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EXECUTIVE SUMMARY 

The objectives of the studies documented in this report were to develop 
experimental and geochemical computer modeling tools to assess the long-term 
environmental impact of leachate movement from acidic uranium mill tailings. 
Laboratory experiments were designed to evaluate the migration potential of 
selected contaminants (both radioactive and toxic elements) from tailings 
leachate in contact with sediments and geologic liner materials. These labora-

• tory experiments involved studying the physical, chemical, and mineralogical 
changes that take place when various sediments and clay liners are contacted 
with acidic tailings solutions in batch and column experiments. Special atten­
tion was placed on evaluating the effects of acid attack on clay liners to 
estimate long-term changes in mineralogy and hydraulic conductivity. The 
results from the laboratory experiments were then compared to selected field 
studies and geochemical modeling predictions. 

Liner failure (i.e., an increase in the permeability of the liner mate­
rial) was not found to be a problem when various acidic tailings solutions 
leached through liner materials for periods up to 3 years. On the contrary, 
materials that contained over 30% clay showed a decrease in permeability with 
time in the laboratory columns. The high clay materials tested appear suitable 
for lining tailings impoundment ponds. The Morton Ranch clay liner, a silty 
clay loam, decreased in permeability from 1/2 to over 2 orders of magnitude 
depending upon the given column and contacting solution. The final permeabil­
ity of the Lucky Me overburden, a silty clay, was -1/2 the permeability 
observed at the beginning of the experiment. Even some soils, such as the Dawn 
overburden (a sandy loam), that contained less clay (-7%} showed decreases in 
permeability. Only the Morton Ranch overburden, a sandy loam with -9% clay 
and little carbonate (-0.2%), exhibited an increase in permeability over the 
time span of the study. 

The decreases in permeability noted above are attributed to pore plugging 
resulting from the precipitation of minerals and solids. This precipitation 
takes place due to the increase in pH of the tailings solution brought about 
by the buffering capacity of the soil. Geochemical modeling predicts, and 
X-ray characterization confirms, that precipitation of solids from solution is 
occurring in the acidic tailings solution/liner interactions studied. X-ray 
diffraction identified gypsum and alunite group minerals, such as jarosite, as 
having precipitated after acidic tailings solutions reacted with clay liners. 
Geochemical modeling predicted that these same phases should be precipitating, 
along with several amorphous solids not identifiable by X-ray diffraction, and 
illustrates how geochemical modeling can be used, in parallel with mineralo­
gical characterization techniques to delineate the chemical causes for changes 
in permeability of liner materials. Another mechanism which can contribute to 
permeability reductions is soil particle dispersion. Some of the effluents 
from columns leached with the Lucky Me tailings solutions were found to be 
dispersive~ hence could potentially transport particulate matter containing 
230Th and 26Ra though no evidence of increased mobility of these radio­
nuclides was observed during the duration of the tests with these solutions. 
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The Morton Ranch clay liner and the Morton Ranch overburden exhibited a 
residual long-term buffering capacity that was able to maintin the column 
effluent pH values at a higher level than the influent pH values. Due to the 
residual buffering capacity, the pH of the tailings solution migrating away 
from the tailings impoundment area can have a higher pH than the original 
tailings solution, even after the initial buffering capacity of the soil has 
been exhausted. Further work needs to be done to explain the chemical reac­
tions that account for the residual buffering capacity of soils and liners but 
a likely cause is the redissolution of Fe and Al hydrous oxides. Redissolution 
of Fe and Al hydrous oxides consumes hydrogen ions. 

To ensure that the initial permeability of the liner is minimized, it is 
recommended that the liner be compacted to at least 90% of its maximum compac­
tion as determined by a standard proctor test. A 1 meter thick clay liner, so 
compacted, with a calcium carbonate content of 4%, or greater, will not only 
be able to impede the pH front advance into the surrounding geologic materials 
for hundreds of years, but will be able, based on empirical evidence, to neu­
tralize the total acidity of a typical tailings pond. As many soils prevalent 
in the Western U.S. contain carbonate contents significantly >4%, neutraliza­
tion of acidic seepage should be easily accomplished naturally or with implace­
ment of appropriate geologic materials. 

An initial conclusion drawn from these studies is that the laboratory 
experiments and geochemical modeling predictions were capable of simulating 
field observations. The same mineralogical changes and contaminant reductions 
observed in the laboratory studies were found at a drained evaporation pond 
(Lucky Me in Wyoming) with a 4 year history of acid attack. The observed 
minerals were also predicted, from geochemical (thermodynamic) modeling, to 
form upon neutralization of the acidic tailings solutions by the contacted 
sediments. Thus, the laboratory studies, field observations and theoretical 
model predictions complement each other. Further reports will document the 
chemistry of mobile sgecies such as N03- and S042-, the radionuclides 
including 230Th and 226Ra, as well as trace constituents in tailings such 
as Mn, As, Se, and V. Geochemical modeling predictions and field data coupled 
with chemical and hydrological properties will be used to assess the migration 
potential of the constituents. 
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RECOMMENDATIONS FOR FUTURE WORK 

The data presented herein, in concert with data to be published and 
available data in the literature on the reactions of acidic uranium mill 
liquors with soils and sediments, have allowed us to identify the controlling 
chemical mechanisms for several of the major constituents such as calcium, 
sulfate, and iron. More laboratory work on the cation-exchange contribution 
to neutralization and trace metal/radionuclide chemistry is needed to confi­
dently predict the pH front and trace constituent migration rates via linked 
geochemical and hydrologic transport models. 

Indigenous to many sediments and liners is a residual buffering capacity 
for acidic tailings liquors which is able to maintain column effluent values 
above those of the influent acidic solutions even after the initial buffering 
capacity of the sediment (liner) is exhausted. Further work needs to be done 
to explain the residual buffering capacity of sediments and liners. 

