metamorphic rocks, as \tell as Paleozoic sedimentary rocks, are exposed 
mainly in the Laramie Mountains. Tertiary sedimentary rocks are wide­
spread at the surfare in the basin and are the host rocks for the urattium 
mineralization. The Wind River Formation of early Eocene age, containing 
the uranium deposits, was deposited in a basin-like depression in rocks 
of Paleozoic and Mesozoic age. Table A.2 summarizes the stratigraphy of 
the area. 3 

Th~ coarse clastic material at the base of the Wind River Formation 
consists of Precambrian granite boulders and smaller fragments of 
quartzite, chert, sandstone, 1 imestotte, etc., derived from the Paleozoic 
and Mesozoic rocks tha' flanked the mountain ranges during early Eocene 
time. The conglomerate, interbedded with thin silt beds, contains 
little or no ~ement. The conglomerate is between 5 and 15ft (1.5 and 
45 m) thick and is overlain by 100 to 200 ft (30 and 60 m) of sandstone 
and some interbedded conglomerate. In some ~laces, considerable silt­
stone is present in this lower interval. The upper 100 to 200ft (30 t~ 
60 m) of the Wind RivPr Formation contains considerable clayey, greenish­
grey siltstone, generally in beds 5 to 20ft (1.5 to 6 m) thick, inter­
calated with sandstone. The sandstone le~ses and beds contain the 
area's uranium deposits. 

The total thickness of the Wind River Formation west of the mining area 
is 425ft (129m). The formation thins to the north and to the east to 
a minimum thickness of about 15ft (4.5 m). The regional dip of the 
Tertiary ~eds is 1 or 2° to the north. 

103 

'1 
1 
1 

l 
l 



0 
.::-

..-.. 
30,000 

ZO,OOO 

10,000 

SOUJTIOfC 
1'\.01\' -

0 6-- I t I l - ...( 

URANIUM 

o I= .r l >=-C" _ ..,.j VANADIUM 

!!00 

0 '-- -,( 1 > - I 

SELENIUM 

10,000 

toOO 

1000 

7000 

•ooo 
~0 ARSENIC 

4000 

:1000 

2000 

1000 

0 

"""" 1!1,000 

SULFATE 
!)OOO 

/ 

0~------~--~----------~----~ 

~ IRON 

MOLYBDENUM 

zoo.oooi JV ~ ! ~ 
.,_j I ~""'-

ol= 

P'I'RITE 

~IZOHTAL DISTANCE 

0 20 40 SOFEET 

0 S 10 METE"S 

Figure A.2. 
Wyoming. 2 

Distribution of trace elements associated with ore deposits in Gas Hills, 

~ , __ .,..,..,.....,.......,., ........... ~~ ... ~~ 



>. .. .. 
" ... 
Ql 

~ 
:> 
0' 

u 
;:; 
"' c 
Ql 

(.) :... .. .. 
E ., 

1:--

II 
"' ::;; 

u 
0 
N 
0 
~ 
<0 
ll. 

STRATIGRAPHIC 
TABLE A.2 

UNITS IN THE 
\'lYOlll NG 3 ) 

SHIRLEY BASIN AREA, 

--- -~- -
Arrrn,imatf" 

G.t"O~te tlmf' unit Rock unat th1r\n-" D("flc-rtptiC'In 
{ft) 

--
Holocene 

Stream alluvium and Surli<-.al dcpo<~l• of l'llt, <and, and gravel; 
0-50 terrace !"ravel 1n some areas mcludes terrace gravel. 

Pletstocene 

-- --------------------------------TutTacecus .,!t•lonc, sand~tone, conglomer-
M1occne Ankaret' Formation 180 ate, and fre•h-v.ater hmestone of fluv,al 

and lacu,tnnc ongin. -------- ------ -------- ..... - --- -- -
liJ•per member- tutTacenu$ <J!t<tnne and 

(On glomerate; fluvu•l a"'l lacu•trme 
Whtte Ihver 

Oligocene 750 l.ov.er member- tuffaceous s1lt'tone apd 
Formation 

clay~tone, predommanlly fluv1al and Ia-
cu•lrlllC . 

-I Lat., Tuffaceou• siltstone, sa'!dstone, conglomer-
and Wagofl Bed Formation I 1~() 

ate, and limestone; ftuv1al and lacustrine 
Eocen~dle ---f-----

~:----------------S1lty claystone, Siltstone, arkosic sandstone, 
Early Wmd River Formation r;co and conglomerate; fluvial -- ~- ---- -

Steele S~.ale 2 000 Thm-hedded carbo'laceous shale, lenticular 
' <andstonr• near top 

r-- - -------------------------
N1obrara Formation 900 Thm-beddetl carbonaceous ~hale, in part cal-

t"areous --,____. ----- ----
Thm-hedded carbonaceou~ shale and ~and-

Front1er Formallon 860 <tnne; Wall Creek Sandstone Member at 

Cretacrous 
,--!\lowry s;~lc 

top --------------------- ------ --
110 

Thm-hcdded siliceous shale; con tams fish 
•~ales 

--------- -- -- ---~------------------
Thermopohs Shale 185 

Th1n bedded carbonaceous <hale; Mudd) 
Sandstone Member near base 

-----------·----
Sand•tone, modcra•ely cemented, even-bed-

('!overly Formation 200 dcd to cro<,sbedded; carbonaceous shale m 
middle 

-------------------- -------
Vartegated waxy mudstone and s1ltstone; 

1\fornson Forrratlon 200 sandstone near base, hmestone concre-
JuraSSIC !tons 

-----------------
Suntl~nce Formal!on 240 Thm-bedded anrl fiss1le shale, sand3tone, and 

sandy hme&tone. ---------
Jelm Formatwn 125 Shale and ledge-forming sandstone; red to 

buff 
-

- Tr1assic Alcova L1mestone 20 Cnnkly hmesto~e and hmy sand•tone -- ---------
Red Peak Formation 680 S1lL•tonc and shale, red, spa1 se sandstone --

interbedded Goose Egg Formation 400 S1lt<tone and sand,tone, red; 
Perm tan hmestonc -- - --- - ------- -------

Dolomttlc hmc,lone and sand,tone, overlam 
Casper Formation 650 PPnnsylvaman by crossbeddcd sandstone an.J quartzate. ---....-----------

MIS,IS&Ipplan Madason Limestone 150 
Dolomitic hmcstone, cherty near top; con-

glomerate and sandstone at base - --
Preeambnan Gramtlc and metamorphic rocks and mafic d1kes 

105 

f 

I 
I 

'"' -- ~ 
I 

' ' 
I 

I 
l 
' l 



A.2.2 Ore Deposits 

The main ore bodies In the Shirley Basin occur in a belt extending 
northwest-southeast for about 6 mi (9.6 km) through the central part of 
the basin. The ore occurs as roll-type deposits in chemically favorable 
sandstone bed~ of the Wind River Formation, at the interface between 
large tab,•lar bodies of altered and unaltered sandstone. The two principal 
altered sandstone units are separated by 50 to 75 ft (15 to 23m) of 
unultered siltstone, llgnltic siltstone, and silty claystone. The upper 
sandstone unit is locally separated ·~to two sands by 30 to 40 ft (7 to 
12m) of sandy siltstone. The upp , sands range in thickness from a few 
feet (meters) at the western edge to about 70 ft (21 m) near the center 
of the basin. The lower sandstone ore horizon is in a single sandstone 
unit that overlies the pre-Tertiary erosion surface. This unit is about 
35ft (JIm) thick as exposed in the Petrotomics pit. 3 

Individual ore bodies In the Shirley Basin are not extensive. Dimensions 
of the larger known ore bodies are up to 200 ft (61 m) wide, 30 ft (I m} 
thick, and a few hundred to a few thousand feet long (parallel to the 
altered tongue edge). Such an ore body may contain several hundred 
thousand tons of ore with an average grade of between 0.1 and 0.7 percent 
U308· 

A.2.3 Ore !Uneralogy 

The main epigenetic minerals found in the uranium deposits of the Shirley 
Basin are pyrite, marcasite, uraninite, ferroselite~ native ~lenium, 
hematite, and calcite. Because the ores are unoxidized, no secondary 
uranium minerals are found. 

Uraninite is the only ore mineral identified in the ore bodies of the 
Shirley Basin, but it i& possible that small amounts of coffinite als6 
are present. The uranlnite coats grains of the host sandstone, fills 
interstices between grains, and in some places fills fractures in grains. 
In many cases, the uraninite coats pyrite-marcasite, which itself coa~s 
sand grains. 

A.3 POWDER RIVER BASIN 

The location of the Powder River Basin is shown on the index map of 
Wyomin9 in Figure A.3. The basin is in a north-south aligned syncline 
in which the Tertiary fluvial deposits have been laid down. In the 
southern part of the basin, the source of the sediments was from tne 
south, and the sediments d1p from 1° to 3° northward. 

Three stratigraphic units of Tertiary age are recognized in the Powder 
River Basin. The Fort Union Formation, which is the host for the uranium 
deposits, thickens from a featheredge on the southern margin of the 
basin to 3,300 ft (1,000 m) in the c~ntral portion of the basin. The 
unit overlies the Cretaceous Lance Formation and is, in turn, overlain 
unconformably by the Eocene Wasatch Formation. The Fort Union ~ormation 
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Is composed of interbeaded fine- to coarse-grained sandstone~ siltstone. 
claystone, lignite, and coal. The materials which make up the fonnati~n 
in the southern part of the basin were derived from Mesozoi~ and Paleozoic 
sedimentary roclts, from Precambrian crystalline rocks of the Laramie 
Range and the Granite Mountains, and from volcanic debris from the 
Absaroka volcanic center near Yellowstone. 

The portiC'n of the Fort Union Formation which Is the host for the 
uranium cores is locally referred to as the Highland Sandstone. This 
s~ndstone is relatively consistent laterally and underlies a large area 
in the southern portion of the basin.~ 

The Highland sandstones are arkosic, loose)} consolidated, and contain 
substantial organic debris and tuffaceous material. The sandstones are 
located in the upper part of the Fort Union Formation, as illustrated on 
the east-west cross section in Figure A.~. 

Individual sandstones that contain the uranium deposits are tongue-like 
extensions off the edge of the central Highland sandstone unit, which is 
located approximately 3.8 mi (6 km) from the area of the ore deposits 
and attains a maximu~ thlc~ness of 165ft (50 m). The massive sandstone 
unit ccmsists of disccntinuous sands separated vertically by siltstones, 
claystones, and lignites; laterally, the sandstones exhibit facies 
changes into carbonaceous claystone and lignites.-

A.3.1. Ore Deposits 

The detrital minerals that are fo~nd in the host Highland Sand units in 
the Powder River oasin are crystalline quartz, feldspar, and chert and 
rock fragments. Uranium occurs predominantly as coffinite with lesser 
amounts of uraninite. The coffinite occurs as thin sooty layers generally 
less than 10 microns in thickness and as irregular botryoidal masses. 
Other authigenic minerals in the sandstones are: hematite, yoethite, 
pyrite, calcite, selenium, and sulfides of lead, zinc, nickel, cobalt, 
and manganese oxides. 

Pyrite is found widely distributed in the undxidized sandstones in the 
Powder River Basin and is more highly concentrated in the ore or in 
mineralized zones than in the protore; its distribution is similar to 
that in the Shirley Basin and in the Gas Hills district. Pyrite has 
been virtually totally destroyed in the oxidized and altered sandstones 
where hematite is the most common alteratio~ product and goethite is the 
alteration product adjacent to the reaction front. The protore pyrite 
Is thought to have been formed by the reaction of iron with H2S generated 
during diagenesis by sulfate-reducing bacteria which probably existed in 
the anaerobic, organic muds. 

Calcite occurs as a c~ment in thin seams mainly along the tops ard 
bottoms of the host sandstone units. The altered S3ndstones updip of 
the uranium deposits are virtually barren of calcite.~ 
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A.3.2 ~ and Trace Element Distribution 

Hany trace metals commonly associated with uranium In sandstones of 
other areas are not found in the Powder River Basin in significant 
quantities. Selenium is not common and Its distribution is irregular. 
Vanadium is sometime~ found with uranium but often is not found at alt. 
Molybdenum is not present and lead. zinc, manganese. nickel. and cobalt 
are present erratically a~d only in minute amounts. 

A.4 HONUHENT VAllEY-WHITE CANYON DISTRICT 

A.4. 1 Stratigraphy 

About 5,000 ft (1,515 m) of Permian and Triassic sediments were deposited 
in the Monument Valley-White Canyon urea of southeast Utah and northern 
Arizona. The forMations and their thickness and general character are 
shown on Fi~1ure A.5. 5 

The important uran i urn deposits in the dis tr i ~:: t are restricted to the 
Shinarump member of the Chinle Formation. This formation lies unconform­
ably upon the Moenkopi Formation and consists of sediments deposited in 
stream channels and floodplains. Lenticular beds of sandstone, con­
glomerate, siltstone. and mudstone are typical. Carbonized and silicified 
wood fragments are common and calcite is the principal cementing material. 
The thicknc~ss of the Shinarump is variable from about 10 ft to 250 ft (3 
to /b n~ because of erosion. 

The Monitor Butte Member consists of a thin and discontinuous basal 
sandstone unit overlain by a thick mudstone. The Monitor Butt~ Member 
is thickest in northern Arizona where it is approximately 250 ft (76 m} 
thick. It thins northward to a feather edge as a result of erosion 
which preceded deposition of the Moss Back Member. 

The Moss Back Member is rnly present in the northeastern portion of the 
Colorado Plateau where it is the host for uraniu.."l deposits. principalt-­
in the lisbon Valley area. This member is composed of sandstone. silt­
stone, mudstone. and some conglomerate sandstone. The Mess Back Member 
ranges from a feather edge in the south to 150 ft (45 m) thick to the 
north. 

The upper members of the Chinle Formation consist of about 500 to 1.000 ft 
(152 to 304m) of varicolored mudstone and siltstone with minor sand­
stones. 

The uranium deposits of the Monument Valley-White Canyon ~rea are gener­
ally restricted to the carbonaceous sandstone and conglomerate beus at 
the base of the Shinarump ~ember of the Chinle formation. In cross 
section. they are sometime~ lens-like or pod-like. but more often have 
the typical roll-front configuration. The lengths of the ore bodies 
range from a few feet to thousands of feet and their thicknesses range 
from a fe.1 inches to 10 or 15·ft. 6 
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A.lt .. 2 Ore Deposits 

In the unoxidized portions of the ore~ In the Konument Valley-White 
Canyon district. uraninlte and coffinite are the main uranium minerals. 
Vanadium minerals in this unoxidized ore are commonly montroseite, 
corvuslte, doloresite, and vanadium hydromica. Sulfides of iron, copper, 
and lead are also present. 

Calcium carbonate is present as the cementing material in most of the 
mineralized sandstone units. In the Monument Valley mines, calciuw 
carbonate r•nges from 1.4 to 10.3 percent; in the White Canyon mines it 
ranges from 1.3 to 8 percent. 

The vanadium and copper content of the ores in this district is relatively 
high, ~nd for many years the mines in the area were a principal source 
of vanadium. As much as 1.2 percent V205 and 2.5 percent copper have 
been determined in ore assays. In general, the vanadium content of ore 
in Monument Valley decreases from east to west and the copper content 
increases in the same dlrection. 5 

A.S URAVAN DISTRICT 

A.S.l Stratigraphy 

The Morrison Formation is the host rock for most of the uranium deposits 
In the Uravan district (Figure A.6) and i~ divided into two members: 
the Salt Wash Member and the Brushy Basin Member. The Salt Wash Member 
has an average thickness of about 250 ft (76 m) and consists of three 
prominent sandstones separated by layers of mudstones and thin sandstones 
lenses. The sandstone units are remurkably sim:lar throughout the 
district, consisting of fine to medium graiPed quartz sand with minor 
amounts of feldspar, chert, and heavy minerals. Clay minerals occur DS 
films coating sand grains and as lenses of claystone and ~udstone. Iron 
occurs as limonite in the light brown portions of the sandstone and as 
pyrite and marcasite in unoxidized portions of the unit. Cementing 
materials in the sandstones consist of silica, calcite, dolomite, and 
gypsum. Carbonaceous material occurs in certain portions of the ore­
bearing sandstone, representing coalified remains of vegetal matter. 

The Brushy Basin Member ranges from 400 to 500 ft (121 to 151 m) in 
thickness and consists of variegated mudstone, with lenses of siltstone, 
sandstones, and conglomerates, principally in the lower portion. 

The ore deposits of the Uravan Mineral Belt are relativ&ly small tabular 
or podlike bodies, commonly elongate in the direction of the long axis 
of ~andstone channels. rvpical roll-front deposits are a· few feet wide, 
5 to 10ft {1.5 to 3m) thick, and several hundred feet (meters) long. 
Individual ore bodies commonly contain about 3,000 ton (2730 tonne) of 
ore. 7 
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A.S.2 Ortl Depos 1 ts 

~ The principal uranium minerals in the unoxidized ores are uraninite and 
~ coffinite; In the oxidized ores, carnotite with some tyuyamunite are the 

"'l-:.epresentat i11e minerals. Vanadium-bearing clays are the main vanadium 
Minetals in both the oxidized and unoxidized ore. 11ontroseite .l.s the 
main red~~_van~dium species, and upon o~idation, carnotite, hewettite, 
maetahewettit~;-pascoite, rauvite, fervanite, and hummerite are formed; 
these minerals, however~ account ior only an insignificant portion of 
the total van3dium. The ores of the Uravan Mineral Belt have vanadium­
to-uranium ratios of 3:1 to 10:1 and no significant deposits of one 
~etal have been found without the other. Associated trace metals are 
mo~,bdenum, copper, silver, selenium, chromiur-, nickel, cobalt, rare 
earths, and mang~nese. 7 

A.6 AMBROSIA LAKE DISTRICT, GRANT'S HINE~AL BELl 

Th~ 1-.. ,rrisor forrr.atiC'•l i5 the 11osr f:;~r 10$!. of the ~·anium deposits in 
_he f\<b,-c-c!a Lal..t:. Dr.-tncc {see Fi£ ... r•~ P. 6}. ;;: ·:; 'lderlain by the 
t'luft S:ndstof'e of La!.e J..!rac;s&c a:Je ,::,,o is ov..er!,;in ~·y the Dakota 
•Or.,a::io;- of [arlt tretaceous Age. 1t•e l'l<.,..r;so'l ~:,,..!!' tion is divided 
:ran th~e._ membc--:. :·.~ ?•;c.c:p~t·•.:. t;.:- l..!~t·'·":-",.. t,a~ on, and the Bru<>hy 
Bos 1 :~ M~..~--/.>er { Ft gurc , _::. 

7 ne '<t.c<•;>t ill' 11 .. 'r-"· .~ _•xp~· 'd cf 3i:er; • "" _: legated greenh',-:.rey 
"•Jd<>t:."~~-. -.,•ro:>l <,!,oro 'v-o~·ish r..o" o;.r••,. .~astor.'?, and minor amc.nts of 
· .... :te a':5 oc:fl, co.:;~~=·,"-~ -•• ~c!, '~•d:.-: ... r sandstones. This mernbt:l 
\or res i- tl .t~'l• "!. '- ' ; ~.' to 23'- ft (41.5 to 70 m). 

·,,., '-J·<> .-.'ontr C?.<Vl1., ;<!..._·:.:er '"'a fluvial arkosic sandstone interstratified 
.·r t 1 ,.rc-.- ~· .. cwltS of ~~.:a~tc,.-o. The member ranges in thickness from 30 
U:. 7].> ft- t9 ':0 8~ ,,,). ThiS t.nit was depcsited by anastomosing streams 
... iorcn ;:.tt.,l •• c.; c1 cu·j)IC'x of (!l'.continuous channel sands. The grain size 
af "·,e 5.3 Hh ~0nec- ,•a. , e<; f.,.,,!' very fine to very coarse. 

r-,,! ~ •• ~1-y Ba:;i,.. r:<>:1Lt-r :~·-ists of gray, greenish-gray, and yellow 
<-oi:':~·•re and 'fL,•:tc.rc. •.• ~1 ~.cattered thick sandstone lense!> that are 
, •• ·;. ;cr ir- l it:h.:: 1 \•~( tc ··•: '·lestwater Canyon Sandstones. The total 
c~·c~•es_ cf thrs ·-~!~r ts between 62 and 128ft (19 to 39m). One 
'>d'1c'stc.>e -<-d rJ(n' :..1e Las·~ of the Brushy Basin Member is widespread and 
·, ',n::o.·m ,;"' tnr• ,~?I <;en C.>nyon Tongue. In some ploc.es in the district, 
: c re~~s J;:or the we::.t•- ter Canyon Member al'ld is indistinguishable from 
:"; e•sc.1~re :t •<; st,.•::ro ed frcm the Westwater Canyon Member by about 
., ) f t f 1.: ·· 1 of m•11s !:.<J,,'. Near Laguna, a thick. sartds tone channe 1 in tne 
t.rust.}' s .. s•:. ~:Po•ll•t•r of t'1: Morrison has beer. named ti1e Jackpile Sand-
.. 0.u•, ..,,~il.h ,, • ..• e host ock for uranium ore at the Jackpi le Hine. 

114 



VT 

NORTHWEST 
AMBROSIA 

LAKE AREA 

0 5 10 MILES 

NORTH LAGUNA 
AREA SOUTHEAS~ 

Figure A.]. Cross section of the Ambrosia Lake District, New Mexico showing the stratigraphy of the t1orriso'l Formation. 9 

' ' 

·-,~ ........ k ,;.,., ~ • ..,_,. ..... ~~:4 



A.6.2 Ore Deposits 

1he uranium ore bo~ies are typically layered, parallel, or subparallel 
to the stratification, and occur at all stratigraphic horizons in the 
Westwater Canyon Member and in the Poison Canyon Tongue of the Brushy 
Basin Member. The unoxldized ore bodies of Ambrosia Lake have been 
divided into pre-fault ore and post-fault ore. The pre-fault ore appears 
to be the d•~lnant type, in which mineralization is strictly controlled 
by stratigraphic parameters; the post-fault ores are control!ed by both 
stJatigraphic and structural features. In the Ambrosia Lake District, 
individual ore bodies are arranged en echelon, both vertically and 
horizontally, and are as much as 3,000 ft (909 m) long, several hundred 
feet (meter) wide, but rarely more than 15 ft (4.5 m) thick. 

The principal uranium minerals in the unoxidized deposits are coffinite, 
uraninite, and uraniferous carbonaceous material. The common secondary 
uranium ~inerals found in the Ambrosia Lake District are tyuyamunite, 
metatyuya~unite, carnotite, zippeite, andersonite, and bayleyite. 

~ 

The non-ore epigenetic minerals commonly found in the district are 
pyrite, marcasite, calcite, jordisite, ilsemannite, ferroselite, native 
selenium, barite, and pascoite. Other minerals identified in the dis­
trict are autunite, becquerelite, hydrogen-autunite, metatorbernite 
phosphuranylite, schoepite, sklodowskite, soddyite, and uranopt-ane.' 

A.7 GULF COASTAL PLAIN REGION 

All of the uraniu~ production from the Gulf Coastal Plain Region is from 
Tertiary rocks in South Texas, as shown on Figure A.8. 

A. 7.1 Stratigraphy 

The host reeks for the uran1uT. deoosits in the Karnes Co~nty District 
are typically ~ands and sandstones containing volcanic ash, interbedded 
dith ~entor.itlc clay~ and tuffaceous silts that are 1ocally almost pure 
volcanic ash. In the Karnes district, consioerable amounts of carbonaceous 
material are present as thin beds of impure lignite. Sands are shallow 
marine, deltaic-lagoonal and barrier-bar deposits, interbeddeJ with 
near-shore c~rbonaceous swamp deposits and beds of water-laid, acid 
volcanic ash. 10 

In the Live Oak County District of South Texas: the host rocks are 
fluvial sands which are interbedded with silts and clays. These flood­
plain depvsi·ts reach a thickness of about 300 feet (100 m). 

The Felder uranium deposit in the Oakville District has formed in a 
carbonate-rich arkose which contaans no carbonaceous debris. The ores 
consist of coffi~ite and ur3ninite that coat grai 1s and fill interstices. 
The reducing agent inv~lved in the precipitation of the uranium i3 
thought to have been hydrogen sulfide from oil and gas reservoirs 
associated with fault traps. 10 
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Ore Deposits 

The uranium minerals found in the oxidized portions of some of the 
deposits in Texas are uranyl phosphates and silicates. Vanadates are 
present but are of minor importance. In the reduced portions of the 
deposits, uraninite and coffinite are the principal ore minerals. 
Microscopic pyrite is found interstitially in the reduced ore zones in 
the Oakville Oistrict. 10 

A.].3 Trace Element and Minor Element Distribution 

Figure A.9 show the distribution of total iron, uranium, pyrite, selenium, 
vanadium, arsenic, sulfate, cobalt, copper, and molybdenum along samplt 
traverses from oxidized sandstone, across the ore, and into the reduced 
zone in front of the ore at two localities in Karnes County and one in 
live Oak County, Texas. 2 

A.8 GREAT PLAINS REGION 

Host of the historical production of uranium in the Great Plains Region 
has been from the Southern Black Hills area of South Dakota and Wyoming. 

A.8.1 Stratigraphy 

Rocks ranging in age from Pr~carnbrian to Quaternary are exposed in the 
Southern Black Hills district, but only two formations in this extensive 
section appear to be important to uranium mineralization. The lnyan 
Kara Group of Early Cretaceous age 1s the principal host unit, ar.d the 
Minnelusa Formation of Pennsylvanian and Permian age appears to be the 
main aquifer in the region through which uraniferous waters entered the 
lnyan Kara Group. 

The Minnelusa Formation consists of approximately 1000 feet (303 m) of 
interbedded sandstone. shale, limestone, dolomite, and anhydri~~. The 
upper half of the section in some localities contains up to 250ft 
(76 m) of anhydrite and gypsum in beds ~p to 25 feet (7.6 m) thick. In 
other localities throughout the district, no gypsum is found in this 
section, and only brecciated sandstone and limestones remain. Breccia 
pipes which generally bottom in the Minnelusa Formation may extend 
upward for distances of between 200 and 1,300 feet (61 and 394m); 
diameters may range from some tens to several hundred feet. 11 

The lnyan Kara Group in the southern Black Hil:- consists of the Lacota 
and Fall River Formations of Early Cretaceous Ag~. The rocks of the 
group are of continental origin. 

The Lacota Formation is composed of the Chilson, Minnewaste Limestone, 
and Fuson Members and ranges In thickness from 200 to 500 feet (61 to 
152m). The Chilson and overlying Fu~on Members consist chieft? of 
siltstone, claystone, sandstone, and some carbonaceous shale. 
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Locally, a lacustrine limestone, called the Minnewaste Limestone Hember, 
overlies the Chilson Hember. This unit ranges in thickness from a few 
inches (em) to 80 ft (24m) at its thickest and is common!y brecciated 
and recemented with calcite. 11 

The Fall River Formation is composed of sandstone, siltstone, and mud­
stone, 100 to 160ft (30 to 43 m) thick. The formation is similar to 
the underlying Lacota and also consists principally of lenticular channel 
and floodplain deposits, characterized by rapid facies changes. 

A.8.2 Ore Deposits 

The &redeposits in the southern Black Hills district are confined to 
four units of the lnyan Kara Group. These units are the moderately 
carbonaceous Fluvial Unit 1 in the Chilson Member of the Lacota Formation, 
noncarbonaceous Fluvial Unit 4 of the Fuson Member of the Lacota For­
mation, the noncarbonaceous Fluvial Unit 5 of the Fall River Formation, 
and the highly carbonaceous sandstones and siltstones of the lower unit 
of the Fall River Formation. 