Radium and certain trace elements of consequence in uranium mill tail­
ings, such as Se, As, Mo, Pb and V have been monitored in laboratory columns 
to determine their mobilities. These studies will be documented in a future 
report. However, field data need to be collected to verify the ability of 
geochemical modeling predictions and laboratory experiments, to simulate field 
observations, particularly with regard to radium and trace metal movement. 

Information on the solubility and speciation of radium is needed to ade­
quately predict the environmental behavior of radium found in uranium mill 
tailings. 
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1.0 INTRODUCTION 

Below-grade or pit disposal of uranium mill tailings is the "prime option" 
for long-term management of tailings recommended by the U.S. Nuclear Regulatory 
Commission (U.S. NRC 1980). To contain the liquid waste in below-grade dis­
posal systems, methods which include liners are recommended in order to reduce, 
to the "maximum extent reasonably achievable," the seepage of toxic materials 
into the groundwater. However, the seepage must not result in deterioration 
of the quality of existing, unaffected ground water. In order to maintain the 
desired seepage control indefinitely, it is imperative that the liner system 
maintain its integrity for an extended period of time. 

Clay materials have been proposed as liners in tailings impoundments. 
However, long-term response of clay to contact with tailings solution is not 
well understood. Crim et al. (1979) found measurable increases in permeability 
in montmorillonite clays subjected to extended contact with an acidic (pH <1) 
tailings solution. These changes in permeability varied by more than two 
orders of magnitude, but tended to increase most dramatically after the pH of 
the effluent dropped below 4 (from an initial value near 8). 

Gee et al. (1980a,b) studied the effects of extended contact of acidic 
tailings solution (pH - 2) on the permeability of native clays from Morton 
Ranch in central Wyoming. Their results indicated the permeability of the 
clays gradually decreased with time during a 16 month period. Moreover, the 
clay material exhibited little physical evidence of deterioration. They 
attributed the decreases in permeability to the formation of precipitates of 
iron and aluminum and possibly of secondary clay minerals stable at low pH 
(<3). Precipitates formed could potentially plug the pores in the clay mate­
rials, hence reduce flow. In separate experiments of 3 months duration, no 
evidence for clay deterioration was detected by X-ray diffraction in several 
clay liner materials reacted with acidic tailings solution. However, Gee 
et al. (1980a) suggested that more definitive studies were needed to suffi­
ciently evaluate the hydrological, mineralogical, and chemical response of 
clay liner materials to acidic tailings solutions. Presented in this document 
are additional and continuing experiments that were conducted to evaluate 
changes in liner permeability and mineralogy when uranium mill tailings solu­
tions contact clay liner materials. 

This report contains four major sections (i.e., Permeablity Tests, Neu­
tralization, Mineralogical Stability of Liner Materials, Geochemical Modeling), 
each with its own individual summary, and a final section with conclusions. 
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2.0 PERMEABILITY TESTS 

Of significant concern in the disposal of uranium mill tailings is that 
the low pH, high sulfate, high ionic strength tailings solutions could react 
with clay liners or the surrounding geologic media and, in time, cause liner 
failure (i.e., result in an increase in permeability of the given material). 
This concern has prompted an investigation into the time dependence of perme­
ability changes that can occur when uranium mill tailings solutions interact 
with clay liners and soil materials. Permeability tests were run in flow­
through columns where various real and synthetic tailings solutions were 
reacted with clay liners and other geologic materials. The materials used were 
a clay liner and an overburden material from the Morton Ranch mill site (a pro­
posed uranium mill) in Wyoming, and overburden materials from the Dawn Midnite­
Mine mill in Washington, and the Pathfinder Gas-Hills (Lucky Me) mill in 
Wyoming. Detailed descriptions of the geology of the Morton Ranch site and 
the Dawn and Lucky Me mills are given in the Environmental Impact Reports for 
these mills (U.S.NRC 1977, U.S.NRC 1979, and Washington State 1980). 

2.1 CHARACTERIZATION OF GEOLOGIC MATERIALS AND TAILINGS SOLUTIONS 

All geologic characterization work on these materials was done using 
standard procedures (Black 1965a,b). Table 2.1 lists the key physical and 
chemical characteristics of the test materials. There was considerable varia­
tion in the geologic materials tested. The Morton Ranch clay liner material 
analyzed was a composite of sandstone, siltstone, mudstone and shale. The 
textural classification of the Morton Ranch clay liner is a silty clay loam. 
The saturated paste of this soil is alkaline and the organic matter content 
and the CEC are higher than that of any of the other geologic materials stud­
ied. The Morton Ranch overburden material is a sandy loam. It differs from 
the Morton Ranch clay liner by having a higher proportion of sand, an alkaline 
pH of 8.5, a higher but still low calcium carbonate content of 0.19% and a 
lower organic matter content. The Pathfinder Lucky Me overburden (Forelle­
Patent Association) is a silty clay. A distinctive feature of the Lucky Me 
overburden in the relatively high calcium carbonate content of 3.98%, in con­
trast to the low calcium carbonate content exhibited by the other test mate­
rials. The Dawn overburden is classified by texture as a sandy loam. It has 
a neutral pH, a moderate Eh, and a low cation exchange capacity (CEC). The 
difference in the particle size distribution between the Morton Ranch clay 
liner and overburden is shown in Figure 2.1. The particle size distributions 
for the Lucky Me and Dawn overburdens are shown in Figures 2.2 and 2.3, 
respectively. 