The ore deposits associated with the reducing sediments are often partially 
oxidized and the ore-forming minerals commonly found are corvusite, 
rauvite, carnotite, tyuyamunite, as well as uraninite and coffinite. 11 

A.8.3 Minor Element Distribution 

Figure A. 10 shows the distribution of various elements and compounds 
relative to the oxidation-reduction interface in some uranium deposits 
of the southern Black Hills. The distribution of the various elements 
is generally similar to that in other mining districts. 
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Appendix B 

REGION~l HYDROLOGY 

B. 1 THE WYOMING BASINS 

8.1.1 Geographical Features 

The mountain ranges of the Middle Rocky Mountains and the Black Hills, 
ard the intervening structural b~sins of Wyoming, began to form during 
t~e Laramide (late Cretaceous) rr)untain-building period. The mountains 
have cores of igneous and meta~Jrphic rock. Erosion of the mountains 
provided the sediments that have accumulated in the subsiding basins 
since early Tertiary time. Thus, as much as 6,600 ft (2,000 m) of 
predominantly fluvial, deltaic, and lacustrine Tertiary deposits overlie 
the older rocks at the centers of individual basins. ~dditionally, 

lignite and bituminous coal are found in nearly all V·.-oming basins and 
oil shale is present in the Green River Basin. The sedimentary strata 
are major aquifers throughout the basins and locally are reservoir rocks 
for petroleum and natural gas. Moreover, about 30 percent of the United 
States• reserves of uranium are found in the Wyoming basins. 

The principal basins, ranges, and other structural elements of the 
Wyoming area are shown in Figure B.l. A generalized geologlc section 
(Figure B.2) through the Powder River and Bighorn basins of northern 
Wyoming is rE~presentative of other basins in the region. 

Landforms are highly variable; they include the deeply dissected and 
glaciated high mountain ranges and the nearly flat-lying or gently 
inclined sedimentary rocks of the basins. Rolling hills, plains, river 
terraces, mesas, and badlands ar~ common features. The older strata, 
adjacent to the uplifts, dip basinward at steeper angles and form hogbacks 
in the foothills. 

Precipitation varies from 20 to more than 35 in. (50 to 90 em) per year 
in the forested mountain ranges, most of it falling as snow. Precipi­
tation in the eastern plains, which occurs mostly in the spring and 
early summer, is about 12 to 16 in. (30 to 40 em) annually. In the 
western basins, preci~itation is about 6 to 8 in. (15 to 20 em), which 
is only marginally adequate to sustain the region's vast grasslands. 
Irrigation is required for dependable crop production, and in areas 
where water supplies are available and the grorling season is suffi­
ciently long, as in the lower North Platte and Bighorn river areas, 
crops such as corn, sugar beets, and potatoes can be grown. 

B. 1.2 Surfac~-Water Hydrology 

With the exception of the Great Divide Basin that crain~ internally, the 
Wyoming basins that have a potential for in-situ leach mining or where 
the method is presently (1978) in use are located to the northeast of 
the continental divide and thus drain in that direction to the Missouri 
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River. The Green River Basin, which may have uranium deposits suitable 
for in-sit~ leach mining, is part of the Upper Colorado River Basin and 
drains southwesterly. Of the tributaries to the Missouri River, the 
largest within Wyoming is the Bighorn River and Its major tributary, the 
Wind River. The Powder River structural basin is drained by the north­
flowing Powder and Tongue Rivers, and by the Belle Fourche, Little 
Missouri, and Che-yenne Rivers, flowing to the northeast and east. The 
North Platte River, within Wyoming, receives considerable inflow from 
drainage of the Lar~mie Mountains and drains the Shirley Basin and 
Crooks Gap areas; major tributaries are the Medicine BQW and SweetHater 
Rivers. In addition to these rivers, there are others of perennial flow 
in their upper reaches, but most stream channels have only intermittent 
flow. Drainage basins and their relation to the region•s structural 
basins are shown in Figure B.3. 

About 80 percent of the annual streamflow, largely resulting from snow­
melt, occurs from April to July. During the remainder of the year, 
baseflow is primarily sustained by effluent ground water. There are 
considerable departures from average discharges due to variations in 
precipitation from year to year. The average annual discharge (1~48-
1968) of the Bighorn River at the northern boundary of Wyoming is about 
3.68 million ac-ft (4,540 hm3), all of which originates within the 
State. The second largest discharge is that of the North Platte River, 
1.22 million ac-ft (1,505 hm3), about 43 percent of which is from water­
sheds in Colorado. Major diversions for irrigation are made from these 
rivers. The average annual discharge of the Powder River is 0.42 
million ac-ft (518 hm3), of which about 16 percent is used for irrigation. 
Average annual discharges of the ~-incipal rivers in the Wyoming basins 
ea and estimates of major uses of surface water are given in Table B.l. 

The streams of northeastern Wyoming carry a considerable silt load 
during times of high flow, as the result of sparse vegetative cover, the 
incompetent nature of the surficial deposits, or poor farming practices. 
Total dissolved solids not only vary with stage and season, but there 
are wide variations in chemical quality in adjacent areas. Although 
most of the waters are hard and contain from less than SOO to more than 
2,000 mg/1 of TDS, they are generdlly suitable for irrigation and 
livestock use. The more highly mineralized waters commonly are of the 
calcium or sodium sulfate type, reflecting gr~und-water inflow from 
areas containing gypsum deposits. Another natural source of ~alin1ty is 
the hot springs (3,500 mg/1 TDS) in the Bighorn River Basin. 

The major use of surface water in northern and easte n Wyoming is for 
irrigation, amcunting to 1.7 million ac-ft (2,100 hm3) per year or 94 
perce~t of total diversions, the remainder being small amounts for 
municipal, domestic, stock, and industriai uses. A summary of surface­
water use, by river basin, is included in Table B.l. Of a total industrial 
use of 16,400 ac-ft (20 hm3), about one half is used by the coal-mining 
and allied industries, while the oil and gas, mining, cement, and other 
industries consume the remainder. It Is anticipated that the needs of 
the petroleum industry for suffa=e and ground water will decline as 
early as 1$80 as the result of reservoir depletion. Large amounts of 
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water, however, wt11 be required by the coal industry in the coming 
years, particularly in the Powder River Basin, where consumption is 
expected to increase from about 3,000 ac-ft to 468,000 ac-ft (3.7 to 
577 hm3) in 2020. 2 Presumably the needs of the coal and related indus­
tries will be met by transbasin surface-water diversions, possibly from 
the Green or Bighorn River basins. Present and ~~ture needs of the 
uranium mining and milling industries presumably can be met with ground 
water. 

B. 1.3 ~round-Water Hydrology 

Ground water in the Wyoming basins is found principally in sedimentary 
strata of Tertiary age, and in more recent alluvial and terrace deposits 
along major drainageways. Some older sedimentary strata, such as the 
Madison Limestone, ar~ important aquifers because of their high trans­
missive capacities. 

Shallow ground water in the basins is found under water-table or perched 
conditions, while the deeper aquifer systems are commonly confined. 
Recharge to the confined aquifers is i'l their outcrop areas, adjacent to 
the mountain ranges. The principal source of ground-wat·~r recharge to 
all aquifers is the direct infiltration of precipitation or the infil­
tration of streamflow derived from precipitation in the mountain ranges. 
In the central portions of the basins, precipitation is low and generally 
inadequate to effect direct rec~arge of water-table aquifers, except 
where it might be concentrated intermittently in stream channels. In 
the lower reaches of perennial streams, ground water is generally 
effluent, sustaining the baseflow of rivers throughout most. of the year. 
Thus, ground-water flow !n the water-table aquifer is controlled by the 
position and gradient of the rivers, and generally is from areas of high 
elevations toward the rivers, and then northerly and easterly where the 
rivers leave the basins. 

The unconsolidated alluvial sands and gravels and terrace deposits near 
the major rivers of northeastern ~yoming commonly yield 500 to more than 
1,000 gpm (31 to 63 1/s) ~~ individual wells. Their thickness averages 
50ft (15m), except near -he North Platte River, where alluvium extends 
to about 300ft (91 m) ancl well yields as high as 3,0GO gpm (190 1/s) 
have been reported. 2 

Late and middle Tertiary rock~ are predominantly fluvial and lacustrine 
claystones, siltstones, and sandstones, with tuffaceous siltstones and 
conglomerates, and include the Arikaree and W11ite River forffidtions. 
These strata have been la1·gely eroded In the Powder River Basin; the 
sandstones of these formations are useful aquif•'rs, which may yield 
several hundred gpm (tens of 1/s) from depths of 600ft (180m). 

The most extensive water-bearing units are the early Tertiary strata in 
the central portions of t~P. major basins. These are alternating, 
lenticular ~h~les and sandstones, interbedded with coal and carbonaceous 
shales of fluvial and lacustrine origin. The units are included in the 
Fort Union Formation, which is more than 3,000 ft (900 m) thick in parts 
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of the Pcwder River Basin, as well as the Wasatch and the corresponding 
Wind River and Battle Spring Formations. These rocks are characterized 
by abrupt facies changes and by their generally low permeability. Wells 
commonly yield only 5 to 10 gpm (0.3 to 0.6 1/s) of water of fair to 
poor quality, although yields as high as l,OCO gpm (6J 1/s} have been 
reported. 

Older sedimentary strata have been downfolded in the subsiding basins 
and are exposed on the flanks of the uplifts. The rocks of late Creta­
ceous age are similar to the overlying Tertiary rocks in that thev 
consist of shales, carbonaceous shales, some coal, and interbedded 
sandstones. The latter may be the only available aquifers in some 
areas; yields are generally low, but may be as high as 500 gpm (31 1/s) 
from fracture zones. Other Mesozoic formations are generally poor 
aquifers, consisting of extensive shale sections, interbedded with 
gypsum and clayey sand, or calcareou~ sandstone~ of low permeability. 

Rocks of Paleozoic age also crop out adjacent to the mountains and dip 
basinward to a depth of 10,000 ft (3,000 m) and more. The·t are shales, 
calcareous shales, sandstones, limestones, and dolomites. The Tensleep 
and Antsden formations of Pennsylvanian age are predominantly sandstones 
that can yield several hundred gpm (tens of 1/s) from fracture zones. 
The Madison Limestone, of Mississippian age, is capable of ve;y high 
yields from zones of solution channeling. Common productivity is sev­
eral hund1ed gpm (tens of 1/s), but yields as high as 9,400 gpm (590 1/s) 
have been reported. Wells completed in fracture zones in the igneous 
and metamorphic rocks of the mountain ranges generally yield Jess than 
25 gpm (I.S 1/s). 

Distance from recharge areas and changes in lithology and permecbility 
of all a~uifers cause a considerable vertical and horizontal variation 
in water quality. Thus, w~ter from the shallow alluvial aquifers and 
from Tertiary strata may contain from less than 200 to more than 4,000 mg/1 
of TDS. In the fresher waters, calcium, sodium, and bicarbonate are the 
doMinant ions, whereas the more mineralized waters contain a larger 
portion of sulfate. The waters are moderately to ~ery hard, but generally 
suitable for livestock and irrigation use. In nany areas of the basins, 
they are only marginally suitable for domestic ~se. Ground water in the 
deeper Tertiary and older strata, including the Madison limestone, may 
contain several thousand mg/1 TOS, requiring demineralization for some 
uses if alternate sources are not available. ~reover, in many widely 
scattered are~s of petroleum and natural gas production, the ground 
water in the reservoir structures may be highly saline, containing as 
much as 200,000 mg/1 TDS. 

Some chemical analyses of ground water and water from springs in the 
Powder River and Shirley basins are given in Table 6.2. The data are 
representative of the fresher ground water in Tertiary strata, with TDS 
content ranging from 160 to 1,250 mg/1. The docrinant ionic Lonstituents 
are calcium, sodium, sulfate, and bicarbonate; chlorides are character­
istically low, ranging from 2 to 32 mg/1. The analyses shown pertain to 
water samples taken within and close to uranium-ore bodies, and also 
from sources distant from areas of known uraniur.1 mineralization. 
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TABLE B.2 3 - 6) 
CONCENTRATIONS OF SELECTED CONSTITUENTS IN GROUND WATER, WYOMING ,~, 

(in mg/1) .!/ 

Shirley Basin Powder P~ver Basin 

Parameter (1) (2) (3) (4) (5) (6) (7) (B) 

TO!.) 1,'250 309 lGO SGa 402 452 376 

Total Hardness 
as CaC03 383 116 92 388 222 55 12 

pH 8.2 7.6 7.8 7.0 7.9 8.5 8.8 

ca 114 40 24 126 61 19 4.3 

Mg 24.0 3.9 7.8 18.0 17.0 1.9 0.49 

Na 268 67 22 14 56 137 122 

K 8.4 6.4 2.0 8.4 9.0 2.8 1.3 

HC03 116 280 134 190 268 103 lOS 

C03 0 0 0 0 0 2 9 

C1 32 6.0 2.0 4.0 6.0 8 12 10 

so4 794 24 29 243 141 119 224 124 

N03 (as N) .14 .48 .57 1.5 .o:; .03 
w 

NH3 (as N) .1 .15 

F .6 .1 .4 .l .2 .34 .64 

B - - - .63 .2 .1 .1 

Fe .ol .09 .oo 7.6 .02 .03 

Mn .49 .oo .oo .oo .oos .0001 

Pb 0.002 .02 .02 

Cd .002 .005 .oos 
Cr <.001 O.ll .oos 
Hg <.0001 .0001 .0001 

Zn .007 .04 .12 

Ni .01 .01 

As .oo - - .oo .0015 .02 .01 

Se .001 .002 - .ooo <.001 .018 .007 

Mo 
.1 .04 

Cu <.001 .005 .01 

v .042 .001 

u ).lg/1 14 76 30 26 95 215 l.S 

Ra-226 pCi/1 6.8;!: 1.4 1.9 ;!: .4 2.4 ± .5 2 ± .4 470 0.56 141 ± 12 0.1 ± .4 

!/ Except pH, u, and Ra-226. 

~ - ....._ ..... _,_.,_ ... _, 

........ _ ... - ·--.. -~-



Consumpti\~ use of ground water in northeastern Wyoming (Table 8.3) was 202,200• ac-ft {250 hm3) In 1973, or about 9 percent of total water consumption. More than one half of the total ground-water consumption was for irr-igation, particularly in the Platte River Basin, where grouud­\\•ater usE~ for irrigation ic; expected to increase about threefold by the year 2000. h similar increase is forecast for the Big~orn River area, while irris~tion use in the other northeastern Wyoming River basins is c~xpected to continue at about present rates. 2 A relatively small amount of ground ~tE!r, 29,100 ac-ft {36 hm3), was used in 1973 for municipal and domestic ~~pply and to meet stock requirements. Ground-water cqnsump­tion for ir~d.:strial uses was about 45,600 ac-ft (56 hm3) in 1973, largely by the pet1·oleum, coal, mining, and other industries. The use of ground water in tr~ secondary recovery of petroleum presumably will decline as the result of reservoir depletion in the next fe1'1 years, whereas larger amounts 1•iH ibe needed by the uranium mining and milling industries. In part, the g~eatly increasing requirements of the coal and related energy industries ~ay be met by ground water in the future. Relatively large supplies can be obtained from artesian wells tapping the Madison limestone or Tens Jeep a.'ld Amsljen Formations. Demineralization of water from these sources, no.ever, may be necessary for some uses. 

Aquifer characteristics, deduced from a small number of pumping tests in the Shirley and Powder River basins, are tabulated in Table 8.4. They are believed to be representative of the water-bearing properties of the early Tertiary rocks in other basins of \.Jyoming. 

B. 2 COlOR.A..\Nl PLATEAU REG I ON 

Although ura~~~ mineralization in the Colorado Plateau Region is found in sedimenta:rt rocks ranging in age from Cam~rian to Eocene, the princi­pal deposits c~cur in fluvial sandstones of the Morrison and Chinle 
Formatio~s. c~ Jurassic and Triassic age. There are three major areas on the Colo~a~~ Plateau where in-situ leach mining is applicable: (I) Ambrosia La~e ~ining district and large adjacent areas of the Grants Mineral Belt~ northwestern New Mexico; {2) Monument Valley- Whit~ Canyon, sou:heastern Utah and northern Arizona; and (3) Uravan Mineral Be It, souttH.-estern Colorado and eastern Utah.· In a fourth area, the lisbon Valle~ Oistrict of southeastern Utah, the host rocks (Chinle Formation) a~?Grently are too tightly cemented with calcite to permit in-situ leach r.ining. These mining areas and the principal tectonic features of the :ol~rado Plateau are shown on Figure A.6. 

B.2. 1 Gra~ts Mineral Belt, New Mexico 

8.2.1.1 Geocraphic FeQ~ures 

The Grants dr.eral belt extends northwesterly from Laguna, New Mexico for about 90 mi (i~5 m) to the vicinity of tallup, New Mexico. The belt 
i~ about 35m; (55 km) wide and ~hrcughout most of its extent, except along the so~t~stern margin, uranium is mined from saturated deposits; some mines ra: ~e as deep as 2,000 ft {610 m) or more. Potential areas of in-situ ieac~ mining are the Ambrosia Lake Mining District, Smith lake, Laguna. :~urch Rock, and Crownppint. 
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TABLE B.J -
GROUND-WATER USE IN NORTHERN AND EASTERN WYOMING, 197l2 ) 

(Acre-feet) 

Municipal, 
Domestic, 

BasJ.n or Area IrrigatJ.on and LJ.Vestock Industri3.1 Total 

B1ghorn R1ver 12,800 7,300 25,800 45,900 

Northeastern 
Wyoming 8,700 8,100 16,800 33,600 

Platte River 106,000 13,700 3,000 122,700 

Total 127,500 29,100 45,600 202,200 
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TABLE B.4 
AQUIFER CHARACTERISTICS, SHIRLEY AND POWER RIVER BASINS, WYOMING 3 ' 4 ' 5 ' 6) 

(l) (2) (3) (4) 

Basin Shirley Powder River Powder River Powder River 

Formation Wind River Fort Union Fort Un:Lon Wasatch 

Litmlogy Sandstone Sandstone Shale Sandstone 

Porosity (~~~cP~7l - 29 - 20-35 

Permeability (gpd/ft2) 80 15-25 < o. 002 7-12 

Transm:Lssivity (gpd/ft) 8,000 - - 1,030-1,410 w 
.l:-

-4 -4 Storage Coefficient 2 X 10 - - 1.85 X 10 -
6.7 X lo-5 

Well Yields (gpm) 400 50-130 - 15-20 
.~: 

... ~v~;~t~.-.F~~~1 



,. The area Is domlnaced by the Zuni Mountains and Ht. Taylor, a volcanic 
peak whose crest Is 11,489 ft (3,470 m) above sea level. On the north 
flank of the Zuni Mountains, which have a core of igneous rocks, the 
uplifted and eroded sedimentary rocks form cuestas, hogbacks, and broad 
va lle·ys. Buttes and mesas, some capped by bas a 1 t, and vo 1 can i c necks 
characterize the landscape. The region is semi-arid, with precipitation 
of about 10 to 12 in. (25 to 30 em) in the lower areas, and about 16 to 
20 ln. (40 to 50 c.n) at higher elevations. Some precipitation accumulates 
as snow on the mountains, l..uL most is rainfall during brief, intense 
storms during the summer. 

B.2. 1.2 Surface-Water Hydrology 

Most of the Grants mineral area lies to the southeast of the continental 
divide, with drainage toward the Rio San Jose or Rio Puerco, which reach 
the Rio Grande. The western part, incuding the Gallup and Church Rock 
~reas, is drained by the Puerco River, a tributary to the Colorado 
River. There are no- perennial streams in the atea; flows are short­
lived following heavy rains, and lakes such as Ambrosia or Smith Lakes, 
located in natural depressions, are normally dry. The only permanent 
body of surface water is Bluewater Lake, a reservoir on the Azul and 
Bluewater Creeks. lA years of adequate supply, water can be released to 
permit irrigation of about 2,000 to 4,000 ac (800 to 1,600 ha) in the 
Bluewater Valley. At a gauging station near Bluewater, about 8 mi 
(13 km) do,.,nstream from the dam, the flow of Bluewater Creek has been as 
high as 28,930 ac-ft (35.7 hmJ) in 1941, but more commonly is between 
500 and 10,000 ac-ft (0.6 to 12.3 hm3) per year, concentrated in the 
spring and summer months. 8 

8.2. 1.3 Ground-Water Hydrology 

Ground water of generally acceptable quality, In amounts sufficient to 
meet domestic and livestock needs, can be obtained from as mdny as 16 
discrete aquifers in the area. The water-transmitting capa~ity of most 
rocks, however, is low and well yields are correspondingly small. The 
sedimentary ror.Ks, ranging In age from Permian to cr~taceous, dip to the 
north and northeast. They receive recharge from p:ecipitation In their 
outcrop areas, on the northeastern flank of the ZJni Mountains, along 
stream courses, and by infiltration through basd.ts 'apping large mesas; 
elsewhere, in the low-lying areas, precipitatior is $Cant and direct 
re~harge probably is insignificant. Except near their outcrop areas, 
the aquifers are confined, with general flow d.rectlon downdip and 
northerly, toward the center of the San Juan •,asin. Undoubtedly, there 
are local variations which have not been revfaled by existing data. 
Although there i~ no direct evidence, chemic< 1 data suggest that there 
is vertical interchange c~ water from one aqJifer to another; some 
vertical migration presumably occurs along faults and fractures. 

In most of the mineral belt, the Westwater Canyon Member of the Morrison 
Formation (Figure -8.4) is the principal aquifer, yielding sma11 to 
moderate amounts of water that Is generally of better chemical quality 
than water from aquifers above or below. Moderate tc very large yields, 
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however. are obtained from wells tapping the Glorieta Sandstone-San 
Andres Limestone aquifer of Permian age, or Quaternary alluvium and 
basalt at the southern edge of the belt, particularly in the Grants­
Bluewater area. The Permian rocks are as much as 370 ft (112 m) thick 
and comrr~nly yield ~COt~ 300 gpm (6.3 to 19 1/s). Locally, the San 
Andres Limestone i~ cavernous and yields as much as 2,800 gpm (180 1/s) 
to irrigation, industrial, or municipal wells. Elsewhere, however, it 
may be less transmissive or it may have been eroded; and water is obtained 
solely from the Glorieta, which, however, also is capable of substantial 
yields. Both formations form an aquifer that extends northeastward and 
underlies the mining areas at progressively greater depths. Downgradient 
from its area of recharge, water quality deteriorates. Thus, the San 
Andres, reached near Ambrosia Lake at a depth of 2,918 ft (890 m), 
yielded water that contained 2,370 mg/1 TDS. 9 

The Morrison Formation is overlain by the Dakota Sandstone, of Cretaceous 
age. In the Grants and Ambrosia Lake areas, the Dakota is of variable 
thickness, generally between 50 to 150ft (15 and 45 n}, and consists of 
massive sandstones, conglomerates, siltston~, carbonaceous shale, and 
coal. Commonly, wells yield about 10 gpm (0.6 1/s) or less of water 
that is high in TOS; therefore, the Dakota is not used widely for water 
supply in the area, as water of better quality is generally available 
from other sources. 

The Dakota is overlain and confined by the Mancos Shale, a thick sequence 
of rather impermeable rocks of Late Cretaceous age. n.e Gallup Sandstone 
sub-member yields water, under artesian conditions, that is of poor to 
fair quality. Sandstones of the overlying units, however, contain water 
that is of better chemical quality, particularly ne£r areas where recharge 
through the overlying volcanic rocks is possible. Water from rocks of 
the Mesaverde Group discharges in many springs; it may be under sufficient 
artesian head to cause wells to flow, whereas wells tapping the Dakota 
or Morrison Formations generally do not flow above ground level. 

Volcanic rocks of late Tertiary age are common in the Grants area, but 
they are not a source of ground water. They influence the movement of 
ground water, in that Intrusive riikes may imp~de ground-water movement 
and cause spring flow; or they may be permeable enough to permit recharge 
to the underlying formations. The Cebolleta Hountaini and several mesas 
to the east of Grants are covered by a series of basalt ows. Inter­
connected voids, vents, and interbeds of ash facilitate acharge to the 
underlying f.retaceous strata, or cause sprin~ flow at the base of the 
mesas. 

Alluvium and interbedded basalt, of Quaternary age, are a local major 
source of ground water in the Bluewater-Grants area. Wells uo to 370ft 
(112m) deep yield as much as 1,000 gpm (63 1/s) for irrigation or 
public supply. 10 In most of the area, however, including Ambrosia Lake, 
the alluvial deposits are relatively thin or fine-grained, and yie!d 
only small amounts of water of variable quality. 
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The chemical quality of water from the alluvial deposits Is highly 
variable; TDS content may range from less than 1,000 to several thousand 
mg/1, depending on the principal sources of recharge, which are seepage 
from adjacenl~ formations and ephemeral stream flow. 

Chemical analyses of water samples from the princi~at aquifers are given 
in T.3ble B.S. The table includes data on radioactivity of seven water 
samples from wells completed in the Dakota Sandstone and Westwater 
Canyon Member of the Morrison. While beta-activity in all samples wa~ 
considerably below the recow~~nded limit, t~e Ra-226 content of three 
samples was in excess of 5 pCi/1, the upper limit in drinking water 
established by the U.S. Environmental Protection A:;;ency. 11 

Prior to 1951, ground-water withdrawals in the Grants area were re!atively 
minor, consisting of about 12,000 ac-ft (14.8 hm3) per year for irrigation 
in the Bluewater-Grants Valley and insignificant anounts pumped by 
widely sc.3ttered wells for stock use or domestic supply. Because of the 
decline of ground-water levels beginning in 1946, initially due to 
Irrigation pumping, the Bluewater Underground Water Basin was established 
by the New Mexico State Engineer in 1956, to regulate ground-water 
withdrawals. Water levels had declined as much as 45ft (13.7 m), but 
since the .ate fifties the downward trend has been arrested or r_eversed. 
~lith the development of uranium mines and mills in the area since 1951, 
increasing demands for water for industry and public supply have been 
met by a corresponding decrease in irrigation p~ping; the total amount 
of water pumped for all purposes has remained constant at about 13,000 ac-ft 
(16 hm3) per year, which apparently is the maximum yield of the Bluewater 
Basin. Depending on different projected population growth rates for 
Grants, a large part or all of this amount \>till be required for municipal 
supply by the year 2~?0. 12 In 1951, total municipal and industrial use 
in the Grants-Bluewater area was only 250 ac-ft {0.3 hm3); it had in­
creased to 6,050 ac-ft (7.5 hm3) by 1957, when 90 percent of this amount 
was used by industry. 8 

Ground-water use by the mineral industries in H~~iniey and Valencia 
Counties has been 10,000 ac-ft (12.5 h~3) in 1970, largely for the 
mining and milling of uranium in the Grants mineral beli. With growing 
demand for the processing of fossil fuels, this is expected to increase 
to about 56,400 ac-ft (69.6 hm3) by 2020; presumably more than one half 
of this amount will be required by the uranium industry in the Grants 
mineral belt. 12 ' 13 

Following the depletion of outcrop and shall0w deposits, ~1st of the 
uranium production in the Grants mineral belt has been from wet-ore 
bodies within the Morrison Formation. Commonly, seeoage into mine 
st,afts from the Morrison or overlying Dakota Sandstooe is not excessive 
and may be at rates of 100 to 400 gpm (6.3 to 25.2 1/s}; locally, however, 
seepage may be 2,000 gpm (126 1/s) or more, particularly where faults or 
fractures are encountered. Only a small fraction of the water pumped 
for mine drainage Is used In the mi~ing or milling processes and most of 
It Is discharged into formerly dry arroyos, where it infiltrates or 
evaporates. Although the qua11ty of the pumped way nay deteriorate in 
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TABLE B.S 8 9) 
CONCENTRATIONS OF SELECTED CONSTITUENTS IN GROUND WATER, GRANTS MINERAL BELT, NEW MEXICO ' 

San Andres Dakota Morrison Formation 
Constituent A11UVl.Unt Ll..ltlestone Ll..ltlestone 
(mg/1) Y (1) (2) (3) (4) (5) (6) (7) 

•ros 451 1,350 1,050 426 512 834 1,410 
Total Hardness 

as CaC03 307 671 278 16 164 240 782 
pH 7.6 7.0 7.6 8.3 7.3 7.6 7.8 
Ca 39 175 102 5.6 46 59 211 
M-;I 51 57 33 o.s 12 24 62 
N,l + K 39 192 204 147 122 191 131 
HC'03 256 472 340 238 220 314 256 

w CC•3 0 0 0 4 0 0 0 1..0 C1 15 129 25 6.0 8.0 7.0 10 
S04 147 498 500 123 218 381 794 
NOJ (as N) 1.86 .23 .16 .oo .oo .00 3.39 
F 0.4 .2 .4 .4 .4 .5 .6 
B 0.3 
Fe - - 0.2 2.1 .oo 4.0 .43 
Ra-226 pCi/1 - - 27 ±. 5 42 l.l ± .2 1.1 10 ± 2 
Gro~;s Beta pCi/1 - - 75 ± 11 49 18 ± 4 69 39 ± 7 
==--
y Except pH 

dl 

I 
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' the course of the mining operations, the water Is inherently of good 
quality and commonly is-only slightly radioactive. Total dissolved 
solids are generally low and much of the water may be suitable for human 
consumption or other purposes after treatmant. Undoubtedly, a large 
part of the drainage waters can be used beneficially and it has been 
suggestE-d that some abandoned mine shafts be retained as ground-water 
collection systems. 1 ~ 

The average trdnsmissivity of the Morrison Formation in the Grants area 
Is about 1,1100 gpd/ft (17m2/day) and is in agreement with values deter­
mined for siffiil~r low-permeability formations in other mining districts. 
The specific capacities of wells tapping the Morrison Formation are 
correspondingly· low and range from 0.02 to 1.38 gpd/ft of drawdown 
(0.004 to 0.28 1/s/m). The average determined from 32 tests in the 
Grants area is 0.48 gpm/ft of drawdown (0.1 1/s/m). 15 

B.3 SOUTH TEXAS 

8.3. 1 Geographical Features 

Uranium deposits in Texas are fcund \'llthin the west Gulf Coastal Plain 
Province. The area is bounded inland by the outcrop of the Eocene 
Jackson Group and extends 100 mi {160 km) downdip to the Gulf of Mexico, 
paralleling the coast for 300 miles from the Rio Grande to the Brazos 
River, southwest of Houston. Pre~ent mining activity is confined to the 
inner margins of the area to the southwest (see Figure A.8). 