Characterization of the tailings solutions from the three sites is shown, 
along with the components of the prepared synthetic tailings solutions, in 
Table 2.2. Inductively Coupled Plasma emission spectroscopy (ICP) was used 
for macro-cation analysis while graphite furnace atomic absorption (AA) was 
used to analyze trace metals. Anions were determined by ion chromatography 
and titration and radionuclides by X-ray and y-ray radioanalytical techniques. 
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TABLE 2.1. Characterization of the Morton Ranch Clay liner and Overburden 
Materials from the Morton Ranch Site, the Dawn, and 
lucky Me M i 11 s 

Dawn 
Morton Morton Overburden 
Ranch Ranch lucky Me (glacial 

Cl a~ Liner Overburden Overburden cobble} 
Water Content (g/g) (%) 

(after air drying} 
4.10 1.15 2.95 1.12 

Particle Density (g/cm3) 2. 72 2.68 2.89 2. 71 

Particle Size 
Distribution (wt%) 

Sand (50-2000 ~m) 12.0 76 7 64 
Silt (2-50 ~m) 54.0 15 45 29.5 
Clay (<2 ~m) 34.0 9 48 6.5 

pH of Saturated Paste 8.2 8.5 8.0 7.0 

Eh of Saturated Paste 
(volts} +0.406 +0.345 +0.336 +0.349 

EC of Saturated Extract 
(nmhos/cm) 0.70 0.19 6.5 0. 31 

Organic Matter (g/g) (%) 1.44 0.19 o. 71 0.95 

CaC03 (g/g) (%) 0.04 0.19 3.98 0.06 

Cation Exchange Capacity 
(CEC) (meq/100g) 31.6 7.8 19.4 7.7 

Water Soluble Cations 
(meq/100g} ( 1:1 Extract) 

1.2s(a) K NO 0. 22 0. 22 
Na NO 1.10 34.24(a) 0. 59 
Ca NO 2. 72 21. 23( a) 4.95 
Mg NO 1.11 18.18(a) 2. 51 

(a) Done on a 2:1 saturated extract 
NO = Not determined 

A future report will discuss observed spectral and matrix interferences 
encountered in analyzing the low pH, high ionic strength, high sulfate tail­
ings solutions and will describe more fully the analytical techniques that 
were used to overcome these interferences. 
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2.2 MATERIALS AND METHODS 

The liner and overburden materials used in the tests were compacted into 
cylindrical cells having characteristics as stated below in Table 2.3. The 
method used for compaction was the sliding-weight tamper method (ASTM 1978). 

All of t he cells, with the exception of Cell 1, were initially saturated 
with ground water. Cell 1 was contacted only with synthetic tailings solution. 
Constant head permeability tests were then run on all cells . Cells 1, 2, and 
3 were leached with synthetic tailings solution while the remaining cells were 
leached with the tailings solutions indicated by Table 2.3. The synthetic 
tailings solution contains the major constituents of the tailings solution , 
but is free of radioactivity (Table 2.2) . 

The method used for determining permeability was the ASTM Method for 
determining constant head permeability (ASTM 1978), with minor modifications 
as described by Gee et al. (1980a). The flow through t he cells was from bot­
tom to the top to ensure saturated flow conditions. A schematic of the pres­
surized permeameter system is shown in Figure 2. 4. 
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TABLE 2.2. Characterization of Tailings Solutions From the Exxon 
Highland Mill,Lucky Me, and Dawn Mills, and the 
Synthetic Tailings Solution in mg/1 (unless otherwise 
noted) 

Par<Y~~eter 

Ag 
Al 

As 
B 

Ba 
Ca 
Cd 
Cr 
Cu 
Fe 
K 

Li 

Mg 
Mn 
Mo 
Na 
Ni 
p 

Highland Mill 
Tailings 
Solution 

<0.05 
600 

3.50 

<0.05 
537 
0.1 
2.7 
2.3 
2,215 
39.5(b) 

0.9 
688 

63.5 
0.35 
343 
3.0 

30 

Pathfinder 
Lucky Me 
Tailings 
Solution 

<0.05 
1,030 
19.3 
1.2 
0.092 
600 
0.28 
2.36 
1. 51 
2,780 
156 

1,220 
163 
8.413 

1,630 

Synthetic 
Oawn Tailings Tailings 

Solution Solution 

867 sgs 

1.86 

545 540 

2,626 
75.6 

474 
740 

0.28 
46 

2,217 

650 

350 

Pb <1.0 0.87 

Se 0.6 1.61 0.02 
160 Si 233.5 283 

Sr 15.7 14.0 
Th <1 
u 100 (39.7)(a) 

Zn 8.4 

Cl 97.1 
N03 16.5 

so4 12,850 
EC(mmhostc•) 18.2 
F 

P04 
pH 
Eh 
210Pb 
2JOTh 
238u 
235u 

226Ra 

Tot a 1 s 

4 

1.8 
910 
9,701 pCill 
227,286 pCill 
13,216 pCill 
620 pCi 11 
2,252 pCi{l 

253,075 pCill 

16.9 

1,090 

302.0 
26,400 
42.0 

28 

28 

18,200 
16.0 

30 
31 

1.2 1.8 
698 842 
16,000 pCil1 1610 pCil1 
167,000 pCi 11 86,007 pC i 11 
l6,BOO pCil1 13,7S8 pCill 
789 pCi 11 429 pCi 11 
4,900 pCi{l 3,355 pCill 
205,489 pCifl 105,15g pCill 

103 
15 
13,000 

2.0 

(a) Radiochemical analysis 
(b) A K+ value of 0.5 was used in the geochemical modeling portion of the 

study as the other value was not available at that time 
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TABLE 2.3. Physical Data for Test Materials 

Dry 
Cell Initial Sample Bulk S of Pore( b) 

Cell Diameter Length Vol~rre Moisture Weight DensijY Max imllll Volu~ 
Material !!£:... (em} ...J...g&_ .lf.!!!:.L {wtS} _j_gL i g/cm } Comeaction(a) {em l Leachate 