A generally featureless plain rising from sea le~el to 200ft (60 m) 
characterizes the se~ward ~alf of the area. Further inland the land 
rises to about 900ft (270m), but altitudes are generally Jess than 
400ft (120m). Relief between the highlands and the broad floodplains 
of the major rivers that cross the region is about 200 to 300 ft (60 to 
100m). Barrier islands extend along the Gulf Coast. Numerous bats 
characterize the shoreline behind these islands. 

Salt domes are locally unusual features. Although many of the domes 
have no surface manifestation, several form mound~ above the flat plain; 
others are marked by surface depressio~s that.contain small saline 
lakes. 

Most of the region is moisture deficient, as annual precipitation gener­
ally is less than potential evapotranspiration. Precipitation ranges 
from 20 in.(50 em) along the Rio Grnrde in the south to ~4 in. (110 em) 
toward the Brazos in the northeast, where the climate may be considered 
dry subhumid. 17 To the northeast the region is a tr~eless prairie; arid 
shrub vegetation is dominant in the souchwest. Because of levi precipi­
tation, irrigation is required throughout the region tc support crop 
growtn. Irrigation agriculture, however, is a relatively minor activity 
in the area, which is noted chiefly for its livestock prod~~tion. 
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!l:!!.fc!lce-Water Hydrology 

The Rio Grande, Nueces, San Antonio, Guadalupe, Colorado, and Brazos 
Rivers originate to the northwest, outside of the uranium minin:; districts 
of Tey.a.s, anJ flow through and drain the. arP.a to the Gulf of Mexico, to 
the ea~t-sout~east. The perennial lavaca River, however, rises within 
the mining area. The coastal areas are drained by intermittent strPam5 
discharging ~irect1y to the Gulf. 

The average annual discharge of the rivers that flow through the uranium­
mining areas of lexas is approximately 18 million ac-ft (22,200 hm3). 18 

Some of this runoff originates in the uranium-mining area, but the exact 
amount Is ur.knuwn. 

Surface-water· quality is quite variable. The Brazos, Colorado, and Rio 
Grande Riv~rs ha~e the highest salinity levels. Natural salt seeps, 
~astewaters fr~~ petroleum production, and irrigation return flow are 
the primary sources of high TOS in river waters. Some reaches of the 
rivers that flow through the mining area ~Y have a TDS content of up to 
250,000 m~/1. In arP.as that drain directl ,e Gulf of Mexico, water 
generally contains less than 500 mg/1 TDS, ~linity may exceed 
several thousand mg/1 TDS during times of •.... ow. Additionally, the 
downstream re:achcs of all rivers are affect.::d 'uy tides. 18 

Because ot salinity problems, 1exa~ has undertaken a ~tatewlde study of 
water desalinization in 37 cities. Desalinization was Getermined to be 
economically feasible in II of these cities; 7 are in the uraniu;n-minin~ 
area of Texas. 18 

B.3.3 Ground·Water Hydrology 

The Gulf Coasc AGuifer underlies most of the Coastal PI;: in of Texas. The 
aquifer consists of alternating clay, si!t, sand, and gravel beds belongir.g 
to the Catahoula, Oakville, la!:;cuto, Goliad, Willis, Lissie, c.nd Beaumont 
Formations, 'llhic'• collectiw;ly form a regio.1al hydrologlcc:;J ly connected 
unit. 17 The age of these formations ranges from mid-Tertidry to Pleirtocene. 
Sc.ne authors prefer to divide this sequence into three separate aquifers: 
(IJ the Catahoula, Oakville, and lagarto Formations; (2) th~ Goliad, 
Willis, and Lissie Formations; and {3) the Beaumont Formation. 18 Addi­
tlonal'y, recent alluvium serves ns an aquifer in t~e Rio Grande 3nd 
Brazos River valleys. 

Fresh-water occurs in the Gulf Coast Aquifer to depths of more than 
3,000 ft (900 m), and tremendou~ quantities of water are pumped for 
indu5trial, municipal, and irrigation purposes to the northeast of the 
uranium district. 

The aquifer Is recharged by precipitation on the surface Mnd seepage 
from streams crossing outcrop areas. The rate of 'ateral movement or 
ground water through the aquifer varies widely but probably ave~ages a 
few hundred feet per y~ar ~c -.he east and southeast. At the surfare, 
however, grour•d-water flow controllt:d by heal areas of discharge, such 
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as perennial streams, and ground water in the water-table aquffer may 
flow in a direction other than the regional trend. 

Normally, the pressure head in deeper formations of the aquifer is 
greater than that in shallower formations, as it is derived from distant 
outcrcp areas at higher altitudes. In response to this head difference, 
deeper artesian water tends to mcve vertically upward through the con­
fining beds. If the pressure head in deeper aquifers is lower than that 
of overlying aquifers. water will move vertically downward. B~th upward 
and downward vertical movement are evident throughout the region. 

The availability of ground water in south Texas, according to geologic 
sources, is shown in Table 8.6. The major fresh to slishtly saline 
{>3,000 mg/1 TDS) aquifers in scuth Texas are primarily of Tertiary age 
and may be found to a dept~ of 3,6CO ft (1,100 N). The early Tertiary 
Jackson Group, which consists of interbedded sandy and tuffaceous shale, 
calcareous sand, limestone, and lignite beds, is not a major water­
supply ~ource because"of very low yields, The formation may be tapped 
in conjunction with other forn~tions to yield adequate water supplies. 

The Catahoula, Oakville, and Lagarto Formati~ns, which consist of Inter­
bedded volcanic tuff, sand, silt, and clay. are tapped as one aquifer in 
south Texas. The average discharge of wells tapping the aquifer Is 
about 250 gprr (16 1/s), although yields of 1,000 gpm (63 1/s) have been 
mea~Yred. The specific capacities of wells in this aquifer range from 
about 2 to 9 gpmlft of dr~wdown (0.4 to 1.9 1/s/m). 

The Goliad and Lissie Formations, consisting of sand, gravel, silt, and 
clay, serve as the major aquifer for most of south Texas. Tne average 
discharge of wells tapping this aquifer is about 300 gpm (19 1/s), 
although discharge rates as high as I,GvO gpm {63 1/s) have been reported. 
The specific capacities of wells in this aquifer range from iess than 
~ gpm/ft of drawd~n to about 17 gpm/ft (0.8 to 3.5 1/s/m). In the 
uranium-mining areas, only the Lissie F~rmation, of Quaternary age, is 
tapped as a water-supply source. 

The fresh to slig~tly saline aquifers described above are urderlain by 
older Tertiary rocks These include the Carrizo Sand, the Wilcox Group, 
and the Hidway Group. Similarly to the younger rock, these formations 
consist of interbedded sand, silt, and clay with some thin beds of 
lignite. These forrr~tions generally produce saline water and are sources 
of oil and natural gas. The aquifers are used extensively for oil-field 
brine disposal and are being used also to dispose of uranium--leaching 
wastes. 

The chemical qual1ty of ground water varies from fresh to sa'ine, both 
laterally and ve·tica!ly. Generally, the fresh water is slightly alka­
line, being hard to very hard near the surface, but becoming softer with 
depth. Qu~lity deteriorates to the south as chloride and sulfate in­
crease. Huch of the water pumped carries dissolved natural gas and 
hyi·ogen sulfide. 
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Most mining ~nd restoration activities should not greatly affect the availability 
or usefulness of ground water unless uncont;o11ed withdrawals from many sources 
occur. Disposal of leach mi~ing wastes may prove a greater threat to the 
enviromrent than the mining. Natural conditions and/or current state and 
Federal regulations limit the types of disposal methods that may be used. 
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The gr~und water is generally not suitable for irrigation purposes 
because of high salinity or alkalinity, or both. It is used for human 
consumption in the absence of better supplies, although high chloride 
and sulfate give the water a disagreeable taste. High fluoride and 
boron levels may CdUSe a health hazard. Table 8~7 gives some selected 
ground-water quality data. Anaty~es of water samples obtained from 
uranium ore bodies and surrounding areas are shown in Table B.S. The 
dat~ include determinations of mir~r elements and trace metals. Although 
there is no direct basis for comparison, most of these minor constituents, 
with the exception of radium-226, uranium, and ~lybd~num, seem to be 
present in small umounts or in concentrations below their detection 
1 imi t. 

An estimated 150 mgd (0.58 hm3/day) ~f ground water was used in south 
Teyas for all purposes in 1960. About 80 percent was used for irri­
gation, almost entirely in the Rio Grande Valley. Elsewhere, public and 
rural water supplies are the primary use of ground water (13 percent of 
the tota 1). 18 

Although a large volume of ground water is available, is is expected 
that by the year 2020 ground-water use will be reduced to appruximately 
one-half of the amount used today, largely because of low yields of 
individual wells and lack of reliability. Consequently, surface-water 
use is expected to at least triple by the year 2020. 

Uranium is currently being leached from the Oakville and Goliad Formations 
and may be produceable in the Catahoula and Jackson Formations. As 
previously described, each of these formations consists of discontinuous 
beds or lenses of interbedded sands, silts, and clays, with volcanic 
material. The entire sequence is hydraulically interconnected and forms 
an artesidn aquifer. Table 8.9 summarizes information on the water­
transmitting character of the major rock units. 

B.4 SOUTHERN BLACK HILLS 

B.4. 1 Geographical Features 

Uraniu~ reserves in the Great Plains region are relatively minor, amountirg 
to about one percent of the national total. Of these, the principal 
deposits are in the sandstones of the lnyan Kara Group, of early Creta­
ceous age, to t~e south and southwest of the Black Hills. The ore-
bearing rocks, extending from soutrrH~stern South Oak0ta into eastern 
Wyoming, are part of the sequence of sedimentary rocks that have been 
uplifted with the Black Hills, and generally dip west. The Paleozoic 
rocks are largely of marine origin and include soma evaporite beds, 
whereas the Mesozoic strata are of marine and terrestrial origin and 
consist of thick sequences of s~ale, sandstone, carbonaceous shales, and 
also some limestones and gypsuM. These strata ha:e been truncated by 
erosion and are exposed in narraH belts surrounding the igneous core of 
the Black Hills. The outcrop area of rocks of the lnyan Kara Group is 
commonly less than 5 mi (8 km} wide, but it is about 13 mi (21 km) wide 
to the east of Edgemont, South Dakota, where many of the uranium deposits 
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TABLE B.7 ~ ~~ 

I' CONCENTRATIONS OF SELECTED CONSTITUENTS IN - ~ 
-

TEXAsl9,20,21) • 
GROUND WATER, GULF COAST REGION, I 

FORMATION Ca Mg Na K HC03 so4 C1 TDS pH 

Goliad 21 7.S 308 12 315 162 235 951 7.9 

Go had 21 5.8 599 5.2 268 324 600 1, 710 7.7 

Oakville 128 14 660 35 366 277 900 2,270 7.7 

Oakv~lle 7.1 1.3 514 27 601 0.9 480 1,350 7.5 

Oakville 6.6 0.2 646 2.9 390 414 462 '1, 770 8.3 

Catahoula 6.4 0 476 18 322 101 492 1,330 8.0 
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TABLE B. 8 
GROUND-WA~ER QUALITY IN ~~D 22) 

AROUND A MINING SITE IN TEXAS 

Production Vicinity Production Area 
Parameter Avercge in ~/1!/ Average in mg/1 

Calcium 118 80 
Magnesium 14.0 11.6 
Sodium 173 163 
Carbonate 0 0 
Bi-carbonate 292 281 
Sulfat~ 155 142 
Chlor1de 217 143 
N1trate-N <.05 <.OS 
pH 7.3 7.3 
TotaL D1ssolved Solids 903 764 
Conduct.iv1ty (!liDhos} 1,567 1,310 
Arsenl.c .014 < .01 
Barium <0.5 <o.s 
Boron 0.40 .57 
Cadm1um 0.003 0.0025 
Copper 0.012 0.015 
Chrom1.um <0.01 <0.01 
Lead 0.03 0.02 
Manganese 0.059 0.046 
Mercury <0.0001 <0.0001 
Selen1um 0.006 0.005 
Silver <0.002 <0.0023 
Zinc O.Ofll 0.02 
Ammon1a <0.01 <0.01 
Uran1um 0.011 0.181 
Molybdenum 0.41 0.2 
Vanad1um O.GG~ o.or 3 

Radium 22S (pC1/l} 10.47 274 

~J except pH, C0nduct1v1ty, and Rad1um 226. 
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Catahoula Tuff & 
Jackson Group 

Catahoula Tuff 

Oakville Sandstone 

Oakville Sandstone 

OaY.villo Gandatono 

Lagarto Clay 

Goliad 

Goliad 

Goliad and Lissl.e 

TABLE B. 9 
AQUIFER CHARACTERISTICS, SOT1TH TEXAS19 ,20,21,23) 

Lithology 

Interbedded volcanJ.c debris, 
tuffaceous shalerand clay 

Volcanl.c tuff, sand, and 
conglomerate 

Sand with interbedded silt and 
clay 

Sand with interbedded silt and 
clay 

Sand with interbedded silt and 
clay 

Calcareous clay interbedded with 
cand 

Sand with qravel and silt 

Sand with gravel and silt 

Sand with gravel and silt 

TransmissivJ.ty 
(gpd/ft) 

2,100 

1,400 

10,000 

14,000 

8,000 

7,500 

6,700 

990 

23,000 

Storage 
Coefficient 

4 x lO-s 

2.4 X 10-4 

1.3 X 10-4 

1.1 X 10•4 

2.4 X 10-4 

6.2 X 10-4 
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are located; others occur to the north and northwest of Edgemont 
(figure 8.5). 