Morton Ranch Clay Liner 1 5.03 4.50 89.4 9.6 159.7 1. 79 97 30.6 Synthetic 
Tailings Solution 

Morton Ranch Clay Liner 2 5.00 4.60 90.3 9.0 157.8 1. 75 95 32.2 Synthetic 
Tailings Solution 

Morton Ranch Clay Liner 3 5.00 4.67 91.7 10.5 155.6 1. 7D 92 34.4 Synthetic 
Tailings Solution 

Morton Ranch Clay Liner 4 4.98 4.50 87.7 10.5 157.7 1.80 98 29.7 Highland Mill {H.M.j(C) 
Tailings Solution 

Morton Ranch Clay Liner 5 4.98 4.50 87.7 10.5 154.2 1. 76 96 31.0 Highland Mill (H.M.) 
Tailings Solution 

Morton Ranch Clay Liner 6 4.98 4.50 87.7 10.5 156.4 1. 78 97 30.3 Highland Mill (H.M.) 
Tailings Solution 

Morton Ranch Overburden 7 4.98 4.60 89.6 12.5 171.4 1. 91 96 25.7 Highland Mill (H.M.) 
co Tailings Solution 

Morton Ranch Overburden 8 4.95 4.60 88.5 12.5 169.6 1.92 96 25 . 1 Highland Mill (H.M.) 
Tailings Solution 

Morton Ranch Overburden 9 5.05 4.55 91.1 12.5 174.0 1. 91 96 26.2 Highland Mill (H. M. ) 
Tailings Solution 

Lucky Me Overburden 10 5.00 1.00 19.6 3.59 33.3 1. 70 N.D.(d) 8.1 Lucky Me 
Tailings Solution 

Dawn Overburden 11 5.00 1.00 19.6 1. 74 39.8 2.03 N.D. 4.9 Dawn 
Tailings Solution 

Dawn Overburden 12 5.00 1.00 19.6 1. 74 39.8 2.03 N.D. 4.9 Dawn 
Tailings Solution 

(a) Maximum compaction was determined for the Morton Ranch overburden and clay liner by a standard procter test (Black 1965). 
(b) Pore Volume= volume of void space in total sample volume (cm3). 
(c) H.M ... Highland Mill. 
(d) N.D ... Not Determined 
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FIGURE 2.4. Pressurized Flow System for Determining Constant 
Head Permeability 

The permeability (K) is calculated by multiplying the flow rate in ml/day 
by a cell constant. The cell constant is the length of the cell (L) divided 
by the cross-sectional area (A) times the hydraulic head (H). 

Cell Constant = L(2m) x 
A(cm) H( em) 

1 1 

sec I day 86400 
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The permeability was computed by multiplying measured daily flow volumes (Q/T) 
by the cell constant. 

= Q(cm) 3 
x 

2 
L(cm) K(cm/s) - - - - - = Flow Rate x Cell Constant 

T(days) A(cm) H(cm)86400 sec/day 

Figure 2.5 shows three permeameter cells connected to the pressure system 
and to the outflow collection cylinders. The cells were pressurized to accel­
erate the flow through the test materials. This technique was tried initially 
on the synthetic-solution clay liner samples for the purpose of simulating 
long-term effects in shorter time periods. For cell 1, the pressure was 
increased at three different points over time to determine if there was any 
effect on the measured permeability. There was no measurable influence of 
hydraulic head differences on permeability. The hydraulic head was thereafter 
maintained at 1460 em for all samples. 

To determine the effect that flow through fractures has on the permeabil­
ity, material in cell 2 was packed initially in a slightly undersized cell and 
then transferred to cell 2. After 50 days of flow through cell 2, the surface 
of the clay liner material was recompacted with the tamper to see what the 
change in permeability would be, and if recompaction had any effect on chemical 
migration. 

FIGURE 2.5. Pressurized Permeameter Setup for Measuring Permeability 
of Clay Liner Materials 
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2.3 RESULTS AND DISCUSSION OF THE PERMEABILITY TESTS 

Table 2.4 gives the time of contact between the solutions and the respec­
tive clay liners and overburden materials along with the number of pore volumes 
of solution that passed through the cell during the given time period. The 
beginning permeability was usually determined by averaging several data points 
taken over the initial 3 to 10 days of contact time, depending upon flow. The 
approximate number of pore volumes to which this corresponds can be found in 
Table 2.4. The final permeability achieved in the columns is also presented. 

The changes in permeability for the Morton Ranch clay liner material con­
tacted with synthetic tailings solution are shown in Figure 2.6. 

Cells 1 and 3 experienced a gradual, continuous decrease in permeability. 
For cell 2 (which was recompacted in place after 50 days of solution contact), 
the permeability dropped by an order of magnitude after recompaction. One can 
conclude, from the data, that physical manipulation (compaction) has a dramatic 
effect on permeability, and that physical mechanisms which optimize density and 
compaction and minimize channel cracks and fracture flow will likely play an 
important role in determining the ultimate permeability of the liner. The non­
recompacted cells (cells 1 and 3) experienced a decrease in permeability of 
approximately one-half order of magnitude over the -1000 day period. 

The effect of the Highland Mill tailings solution on the permeability of 
the Morton Ranch clay liner is shown in Figure 2.7. 