The climate of the area is semi-arid. Precipitation in the western 
plains of Souto! Dakota is about 16 in. (40 em) per year, increasing to 
about 22 in. (56 em) in the northwestern Black Hills. Precipitation is 
~oncentrated in the spring and early summer months and, under average 
conditions, supports only grazing and dry f'arming. Wheat can be grown 
successfully in years of average or above-averag~ rainfall, but periodic 
crop failures are ccmvoon. 

8.4.2 Surface-Wdter Hydrology 

The Cheyenne River and its northern tributary, Beaver Creek, enter South 
Dakota about 19 mi (30 km) upstream from Edgemont and are the main 
streams draining the minirg areas to the north. Average annual flow of 
the Cheyenne River leaving Wyoming is about 64,800 ac-ft (80 hm3), with 
maximum flows during spring and early summer. During the remainder of 
the year, str~amflow is variable, but generally too low to permit irri­
gation. Although base flow is largely sustained by effluent ground 
water, the c:,eyenne River may be partially dry during periods of drou~ht. 
There is irr·~ation farming, however, below Angostura Dam, in the south­
east of the area (Figure B.S). The chemical quality of river water 
varies with stage; commonly TDS are in excess of 350 mg/1 and may be 
1,500 mg/1 or more. 

8.4.3 Ground-Water Hydrology 

Quaternary alluvial deposits are only a miner source of water in the 
Edgemont area; pertinent data are scant, however. Water is obtained 
pr 1 ncipally from springs and wells tapping the sandstones of the lnyan 
Kara Group or the deeper carbonate aquifer. The latter includes the 
Pahasapa Limestone of Early Missi~sippian (MaJison) age and the overlying 
Pennsylvanian and Permian Minnelusa Formation, consisting of limestone, 
dolomite, sandstone, shale, and anhydrite. The carbonate aquifer is 
cavernous and highly permeabie and is recharged by direct infiltration 
of precipitation and substantial stream losses to sinkholes where streams 
cross the outcrop areas of th~ Pahasapa and Minnelusa Formations. 
Ground wate~ from springs and wells near recharge zones is commonly of 
good quality. With increasing distance downdip, ground wat~r becomes 
strongly confined and its quat= : Jeteriorates, in part by the solution 
o: anhydrite within the Minnelusa. Water from a well tapping the carbonate 
aquifer near Edgemont contained 2,980 mg/1 TDS, almost entirely sodium 
sulfate. Artesian flow above the land surface is common. High yields 
of fresh to saline water are obtained from the carbonate rocks and also 
from the interbedded, fractured sandstones of t: . .: Minnelusa. 

The carbonate aquifer, locally about 2,100 ft (630 m) thick, is confined 
by siltstones and shales of the Spearfish and Sundanc~ Formations, of 
Permian-Triassic and late Jurassic age. These formations have a combined 
th:c~ness of about 1,150 ft (350m) and are ~enerally of low permeability. 
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EXPLANATION 

D ~ACEOUS AND YOUNGER 

INYAN KARAGAOUP(EARLY 
CRETACEOUS) AND JURASSIC 
ROCICS 

SPURFISH AND! !NDANCE 
FOfUIATIONS - P!RWO·TRIASSIC 
TO JUAASSIC 

CARBONATE AQUIFER PAL£OZOIC 
INCLUDING FI'HASAPA LIMESTONE 
AND MINNEWSA F'ClMIATION 

§ PRECAMBIAN BASEMENT ROCKS 

Figure B.S. Geologic map of the Black Hills, South Dakota. 2 ~ 
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They contain lenses and Interbeds of limestones and sandstones that 
locally yield small a.aunts of saline water. Moreover. the shales of 
the Spearfish Formation contain lenses and stringers of gypsum; upon 
solution, gypsum may be a contributing factor toward ground-water 
salinity in the area. 

The overl~ing rocks of the lnyan Kara Group, of Early Cretaceous aqe, 
contain the area's uranium deposits and are chiefly interbedded sandstones 
and mudstones, with some conglomerate, carbonaceous shale, and limestone. 
The heterogeneous sequence of rocks, deposited in stream channels, flood 
plains, swamps, and lakes, is part of the Lakota and Fall River For­
mations, which have an aggregate thickness of about 300-660 ft (90-
200 m) in the area south of the Black Hills.· The Lakota Formation, 
subdivi~ed into the Chilson, Hinnewaste Limestone, and Fuson members. 
locally overlies the Morrison Formation or Unkpapa Sandstone {Jurassic). 
The latter may be hydraulically continuous with the rocks of the lnyan 
Kara Group, whose interconnected sandstone lenses form a major aquifer. 
Wells tapping the lnyan Kara Group commonly flow above land surface. 
Th~ aquifer is fairly pruductive but yields more or less saline water, 
except near its outcrop areas. In the Edgemont area, ground water from 
the lnyan Kara Group contains from about 700 to 2,200 mg/1 TDS and is 
commonly of the sodium sulfate or bicarbonate type (Table B.lO). 

The lnyan Kara aquifer apparently is recharged in part by the upward 
flow of ground water, under artesian pressut·e, from the carboilate 
aquifer below. Upward fl~ from the cavernous and hiqhly transmissive 
carbonate rocks is facilitated by the solucion of anilydrite beds in the 
Hinnelu~a, through collapse and brecciated zones, b1~ccia pipes, and 
fracture. extending to the land surface. It is believed that the large 
yields of some wells in the lnyan Kara can be attributed to recharge by 
artesian waters from the underlying Minnelusa Formation. 2 ~ It also has 
been postulated that the emplacement and local enrichrr~nt of urcnium 
deposits in the sandstones of the lnyan Kara Group is by ascending 
ground waters, controlled by local structures and faults. In the 
Edgemont area, uranium-bearing sandstones occut above and below the zone 
of saturation, to a depth of about 2,000 ft (600 m); some of the ore 
bodies presumably are amenable to mining by in-situ leach mining. A 
generalized section showing major aquifers. confining zones, inferred 
ground-water flow direction, and the position of uranium deposits is 
given in Figure 8.6. 

8.5 NORTHEASTERN COLORADO 

B.s. 1 Geographical Features 

Uranium deposits amenable to in-situ leach manrng are fo.md in the 
s~ndstones of the White River Group of Oligocene age near Gover, north­
eastern Colorado (Figur~ B.7). The Gro~er area lies about 38 mi (60 kml 
northeast of Greeley, Colorado, in the Rocky Mountain Piedmont section 
of the Great Plains; it includes a narrow elongated area, parallel ~o 
Colorado's boundary with Wyoming and Nebraska. Precipitation is about 
11 in. (28 em) annually near Greeley and Grover. increasing easterly to 
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TABLE B.lO 
CONCENTRATION OF SELECTED CONSTITUENTS IN 

GROUND WATER, I NY AN KARA GROUP, SOUTH DAKOTA24 ) 

Samples in mg/1=1 

Constituents (1) (2) (3) (4) (5) 

TDS 991 953 1,034 1,528 2,169 

Total Hardness 
as caco3 447 222 139 28 872 

pH 7.2 7.7 7.7 7.5 7.1 

Ca 118 56 39 5.5 206 

Mg 37 20 10 3.4 87 

Na lOB 211 240 400 283 

K 9 9 6 4 20 

HC03 213 202 232 952 409 

C03 0 0 0 48 

C1 9 24 14 73 8 

504 485 428 482 28 1,140 

F 0.5 1.0 .9 2.3 .4 

Fe 0.05 .11 .75 .07 .07 

H2S 0 0.15 .OS 0 

u, lJg/1 6.4 1.7 15 0.01 .4 

y 
Except: pH and U. 
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about 17 iQ. (44 em} near Sedgwick'(Figure B.7). The climate is arid to 
semi-arid, and, as elsewhe1e on the Great Plains, prin~rlly suitable for 
grazing and dry farming. There are lsolat~d Instances of ground water 
being pumped for irrigation throughout the area; major areas of irrigation 
farming, however, are concentrated along Crow Creek, near Hereford and 
Barnesville, and also on the South Platte River, to the south of the 
area. 

8.5.2 Surface-Water Hydrology 

Drainage of the Grover area Is southerly and southeasterly, by tributaries 
to the South Platte River. These are generally ephew~ral or intermittent 
streams, flowing in deeply Incised bedrock valleys in their upper reaches, 
and providing ground-water recharge during times of high flow. The 
major tributary Is Crow Creek, originating in the Laramie Mountains of 
Wyoming. From 1951 to 1956, Crow Creek flowed at the average rate of 
8,700 ac-ft (10.7 m3) per year near Cheyenne, Wyoming. During this 
period there was no measurable flow at Barnesville, near its junction 
with the South Platte River. Within its reach in Colorado, Crow Creek's 
f!ow diminishes by irrigation diversions, evapotranspiration, and seepAge 
to the water table along its alluvial channel. Data on the che~ical 
quality of surface waters of the area is scant; the TDS content is 
variable with stage, generally exceeding 350 mg/1. The waters are 
moderately to very hard. No instances of increasing salinity due to the 
return of irrigation waters, as is commor in the irrigated areas adjacent 
to the South Platte River, have been noted for Crow Creek or other small 
streams in the area. 

B.S.J Ground-Water Hydrology 

In the Grover area, Tertiary strata are nearly horizontal or dip slightly 
to the east, occupying the northern extension of the Denver structural 
basin. The Mesozoic and Paleozoic rocks forming the basin crop out near 
the mountain front in the west, dipping steeply to the east; along the 
eastern flank of the basin, the rocks dip westerly at low angles, toward 
the basin's center. Where Tertiary strata have been eroded, as a!ong 
some stream channels and in the southern part.of the area, Upper Creta­
ceous r~cks are exposed or are slightly covered by unconsolidated deposits 
and may be the only available source of ground water. The oldest of 
these, the Pierre Shale, is about 7,000 ft (2,135 m) thick and yields 
small to moderate amounts of water from ~andstones within the thick 
sequence of rather impermeable marine sedim~nts. The overlying Fox 
Hills Sandstone is transitional to a terrestrial environment of deposi­
tion and consists of about 400ft (120m) of sandstotes and sandy shales, 
with some lignite near the top. It is overlain L/ as much as 600ft 
(180m) of shales, coal, and sandstones of the Laramie Formatiotl, also 
of late Cretaceous age. Water from wells tapping the Upper Cretuceous 
Fonmatlons is fresh to moderately sali~e a~d generally confined. Host 
wells yield 'O to 30 gpm (0.6 to 2.0 1/s), for stock and domestic 
supply. Yields as high as 300 gpm (20 1/s) have been reported for wells 
penetrating more permeable sands of the Fox Hills Sandstone and laramie 
Formation. 
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The sandstones of the White River Group in the Grover area are a majvr 
source of ground water and also contain uranium dep~its. The rocks, of 
Oligocene age, are largely variegated clays and siltstones, with ~eds 
and lenses of loose or cemented sandstones, a~d some conglomerate. The 
thickness of the White River Group is as much as 600ft (180m), but it 
is high1y varidble, as the rocks have been deposited on the irregular 
Cretaceous erosion surface and have be~n eroded in turn at the end of 
the Oligocene. Rocks of the White River Group are exposed in a large 
area to the north of the Upper Cretaceous rocks ar.d exte11d easterly and 
westerly from Grover (Figure B.7). Wells tapping Lhe White River Group 
commonly yield as much as 30 gpm (2.0 1/s) for stoc~ and domestic supplies. 
L~cally, the ~andstones are highly fractured and ~ay be overlain by 
saturated unconsolidated deposits; thus, yields a1e greatly enoar:ed dnd 
way be as high as 1,400 gpm (90 1/s). 

Rocks of mid to late Tertiary age are found in a narr~ band in the 
extreme northern part of the area forming a pronounced south-~acing 
escarpment above the rocks of the White River Group. Th~y are part of 
the Arikaree Formation, of Miocene age, and the Ogallal~ Formation, of 
Pliocene ar~. The Arikaree h3S been mapped only in a small area to the 
west of He·r~ford, where it is thin and appare~tly not a source of water 
supply. 25 The overlying Ogallala Formation, however, is an aquifer that 
yields small to rr~derate amounts of water to stock, domestic, and public­
supply wells. The formation is as much as 180ft (55 m) thick and 
consists of more or less cemented silts, clays, limestone, and caliche, 
with bed5 and lenses of sand and gravel that yield water to wells. 

Uncoilsol idatE.:i de!)osits of Quaternary a.,;e over! ie the area cJ Cretaceou .. 
rocks in northern Morgan County and are also found as terrae~ deposits 
and stre;c.-n a;luvium along l.row Creek and in the lower reacl-es of ot..ar 
dra i naJ·~-~ay:,. In many of i:hese areas, the Q~aternary depod ts c>re 
saturated an~ field 1,200 to 1,500 gpm (75 to 95 1/s) tc irrigation 
wells, particularly near Hereford and Barnesville. Wherever the surficial 
depo:.its are permeable, th~y permit ground-water re:;harge from prec:ipi­
ta•ion, dS ~~the extensive area of dune sands southeast of Barnesville. 

The chew.ical ~uality of groun~ water from the uncon~olidated ~uaterna~y 
deposit:s is highly variable, particularly in TOS content a.td the relc.~ive 
pro~ortions of sodium and sulfats. Available data ;ndicate thdt TDS 
range from about 350 to more tnan 2,000 ~/1 and that the water is very 
hard. In spite of locally high salinity, the waters 3re generally 
suitat,'e for mosc uses, including irrigation. ~later from the Ogallala 
Formation, White River Group, and Laramie Formation commonly contains 
only about 250 to 450 mg/1 TDS and is of the calclum or s~di~m bicalbon­
ate type. In pa~ticular, waters from the O~l!lLI~ Formation are hard to 
very .1ard. Water from the Fnx Hills Sandstor.e and Pierre Shale is 
reldtively fresh in many areas; locally, however, it ~y contain 2,000 mg/1 
of TO~ or ~re. lhese formations commonly yield ~ater that is h:gh in 
s~dium bicarbonate or sodium sulfate. 
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With few exceptions, the quality'of ground water in the Grover area is 
suitable for the principal intended uses of domestic, ~~ock, and irri­
gation supply. Large supplies of water for irrigation can only be 
obtained from the Quaternary ~lluvial and terrace depo~its, and from the 
sandstones of the White River Group. No information is available to 
indicate whether these aquifers are capable of further development. 
Available pumping-test data are limited to the sandstones of the Laramie 
and ~lite River Group, which are believed to have similar primary 
water-bearing characteristics. Wells commonly yield small amounts of 
\'later \otith considerable drawdown; specific capacities of 0.4 to 2.0 gP"'/ft 
of drawdown (0.08 to 0.4 1/s/m) are characteristic of wells tapping 
unfractured sandstones. Permeabilities of 3 to 6 gpd/ft2 (0.12 to 
0.25 wJd) were determined in some pumping tests. 
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Appendix C 

TRACE ELEMENT REACTIOhS 

When u~ed in the text of the discussion, the term trac~ concentration 
implies element or 10n concentr~tions in the low parts per million or 
the parts ,,er billion range; the term minor amounts is synonymous with 
concentrations greater than trace. 

The s~lubility products (K5 p) of pertinent slightly soluble salts are 
included in the discussion for purposes of COMparison. It is important 
to realize that the Rsp of a slightly soluble salt cannot adequately 
describe the true 3olubility of that salt in complex aqueous systems 
such as those expected during solution mining. The solubility product 
is useful only in making approximate predictions of true solubility. 
The solubility of a sligh~ly soluble salt is less if an excess of one of 
its ions is present (conomon ion effect) and conversely, the presence of 
ions other than those furnished by a sa It i tse If ,.,i 11 genera I I y make the 
salt more soluble. 

C.l MOLYBDENUM 

Molybdenum has been reported with some uranium roll-front deposits. It 
is usually found as a halo around uranium-ore zones either as disseminated 
molybdenite (HoS2)• substituted f~r iron in the pyrite structure, or as 
slightly soluble n~lybdate (Ho04- ) minerals in barren altered rock. 
The mineral molybdenite is oxidized durirg in-situ leaching to the 
highly mobile molybdate ion: 

-2 -2 + 2MoSz + 902 + 6H20 ~ 2Mo04 + 4504 + 12H (C.I) 

The solution chemistry of molybdenum is diff~rent from the chemistri of 
most common heavy metals. Along with seleniu, and arsenic, molybdenum 
is soluble in ox•dizing sclvtions as an anionic molybdate complex. The 
molybdate ion can form sli9htly soluble compounds with ferric, lead, and 
calcium ions. However, wost of the~e molybdates are solu~le enough in 
neutral or slightly alka.ine solutions to iMpart trace concentrations of 
molybdenum to the solution (equations C.l thru C.6): • 

+3 -2 Fe2(Moo4) 3•mH2o logK ==-52 (C ?.) 2Fe + 3Mo04 + mH 2o ~ sp 
+2 -2 log'< =-13 (C.3) PbMo04~ Pb + Mo04 sp 

CaMo04 ~ Ca 
+2 + Moo4 

-2 logKsp=-7.2 (C .4) 

Pb~oo4 + 2HC03 ~ PbC03 
-2 + Hoo4 + H20 + C02 (C .5) 

Fe(Ho04)3•mH20 + 60H-~ 2Fe(OH) 3 + -2 3Moo4 + mH20 (C .6) 

The wolybdate anion is absorbed on colloidal parti~les that carry a 
positive surface charge, Therefore, Moo4-2 will absorb on Fe(OH)J from 
acid solutions (pH<S). Above pH 6, the absorptior frlls off rapidly. 
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In-situ leach operations dissolve molybdenum where significant concentra­
tions of the element occur in the ore zone. The molybdate ion will be a 
contaminant in the uranium recovery solutio,. The anion is s~fficiently 
mobile to remain in the lix;viant. The mobility of Mo04-2 in oxidizing 
lixiviants is greater under neutral or alkaline conditions than it is 
under acid conditions. Chemical reduction of the molybdate ion is the 
most effective means of removing traces of the element from solution. 

C.2 SELENIUM 

In many roll-front deposits selenium shows a strong associ?tion with 
uranium. The distribution of selenium is sioilar to uranium in that the 
trace element responds under oxidizing conditions and is inert under 
reducing conditions. The element may occur as native selenium, the 
mineral ferroselite (FeSe2), or it may replac~ sulfur in the sulfide 
minerals. The ionic radii of se-2 and s-2 are similar to permit substi­
tution. The oxidation of selenides to selenates resembles the oxidation 
of sulfide to s~lfate~ the selenite (SeOJ-2) and selenate (Se04-2) ion 
being products of the oxidation reactions. 

Se + 3H20:;: Se03-2 + 6H+ + 4e- {C. 7) 

-2 -2 + Se03 + H20 ~ Se04 + 2H + 2e (C.8) 

The ability of lixiviant to retain selenite and selenate in solution is 
limited by several reactions possible during leaching. Both the selenite 
and selenate ion form insoluble salts with ferric iron (Fe2(Se03)z), 
mercury {Hg2Se03 and HgSe03), and ledd (PbSe03}. Freshly precipitated 
Fe(OH)3 absorbs the anions from acid solutions and selenium can b~ 
purged from solution by coprecipitating with carbonate. 

The mobility of selenium in oxidizing lixiviants resembles that of 
molybdenum to some extent. Leaching uranium ore containing significant 
amounts of selenium introduces trace amounts of the element into the 
lixiviant. As with molybdenu1:1, chemical reduction of the li>.. viant 
solution will result in precipitation of ~elenium. 

t.3 ARSENIC 

Arsenic is the third trace el:~ent likely to persist in solution in 
anionic form (Aso 3-3 and AsD4 ). likely sources of arsenic are the 
common ~ulfides arsenopyrite (FeAsS2), orpinent (AszS3), or realgar 
(AsS), usually associated with pyrite in the reduced ore zones. HOI"'ever, 
sisnificant occurrences of arsenic in roll-front deposits a~e rare. 
Arseniferous minerals respond to oxidation in nuch the same way as do 
the comrr.on sulfides. The arsenite (As03-3) ion is the species most 
I ikely to form first. Arsenite can be oxidiLed to arsenate by strong 
oxidizing agents such as hydrogen peroxide: 
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(C.lO) 

Th~ mobility of both anions is limited by precipitation reactions 

.. ' 

with cations solubilizeJ during leaching. Arsenic forms slightly soluble 
salts with the alkaline earths and very insoluble salts with iron, 
copper, lead, zinc, cadmium, nickel, and cobalt. The arsenate ion will 
replace phosphate in any secondary apatite minerals forming during 
leaching. Ferric hydroxide will adsorb arsenite and arsenate fr~~ 
acidic lixiviants. 

Very 1 ittle arsenic can be expected in lixiviant solution. The sn.all 
amounts present in the typical ore denosit will be dissolved and most 
likely reprecipitated in the immediate vicinity. 

C.4 HANGANESE 

In reducing environments, the stable manganese compounds are those in 
the +2 oxidation state; in strongly oxidizing environments the +4 
oxidation p~edominates. The product of complete oxidation is pyrolusite 
(HnOz): 

HnC03 + i/2 02 + H20 ~ HnOz + H2co3 

HnSi03 + 1/2 02 + 2H20 ~ Hn02 + H4sro4 

(C. 11) 

(C. 12) 

The behavior of manganese in the leaching environment is noteworthy 
because of chemical similarity to iron. Under alkaline conditions, 
hydrate manganese oxides form colloids having adsorptive properties 
similar to those of Fe(OH)3. Coprecipitated with Fe(OH}3• manganese 
oxides are capable of absorbing heavy metals from solution in much the 
same way as the hydrated iron oxides. 

If the lixiviant solution is somehow reduced, Mn+2 can remain in solution 
as stable bicarbonate and sulfate complexe~: 

Hn+l + HC03-~ HnHC03+ 

Mn+2 + S04-2~ MnS04 

(C .13) 

(C.l4) 

The w~~i~ity of these reduced complexes is somewhat controlled by 
several adsorption w~chanisms that can remove the complexes from solution. 

C.5 VANADIUM 

Vanadium can occur either as complex uranium vanadate minerals in the 
altered rock next to the roll-front oxidation-reduction interface or 
incorporated into the lattice structure of a~sociated montmorillonite 
clays in both the mineralized and barren zones of the deposit. Host 
vanadate minerals in the altered zones are slightly soluble in typical 
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lixiviants. The redur.~~ vanadium reported in some.clays could be 
oxidized and sol ubi 1 L•ed by 1 ixlviants: ',, · 

- -2 v2o3 + H2o2 + 4HC03 ~ 2VO{co3)2 + 3Hz0 (C.l5) 

-2 - -v2o3 + 2H2o2 + 2C03 ~ 2VOJ + 2Hto3 + H20 (C.l6} 

Tetravalent vanadium is the oxidation state likely to predominate in 
solution: 

(C .17) 

The solution chemistry of the VO+Z ion shows similarities with the UOz+Z 
ion. The tetravalent vo+2 ion can coprecipitate with calcite and 
gypsum, a~sorb on hy~rated iron and manganese oxides, and exchange with 
clays. All three mechanisms tend to restrict the mobility of v+4. 

C.6 COPPER 

Trace amounts of copper have been reported in all sedimentary uranium 
deposits. The copper can occur as disseminated sulfides associated with 
pyrite in the reduced ore zones or substituted for calcium, magnesium, 
and iron in gangue minerals. The mechanisms responsible for oxidizing 
iron sulfides can also oxidize any copper sulfi~es. For example, the 
chalcopyrite can oxidize in the oxygenation mode according to equation 18: 

4CuFeS2 + 1702 + lOHzO + 4cu+2 + 4Fe(OH)J + 8S04-2 + 8H+ (C.18) 

And, the sulfide can oxidize in the ferric ion mode according to equation 
c. 19: 

+3 2 2 -2 + CuFeS2 + 4Fe + 30z + 2Hz0 + Cu+ + SFe+ + 2S04 + 4H (C.19) 

Similar equatiC!ns can be written for chalcocite (CuzS) or bornite 
(cu5FeS4) . 

The common form of coppe:- in solution is the ~imple di\talent ion (Cu+2) 
or one of numerous stable complexes of this ion. The cu+ ion is unstable 
at concentrations greater than l0-7 molar. Under oxidizing conditions, 
compounds of cu+2 with common anions are all soluble. However, above 
pH 7 several precipitates may form. Malachite or azurite may precipitate 
from bicarbonate-carbonate sclutions and chrysaccl:a may precipitate 
from solutions high in dissolved silica and low in carbonate: 

2Cu+2 + HC03- + 20H- + Cuz(OH)zC03 + H+ 

+2 -2 - ) 3Cu + 2Cu3 + 20H + Cu3(0H)z(C03 2 

Cu+2 + H4Si04 + H20 ~ CuSi03·2HzO + 2H+ 
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If hy~;ogen sulfide Is Introduced into the copper-bearing lixivlants, 
ehovel~ite precipitates: 

+2 + Cu + H..,S + CuS + 2H (C.23) 
£ 

The mobility of copper In oxidizing environments is limited by both 
reprecipitation and adsorption reactions. However, reprecipitation Is 
less effective than adsorption as the mechanism for removing copper from 
solution. Generally, the mobility of copper is less in solutions that 
are not acid. The tu+2 ion Is adsorbed strongly by clays and, to a 
lesser extent, even by quartz. The adsorption capacity of clays for 
copper increases with pH. Hydrated iron and manganese oxides are 
effective ad~orbents for cu+2. These adsorption mechanisms are strong 
enough to keep the concentration of copper in solution at trace levels. 

C.7 ZINC 

The chief source of zinc in sedimentary uranium deposits is probably the 
mineral sphalerite (ZnS). Sphalerite will react with oxidizing agents 
in the lixiviant and oxidize to zn+2 and so4-2: 

+2 -2 
Z.1S + 4Hz0z -+ Zn + S04 + 4Hz0 (C.24) 

Sphalerite can be oxidized by ferric iron; 

ZnS + 2Fe+3 + 3/202 + 3504-z + H20 + 

Zn+l + 2Fe+2 + 2H+ + 4504-z 

or react with cupric copper; 

ZnS + Cu+2 + CuS + Zn+Z 

(C.25) 

(C.26) 

In bicarbonate lixiviants, sphalerite can be altered to smithsonite 
(ZnC03): 

{C.27) 

+2 -
ZnS + Oz + 2CaC03 + H20 + ZnC03 + CaS04 + Ca + 2Hco3 (C.28) 

The solution chemistry ot zinc is restricted to Zn+2 ion. Zinc form~ 
salts with all common anions. Most salts tP.nd to be somewhat soluble 
and appreciable zinc can remain dissolved even in fairly alkaline 
solutions. Two exceptions are the salts formed with phosphate (Zn3(P04) 2) 
and with arsenate {Zn3(As04)2); both compo•Jnds c1re highly insoluble. 
Another mecbanism that will control the transport of zinc by lixiviants 
is adsorption on hydrous oxides and clay minerals, although zn+2 is 
less strongly adsorbed on clays than is cu+2. 