The permeability of columns 5 and 6 continuously decreased as long as the 
tailings solution was passing through the columns. Flow through column 4 
ceased after nearly 1 yr {350 days) of testing. During this time <1 pore vol­
ume of effluent was collected. The initial permeability of this column was 
very low (3.5 x 1o-10 cm/s). The permeabilities of columns 5 and 6 decreased 
anywhere from 1 order of magnitude for column 6 to over 2 orders of magnitude 
for column 5. The more dramatic decrease in permeability of the Morton Ranch 
clay liner reacted with Highland Mill tailings solution, compared to the 
decrease in permeability observed when the same liner was reacted with syn­
thetic tailings solutions, could be due to the formation of additional pre­
cipitates in the Highland Mill tailings solutions/clay liner interactions. 
The precipitation of additional solid phases could be caused by the presence 
of elements in the real tailings solutions that are not encountered in the 
synthetic tailings solutions. These are elements that are constituents of the 
additional solids and whose presence is necessary for the solid to precipitate. 
An example of such an element is K+, which is necessary for the precipitation 
of K-jarosite [KFe3(S04)2(0H)6] and alunite (KAl3S04)2(0H)6]. Potassium is 
found in the Highland Mill tailings solution but not in the synthetic tailings 
solution. Both K-jarosite and alunite were identified, by X-ray diffraction, 
in Highland Mill tailings solutions/clay liner interactions but not after the 
synthetic tailings solution reacted with the clay liner (Morton Ranch clay 
liner). The permeabilities observed in the Morton Ranch clay liner material 
(columns 1 through 6) are lower than the liner permeability (10-7cm/s} recom­
mended by the Environmental Protection Agency (U.S. EPA 1978). The columns 
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TABLE 2.4. Contact Time, Pore Volumes of Effluent and Initial and Final 
Permeabilities of the Overburden and Liner Materials 
Contacted with Original and Synthetic Tailings Solution 

Contact Time Pore Beginning Final 
Cell Days Volumes Permeability (cm/s) Permeability (cm/s) -

1 1024 34.67 7.0 X 10-9 1.4 X 10_g 

2 947 21.36 2.8 X 10-8 7.5 X 10-10 

3 929 13.77 2.2 X 10-9 8.0 X 10-10 
4 350 0.89 3.5 X 10-10 flow ceased 
5 838 18.66 5.0 X 10-8 8.1 X 10-ll 

6 836 9.41 2.5 X 10-9 2.5 X 10-10 

7 102 44.17 9.2 X 10-8 3.2 X 10-7 

8 95 70.65 1.0 X 10-7 4.9 X 10-7 

9 95 93.75 1.0 X 10-6 8.5 X 10-6 

10 117 34.18 4.4 X 10-8 2.4 X 10-8 

11 56 108.02 2.8 X 10-7 1. 7 X 10-7 

12 59 57.80 3.8 X 10-7 6,8 X 10-8 

packed with the Morton Ranch clay liner that had been contacted with Highland 
Mill tailings solutions (columns 4 through 6) all had final permeabilities less 
than 10-9 cm/s. 

The final permeabilities of the Morton Ranch overburden were greater than 
initial values for all 3 test samples (Figure 2.8). This overburden had the 
highest sand content (76% by weight) and the lowest amount of fine material 
(less than 25% passing a 53 vm screen). The average final permeability of the 
three cells was 3.1 x 10-6. The pH of the effluent solution dropped to near 
2 before any appreciable change in permeability was observed. The low pH 
coupled with relatively high flow rates could be responsible for the migration 
of fine particles through the pores of the sand resulting in the increased 
permeability. 

The Lucky Me Overburden soil leached with the Lucky Me tailings solution 
had a final permeability of around 2.4 x 10-8 cm/s which was a slight 
decrease from the permeability encountered at the beginning of the experiment 
(Figure 2.9). 

Cells 11 and 12, which contained overburden materials from the Dawn Mid­
nite Mine site leached with the Dawn tailings solutions, showed slight declines 
in permeabilities during the time the cells were in operation (Figure 2.10). 
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Two intertwined mechanisms could help account for the decreases in perme­
ability that were generally observed when low pH, high ionic strength, high 
sulfate tailings solutions were allowed to contact clay liners and other geo­
logic materials. First, precipitation of minerals due to the increase in pH, 
brought about by the buffering capacity of the soil, could result in pore 
plugging, thus decreasing permeability. Second, soil swelling and dispersion 
and deflocculation of clay particles could result in decreases in hydraulic 
conductivity or permeability. It will be explained in succeeding paragraphs 
how these two mechanisms are related. 

Many minerals become less soluble as the pH of their aqueous environment 
is increased. This is explained more fully in the geochemical modeling sec­
tion, but, in general, precipitation of these minerals can occur as the pH 
rises assuming that the given dissolved constituents are sufficiently close to 
their saturation concentrations at the lower pH values. Dissolution of some 
soil minerals, such as calcium carbonate, takes place concurrently with the 
precipitation reactions that occur. Calcium carbonate dissolves, when con­
tacted by the acidic solutions, according to Equation 1: 

( 1) 

The calcium released into solution can result in the precipitation of gypsum 
since the tailings solutions tend to be in equilibrium with gypsum initially. 
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Even though, for each mole of CaC03 dissolved, some fraction of a mole of 
gypsum will precipitate, depending on the relative activities of calcium and 
sulfate, the increase in the pH of the solution will result in the precipita­
tion of many other minerals. For a more complete discussion on those minerals 
expected to precipitate, and the stability of various minerals, see the section 
on mineralogy and the section on geochemical modeling. 

As tailings solutions move through the soil, minerals precipitate lowering 
the ionic strength of the solution and changing the relative solution percent­
age of each element. Using the criteria established by Sherard et al. (1976) 
for the dispersive properties of the four tested tailings solutions indicated 
that none of the solutions were initially dispersive. However, as precipita­
tion and/or adsorption preferentially remove non-sodium salts from solution the 
tailings solutions can, at some point in the column or soil profile, become 
dispersive. The non-sodium salts are preferentially removed because of their 
generally lower solubility and greater affinity for adsorption. The opportu­
nity for a potentially dispersive condition to exist is especially high when 
the tailings solutions have a high initial sodium content as does the Lucky Me 
tailings solution. Some of the effluents from columns leached with the 
Lucky Me solution had sodium percentages >40% along with much reduced total 
dissolved solids. The Lucky Me tailings solution was the only tailings solu­
tion that became potentially dispersive as it passed through the column. 