In an oxidizing lixiviant, divalent zinc is MOre mobile than divalent 
copper and higher concEntrations can be expected. Re-establishing 
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reducing conditions in the leaching environment will diminish zinc 
solubility: 

(C.29) 

C.8 LEAD 

The lead reported in uranium deposits can be either radiogenic or 
chemical. Chemical lead may occur as the mineral galena {PbS); radio­
genic lead may be present at the rare mineral plattnerite (PbOz). The 
oxidation of the sulfide by either hydrogen peroxide or ferric iron can 
be depicted by rather simple equations: 

PbS + 4~2o2 ~ PbS04 + 4H20 (C. 30) 

PbS+ 2 fe+3 + 3/1 02 + 3S04-2 + H20 ~ 
+2 -2 + 

PbS04 + 2Fe. + 3504 + 2H (C.31) 

However, the oxidation scheme in true leach solutions may be complex: 
for example, 

+2 
PbS + 2H2co3~ Pb + 2HC0 3 + H2S 

-2 + 
H2S + 202 ~ so4 + 2H 

Pb+2 + S04-2~ PbS04 

H+ + HC03- ~ H20 + C02 

(C.32) 

(C.33) 

(C. 34) 

(C. 35) 

The lead in the radiogenic mineral plattnerite is already in the very 
high +4 oxjdation state, and the compound Pb02 can act as a powerful 
oxidizing agent. 

+ - +'l 
Pb02 + 4H + 2e ~ Pb - + 2H20 (C.36) 

Lead is the least mobile of thP common trace elements. Its mobility is 
limited by the number of insoluble secondary minerals that can precipitate 
with divalc~t lead. For example, 

+2 -2 
PbS04 ~ Po + so4 logK =-7 .8 sp 

PbC03~ Pb+l + co3- 2 logK =-16 
sp 

+2 -2 
PbSe03~ Pb + Se03 logKsp=-12 

+2 -3 
Pb3 (As04)2~ 3Pb + 2As04 logK =-35 sp 

+2 -3 
Pb3 (P04) 2~ 3Pb + 2P04 logK =-42 

• sp 
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C.9 BARIUM AND FLUORIDE 

The transport of barium and fluoride dissolved during leaching is 
limited by precipitation and coprecipitation reactions. The solubility 
of barium is typical of the alkaline earths. Free Ba+2 could be purged 
from the lixiviant solution by coprecipitation with calcite and gyps~~. 
Even trace amounts of sulfate limit the solubility of barium to below 
I ppw: 

logK =-10.1 sp (C.42) 

Additionally, bari~~ is rapidly adsorbed on precipitated oxides and 
hydroxides of iron and manganese. 

Similarly, the mobility of fluoride ion is curtailed by precipitation as 
CaF and Ca5{P04)3F: 

+2 
CaF2~ Ca + 2f 

C. 1 0 MERCURY AtW CADH I UH 

Any significant ~eposition of mercury or cadium with roll-front uranium 
is rare. The minute amounts of mercury and cadmium that could be placed 
in solution woul~ probably be purged by adsorption and precipitation. 
However, the most reliable mechanism for removing all traces of cadmium 
and mercury is lixiviant re~uction and precipitation as the insoluble 
sulfides: 

CdS~ Cd+l + s-2 logK =-26.1 
sp 

+2 -2 -2 
HgS.:Et- Hg + S + S logK =-51.8 sp 

C. 11 :.,RAUIUM DAUGHTER ELEMENTS 

(C .45) 

(C.46} 

The geochemical mobility of radium, thorium, radon, and other decay 
products of uranium during and after leaching operations is not, at 
present, well defined, and further research is recomme~ded. 

lhe solution chemistry of radium resembles that of the alkaline earths. 
Analogous to the alkaline earths, radium precipitates as insoluble 
sulfates and carbonates. The sulfate and carbonate cf Ra+2 are lower in 
sol ubi I ity than the corresponding calcium and barium sulfate and ·:arbonate. 
Thorium forms fairly insoluble fluorides and along with radium is pre­
cipitated from solutions by adsorption on hydrous iron and manganese 
oxides. 
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Appendix D 

MECHANICS AND CHEMISTRY OF URANIUM RECOVERY 

Uranium is recovered from the pregnant lixiviant using an ion-exchange 
process; either solvent extraction or resin ion exchange can be used. 
Both invol•'e the exchange of ions between the solution and either the 
solid resin or the organic solvent. This exchange is highly selective 
and provides an almost quantitative recovery of uranium fran the aqueous 
media. It has not beer feasible in conventional ~ills to apply solvent­
extraction lixiviants whereas resin ion exchange is successful in such 
applications. Solvent-extraction processes ar~ subject to forwation or 
organic emulsions which can contaminate the recirculatory lixiviant. 

The application of ion-exchange methods is based on the exchange of an 
anionic complex of uranium in solution with 1n anion on the resin. The 
ion-exchange resins used are generally strong base anionic in nature. 
Figures D.l and 0.2 present two flow sheets representing the uranium 
rec0very process. 

D. I ION-EXCHANGE PROCESSES 

There are two types of ion-exchange equipment available--rooving bed and 
fixed bed. The chemistry of the process is indeoendent of the equipment 
types. 

D.l.l ~d Bed lon Exchange 

Fixed bed ion exchange ut:i I izes a series of multi~le columns for ur·anium 
adsorption from the solution onto the resin. The pregnant lixiviant is 
pumoed into and through the first and subsequent columns. The effluent 
from the tr~iling column is devoid of uranium but has an in~reased chloride 
concentration. The uranyl ion complex in solution displaces the chloride 
ion on the resin. The columns are operated !n this manner until 'he 
leading column is loaded, i.e., the resir. will not adsorb additional 
uranium. The leading column is taken out of the system and the second 
column becomes the leading column and a fresh column is placed in servtce 
at the end of the line. 

The leach solution from tht loaded column is disp!aced by water. The 
Jranium is eluted from thP. column (with NaHC03 + ~CI} prod•..:cing a 
solution rich in uranium (10-15 £PI u3o8). 

0.1.2 Hoving Bed ton Exchange 

The moving bed ion-exchange processes are conti~uous counter current 
systems in which the resin and solutions are moving in o~posite di­
rections. The resin is loaded with uranium in an adsorption column 
containing several stages. The pregnant lixiviant is fed into the 
bottom stage of the column at a rate that is sufficient LO expand the 
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resin bed but not wa=h the resin bed from the s~age. The solution moves 
~~and ttrough the s~ages of the column and overflows devoid ~f urani•am. 
The resin is ~ransferred downward thr~ugh the colu~n and Is tr~nsferred 
as loaded resin to an elution colum ... 

The elution column Is operated in the same fashio~ as the adsorption 
co1unn; barren eluant is fed int'> tJ,e b0ttom of ~t,\! column neving 
count1~r to +he res in flow. The pregnant eluate solution overflo.ts the 
top olf the column. The stripped resin is tr<..nsff'rred from the e'•!tion 
~olumn to the adsorption column for reloadjng. 

0.1.3 Uranium Precipitutic~ 

The uranium in the pre!fnant eluate is precipitated by: (I) the addition 
of c. -trong base such tts sodium hydrc'<ide, (2, acidif ti.-.g to destroy the 
ca:bot.atE' fol !owed by precipi taticn 111; ch a base. o1· (3) 'leating to expel 
the ~~ia and carbon dioxide with the direct prt~ipitation of the 
urani~.a.· oxit1 .... 

l~e addi~ion of the ~tr~ng base such as Svwium hyiroxide for the pre-
c • .,>itation of the ur<~nium ,,a:; the disadvantage uf requiring excess 
sodium hydro..: ide for co .. 1plete precipi tati"n. T.1e excess hydroxide must 
be bled otf; tnerefore, the eluant 3anot be r~ ycl1d th1cugh the 
sysce,g. 

The aodition ~: acid .o ·'le pregnant eluate to d~sLroy the carbondte 
followed a., wraniUir. ;>recipi ::at ion by d base is u -ed to .. dvantage in a 
closed ~tuant sv~tern. After the precipitattOl is l• Jete and a liquid 
solid se~aration is made, 1e 'iquid can be recycl~t t• ough the s~stem 
after c~.icais are added to rep.enish those c?nsumed in the process. 

The u~e of steam or heat fc~ the decomposition of the bicarbonate has 
th~ disadva~tage of only being ar~'lcable to systems utilizing amrr~nium 
1· 7vi .... ts. k< :C';l''ents are reC'Jir,d i. the precipi'-~tion step; hov:ever, 
addttior.al auAitiarv equipme .. t is re~uired to recover the ammonia and 
.. c:r::.:. .• d;ox: .le exnealed during the process. 

The slurry ~rodu~ed by uranium preci~itation must ~ ~nsifierl. A 
thickener is used to -~parate a =lear eluant soluti1n ~rOM the ~~ickened 
solids. Tr- ~tear SLiut•on is recyclej th. Jgh the elution process. 
The th.~t-ened solid slurry jc; f.,,.ther Jenstr'ied f "ior to the final 
drying p.ocess. This Is accomplished by either centrifuging or fil­
trati.,...,. 

Finally, water ls removed f1om the final uranium product by low tefTiper­
atl.lre dr·(ing or c~lcininq. The inal produ is packaged in 55-gal 
(20~ 1} dru~s for shipment. 

O.l.lt 

lr addition tc. eachi~og uranium from the or .. budy, the mining process 
wi 11 extract varying amoun~s of other el.:lme .. _s including <..alcium, 
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magnesium, and radium. It' is r.::!cessary to control' these e1ements''t~ "'· ~;' 
prevent the plugging of the system piping, the w~llbore, and the for­
mation. Control fs accomplished by removing calcium from the system. 

The method selected for calcium removal Is a function of the amount to be 
removed. In situations where small volumes of calcium are produced, a 
bleed stream is used for calcium control. if large volumes of calcium 
must be removed, the entire circulatirg stream might be trPated to 
remove the calcium. 

The removal of calcium is accomplished by either precipitation followed 
~y liquid/solid separation or ion exchange. The precipitatior. of calcium 
plus magnesium and radium is accomplished by raising the pH of the 
solution with ammon1a, sodium hydroxide, or sodium carbonate, thus 
causing the precipitation of calcium carbonate. Following liquid/solid 
separation in a thickening device the clear solution o~erflow is re­
cycled through tb:l well field while the underflow is imrounded as a 
waste. 

The calcium controi is also maintained by the use of an ion-exchange 
process similar to that used to recover the uranium from pregnant 
lixiviant. This operation can be utilized on either the total stream or 
a bleed stream. The mechanics of the operation are the sa~! as those 
described for the uranium extraction. 

0.2 PROCESS CHEMISTRY 

The solubility of hexavalent uranium ion complexes permits the in-situ 
leach mining of uranium. The dissolution of uranium is selective, 
leaving behind nearly insolu~le metal complexes. Section 2 details the 
chemical process taking place in-situ. Presented below is the chemistry 
of the above-ground phases of uranium recovery. 

0.2. 1 Resin Jon Exchange 

The ion-exchange resins used in the uranium industry are of the strong 
base anionic type, and contain quaternary ammonium functional groups as 
their active ion constituent. Th~ resins are highly ionized, and are 
usable over a wide pH range and therefore are used in either the acid or 
alkaline leach system. 

In the alkaline system, the tetravalent uranyl tricarbonate complex 
predominates; uranyl trlsu;fate complex is predominant in the acid 
system. Typical reactions between the mobile ion adsorbed on the resin 
and the uranium ions in solution (R designatins the resin group) are as 
follows: 

(Acid) 
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Other metal anion complexes dissolved during the leaching may also be 
absorbed to the resin. Resin affinity for these complexes is controlled 
by pH. temperature. oxidation. state, and concentration. 

0.2.2 Elution 

The elution of the uranium from the resin is the reverse of the loading 
process. The eluant contains an excess of chlo~ide ions that exchanges 
in the resin with the uranium complex; 

R2 (uo2)(co3)2 + 2CI- ~ 2RCI + U02(co3)2 (Alkaline) {D.3) 

R~(U02)(S04 ) 3 + ~CI- ~ 4RC1 + uo2 (S0~) 3-4 (Acid) (0.4) 

In the ion-exchange process, the uranium concentration in the solution 
has increased from about 0.15 g/1 U308 in the pregnant lixiviant to 
about 10 g/1 u3o8 in the pregnant eluant. 

0.2.3 Precip i tat 10n 

The preferred ~thod for uranium precipitation in alkalint systems is Lo 
add acid to the pregnant e uant to a pH of 1-2 to destroy the carbonate. 
In some plants the solution is heated to boiling to aid in the dissolution. 
The removal of the carbon dioxide is followed by neutralization with 
ammonia to precipitate the oxide of uranium. For acid leach systems. no 
pH adjustment is necessary prior to uranium precipitation by ammonia. 

NH~(uo2){C03 ) + HCI ~ (uo2)(CI 2) ~ + C02 t + H20 + NH4CI {Alkaline) (0.5) 

2(U02) (CI 2) + 6NH3 + H20 ~ (NH4) 2 u2o7 ~ + 4NH4Cl (Alkaline) (0.6) 

2H4(uo2) (so4)3 + 14 NH3 + 3 H20 ~ (NH4)2(u2o7) + + 6(NH4)2(so4) (0.7) 

0.2.4 Calcium Removal 

The effluent from the ion-exchange circuit contains calcium, magnesium, 
and other ionic species that must be controlled. The control of the 
calcium and magnesium can be accomplished by a resin ion-exchange pro­
cess similar to that used in the uranium circuit. The resin used is a 
cationic resin. The typical reaction in this ion exchange is: 

Ca+2 + RNa ~ R2Ca + 2Na + (0.8} 

Mg+2 + 2RNa + R2Mg + 2Na+ (0.9) 

Ra+2 + 2RNa + R2Ra + 2Na+ (0.10) 

The amount of calcium that must be removed is a function of the ore body 
and lixiviant concentration and pH and must be equal to the amount of 
calcium leached in the process. 
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An alternate method of calcium control Is the precipitation from solution 
as insoluble carbonat•.s by the addition of either sodium carbonate or 
ammonium carbonate as Indicated in the following reaction: 

(D. 11) 
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