In soils containing appreciable amounts of smectite, McNeal et al. (1966) 
speculated that the predominant mechanism causing the hydraulic conductivity 
to decrease was clay swelling . Smectite has been identified in the Morton 
Ranch clay liner by X-ray diffraction (see section on mineralogy). The clay 
sized fraction of the Morton Ranch clay liner also contains illite and kaolin­
ite along with other minerals noted in Section 4.0. The Lucky Me overburden 
is composed of eight minerals (Erikson and Sherwood 1982) among which kaolin­
ite, illite and smectite have been identified. Cass and Sumner (1982) mention 
that sensitivity to excess sodium is mainly due to such soil properties as clay 
content, bulk density, and clay mineralogical composition. There is an inverse 
relationship between clay content and bulk density and the observed permeabil­
ity of soil-liner materials. Those soils having large quantities of 2:1 layer 
expanding silicate minerals tend to be more sensitive to high sodium percent­
ages than those containing illite, kaolinite, iron oxides, and amorphous mate­
rial. The precipitation of minerals such as amorphic ferric hydroxide, alun­
ite, and aluminum hydroxy sulfate should help impede any dispersive tendencies. 
Any dispersion occurring in these columns involved a short range migration of 
particles as no clay particles were visually observed in the effluents. 

2.4 SUMMARY OF PERMEABILITY TESTS 

Liner failure (i . e., an increase in permeability of the liner material) 
has not been found to be a problem when acidic tailings solutions encounter 
liner and overburden materials over a period of almost 3 years. On the con­
trary, the liner material and two of three overburden materials showed a 
decrease in permeability with time. Reactions that can occur, such as pre­
cipitation, deflocculation, swelling, etc. tend to decrease the permeability 
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and thus increase the stability of the liner materials. The high permeability 
observed in the Morton Ranch coarse overburden can be explained by the high 
sand content, low percentage of fines (<25% passing a 53 ~m sieve), and result­
ant large pore sizes. Permeability increases in this material occurred only 
after the effluent pH dropped to values approaching the influent pH. High flow 
rates of low pH solution may have washed fine particulates from the pores of 
this coarse sediment causing the increase in permeability. 

These tests demonstrate that the materials tested that contain over 30% 
clay are able to maintain their permeabilities at the initial values or lower 
for extended periods when contacted with acidic tailings solutions and thus 
appear to be suitable materials for lining tailings impoundment ponds. The 
tests also demonstrate that soil compaction procedures which optimize density, 
and minimize channel cracks and fracture flow, can play an important role in 
maintaining acceptable permeabilities. The time dependence of the permeability 
changes was not predictable from the tests run to date. However, in model 
simulation these permeability changes should be accounted for when simulating 
both flow and contaminant migration from tailings disposal facilities. 
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3.0 NEUTRALIZATION BY GEOLOGIC SEDIMENTS 

As seen in Tables 3.1 and 3.2, the Morton Ranch overburden and liner mate­
rials have properties that enable them to impede chemical migration. Similar 
behavior was observed in the other tailings solutions/sediment interactions. 
As illustrated by these tables, one of the attenuation processes of the mate­
rials can be directly attributed to the change in pH that occurs when the tail­
ings solutions contact liner and overburden materials that contain minerals, 
(e.g., carbonates) which buffer the system towards a significantly higher pH. 
The change in solution pH from 2.0 to nearly 8.0 greatly increases the hydro­
xide ion concentration, decreases the solubility of many solid phases and thus, 
precipitates many of the constituents of the tailings solutions. The chemical 
reactions that occur when this precipitation takes place are discussed more 
fully elsewhere (see Section 5.0). The effectiveness of the buffering capacity 
of the soils in lowering contaminant concentrations and the resultant high 
sorption that was experienced at high pH levels have all been documented pre­
viously (Gee et al. 1980a,b). 

Effluent pH as a function of time and the number of pore volumes eluted 
is shown in Figures 3.1 through 3.5. The cells that contained the Morton Ranch 
clay liner material leached with the synthetic tailings solutions (cells 1, 2 
and 3) showed disparate pH front breakthroughs (Figure 3.1). The breakthrough 
occurred after between 1 to 7 pore values had been eluted. Cells 1 and 3 had 
pH values that did not change appreciably until more than 3 pore volumes had 
passed through the columns. For cell 2 the pH dropped rapidly after the first 
pore volume and was below pH 4 after 2 pore volumes of effluent, suggesting 
that flow was possibly occurring in cracks or channels or along the permeameter 
wall. This was the same cell that was recompacted after -4 pore volumes had 
passed through the cell. This recompaction was accompanied by a concommitant 
decrease in the permeability by over an order of magnitude. After recompacting 
the liner material, the pH decreased slowly and in a manner similar to the 
other columns that were packed with the clay liner material. After almost 
3 years of leaching the effluent from columns 1, 2 and 3 still had not attained 
the influent pH levels, though the pH had dropped below 3. This indicates a 
long term residual buffering capacity in the soil. The buffering mechanism 
will be discussed in subsequent paragraphs. 

As indicated in Table 2.4, only 0.89 pore volumes passed through cell 4 
before flow through the cell ceased, so the pH of this effluent solution never 
dropped much below 8. Both columns 5 and 6 achieved acid breakthrough at 
roughly 6 pore volumes. The pH of the effluent from these two columns slowly 
decreased, after the initial breakthrough, to values near 3 (Figure 3.2). 

Columns 7, 8 and 9 had pH front breakthroughs occurring after 2-3 pore 
volumes had passed through the overburden material (Figure 3.3). 

The single column packed with the Lucky Me overburden and leached with 
acid tailings liquor from the Lucky Me mine reached the pH front breakthrough 
after slightly over 30 pore volumes had passed through the column (Figure 3.4). 
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TABLE 3.1. 

Pore Vo 1 ume 1. 26 

pH 7.7 

Analysis of the Effluent Solution from Morton Ranch Clay 
Liner (Cell 1) Leached with Synthetic Tailings Solution 
(pH= 2.0 Al = 595, Fe= 2,217, and S04 = 13,000 mg/1) 

1.68 2.12 2.54 2.95 3.30 4.47 5.15 5.89 25.51 
7.9 7.8 7.7 7.8 5.7 4.0 4.3 3.8 3.35 

Element 
Al 

----------------------------mg/1------------------------------
DL(a) DL DL DL DL DL 29 146 193 958 

DL DL DL DL DL 32 645 1312 1582 1510 Fe 

so4 2445 2340 2690 3444 3833 4714 7147 8304 7984 12,200 

(a) Below detection limit (DL) 

TABLE 3.2. Analysis of Effluent Solution from Morton Ranch 
Clay Liner (Cell 5) Leached with Highland Mill 
Tailings Solution (pH= 1.8 Al = 600, Fe= 
2,215, and S04 = 12,850 mg/1) 

Pore Volume 1.35 3.46 5.54 6.24 7.91 8.89 10.39 11.17 
pH 8.2 8.0 4.8 4.2 3.8 3.53 3.70 3.42 

Element --------------------------mg/1---------------------------
Al DL (a) DL DL 47 167 392 564 703 
Fe DL DL 127 538 950 1330 1560 1720 

so4 2220 3704 7864 9492 12,192 13,900 14,800 10,100 

(a) Below detection limit (DL) 

DL 

0.1 
0.1 
0.1 

OL 

0.1 
0.1 

0.1 

The pH values of the Dawn overburden effluents dropped down very close to 
the inffluent pH with both columns having effluent pH values below 2.0 versus 
an influent pH of 1.8. Approximately 10 pore volumes passed through the col­
umns before the pH front breakthrough was achieved (Figure 3.5). 

There are numerous factors (e.g., carbonate and layered silicate dissolu­
tion and precipitation, aluminum and iron hydrolysis, oxidation of Fe, U, V, 
and Mn and the adsorptive capacity of the soil) that can potentially affect the 
pH of the effluent from these column experiments. In many calculations involv­
ing the buffering capacity of the soil it is assumed, as a first approximation, 
that this buffering capacity is due entirely to the calcium carbonate content 
of the soil (Cherry et al. 1982, Shepherd and Cherry 1980). If one makes this 
assumption, and also assumes a neutralization of the influent solution to a pH 
around 7, then the neutralization process involving CaC03 can be represented 
by the following reaction: 
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( 2) 

where 1 mole of CaC03 will neutralize 1 mole of hydrogen ions. We are also 
assuming that the total acidity of the solution comes from the measured activ­
ity of the hydrogen ion, which may not be the case, especially in uranium mill 
tailings solutions, where a large part of the total potential acidity may arise 
from such species as iron and aluminum. 

Based on the data from Tables 2.1 and 2.3, solution data in Table 2.2 
(pH), and Equation 2, it should take 1.9 pore volumes to overcome the calcium 
carbonate buffering capacity of the clay liner that was used in columns 1 
through 3. The experimental data show that roughly 3 pore volumes came through 
columns 1 and 3 before the pH front breakthrough took place. Columns 5 and 6 
did not experience this breakthrough until about 6 pore volumes had gone 
through the columns, compared to the predicted value, based on the above stated 
assumptions, of 1.2. According to the CaC03 content of the Morton Ranch 
overburden that was employed in columns 7-9 it should take about 8 pore vol­
umes of solution to overcome the calcium carbonate buffering capacity of this 
soil. The actual breakthrough for these columns was achieved after between 2 
and 3 pore volumes passed through the columns. The column packed with the 
Lucky Me overburden has a predicted calcium carbonate breakthrough of around 
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60 pore volumes and an actual breakthrough at about 30 pore volumes. The cal­
culated calcium carbonate breakthrough value for the Dawn overburden was 
0.76 pore volumes in contrast to the 10 pore volumes it took to achieve actual 
breakthrough. 

A couple of salient points arise when examining the buffering capacity 
data. First, there appears to be an inherent long-term residual buffering 
capacity in existence in the Morton Ranch clay liner and the Morton Ranch 
overburden. The Morton Ranch clay liner has the stronger residual buffering 
capacity of the two. The experiments with the Lucky Me overburden were not 
continued long enough to determine if there was a residual buffering capacity 
present and the Dawn overburden had no residual buffering capacity. More 
research needs to be done to define this mechanism exactly, and to determine 
why one soil has a residual buffering capacity and another doesn't, but there 
are several possible explanations for the occurrence of the residual buffering 
capacity. This residual buffering capacity that keeps the effluent pH values 
from reaching the influent values may be due to layered silicate dissolution 
and the formation of silicic acid. Also, in arid environments relatively 
insoluble iron oxides sometimes form as coatings on soil minerals. Part of 
the residual buffering capacity could be due to the formation of these rela­
tively insoluble iron oxides on the surface of calcium carbonate particles and 
the slow dissolution of these surface coatings as solution flows past them. 
As these coatings slowly dissolve, more calcium carbonate is gradually made 
available for buffering of the soil acidity. Another possible mechanism for 
this residual buffering capacity is the dissolution of minerals that had pre­
viously precipitated at high pH values. For example, the aluminum and iron in 
the tailings solutions hydrolyze and precipitate as amorphic ferric hydroxide 
[Fe(OH)3 A, (A=amorphic)] and aluminum hydroxide [Al(OH)3 A] releasing 
hydrogen ions into solution according to reactions 3 and 4 

( 3) 
( 4) 

As the pH drops to lower values, and the calcium carbonate dissolves and dis­
appears from the soil, the iron and aluminum hydroxides previously precipitated 
from solution according to Equations 3 and 4 become more soluble at the lower 
pH values and begin to dissolve. This dissolution proceeds according to the 
reverse of reactions 2 and 3 (right to left) and, in the process, consumes 
hydrogen ions and buffers the soil against further decreases in pH. 
J. F. Relyea (1982) recently demonstrated that there is no residual buffering 
capacity evidenced when HCL was used to titrate geologic materials as opposed 
to a prevalent residual buffering capacity, below pH 4.5, when acidic tailings 
leachates containing high concentrations of aluminum were used. Thus, acidic 
tailings containing iron and aluminum have the capacity to precipitate and 
release hydrogen ions into solution as the pH rises and then may buffer the 
soil against further decreases in pH by dissolving (and consuming hydrogen 
ions) once the pH drops to around 4. 
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The second point that can be gleaned from exam1n1ng the buffering capacity 
data, apart from the long-term residual buffering capacity observation, is that 
the assumption that the total acidity of the tailings solution corresponds to 
the measured pH and the total buffering capacity of the soil to the calcium 
carbonate content, according to Equation 2, is insufficient for explaining the 
observed pH front breakthroughs. The best estimator of pH breakthroughs for 
these columns came from considering the total acidity to be due to the total 
of the measured pH, Al3+ and Fe3+ and the buffering capacity to be due to 
the calcium carbonate content of the soil plus the soils cation exchange capa­
city. (The Fe3+ may not contribute to the buffering capacity in reducing 
environments.) Using these parameters to calculate a total sediment buffering 
capacity and total solution acidity, the predictions of the pH front break­
throughs for columns 1 to 9 matched closely with observed breakthroughs but 
were off considerably (predictions too low) for columns 10 to 12. See Sec­
tion 5.0 for analytical chemistry on the effluents of selected permeability 
columns. 

For a 1m thick clay liner compacted similarly to the clay liner of col­
umns 1-6 (Table 2.3) and assuming a constant pressure head gradient of 10 and 
permeability of 10-8 cm/s, we calculate less than 2 pore volumes of solution 
would flow through the clay liner in 20 years. This size of head gradient 
might exist in an evaporation pond that was constantly filled to a depth of 
9 m, but would be conservatively high, by a factor of 5 to 10, for any pit 
tailings disposal alternatives (Nelson et al. 1980). Even with the low CaC03 
content (0.04%) of the Morton Ranch clay liner it would take roughly 65 years, 
using the assumed values for hydraulic head and permeability, for the acid 
tailings liquor to overcome the buffering capacity of the liner and for the low 
pH front to move into the surrounding geologic media. Using the same hydraulic 
head and permeability in conjunction with the Pathfinder Lucky Me overburden 
(3.98% CaC03) computes a time of approximately 330 years before the pH front 
would advance through a 1m thick clay liner. Both of these breakthrough times 
are based on the actual column breakthrough data and not on calculations 
involving the calcium carbonate content of the soil. Imposing the same condi­
tions on the Morton Ranch and Dawn overburdens would yield pH front break­
throughs of 33 and 110 years, respectively. 

3.1 SUMMARY OF NEUTRALIZATION TESTS 

Data suggest that the clay liners and overburden materials will provide a 
barrier to contaminant migration not only through their low permeabilities, 
but also by their buffering capacities (also see Nelson et al. 1980). The 
best predictions of pH front breakthroughs were obtained by considering the 
total acidity to be due to the total of the measured pH, and AlJ+ and Fe3+ 
concentrations and the buffering capacity to be due to the soils calcium car­
bonate content plus cation exchange capacity. The Morton Ranch clay liner and 
overburden exhibited a residual long-term buffering capacity below a pH of 
around 4 whch was able to maintain the effluent pH values at a higher level 
than the influent pH values. Further work needs to be done to explain the 
reactions and principles that account for the buffering capacities of the soils 
and liners but a dominant cause for the residual buffering capacity may be 
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redissolution of Al and Fe amorphic hydrous oxides. A 1 m thick soil or liner 
with a calcium carbonate content as low as 4% should not only be able to impede 
the pH front advance into the surrounding geologic material for hundreds of 
years, but should also be able, based on empirical evidence, to neutralize the 
total acidity contained in most tailings ponds over their entire active 
lifetimes. 
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4.0 MINERALOGICAL STABILITY OF LINER MATERIALS 

4.1 INTRODUCTION 

The evaluation of the mineralogical stability of liner materials has 
involved 3 studies: 1) batch-type experiments, 2) column-type experiments, 
and 3) a field study. All studies were conducted to determine the stability 
and potential mineralogic alteration of liner materials in contact with acidic 
tailings solutions. This was accomplished by determining the sediment (liner) 
mineralogy before and after contact with tailings solutions. 

4.2 MATERIALS AND METHODS 

In the batch-type experiments, mixtures of liner material and tailings 
solution were agitated in polyethylene bottles for periods up to 16 months. 
The three liner materials tested include: 1) a clay liner material from 
Morton Ranch, Wyoming, 2) Volclaye CS-50, a sodium-saturated bentonite, and 
3) Volclay® Saline Seal, a polymer-treated bentonite. Each of these clay mate­
rials was reacted separately with: 1) actual tailings solution (Exxon Highland 
Mill, Wyoming), 2) a synthetic tailings solution similar in chemistry to the 
Highland Mill solution (see Table 2.2), and 3) two H2S04 solutions of 
pH = 2 and pH = 0.5. 

The column-type experiments involved the flow of acidic tailings solution, 
under constant head conditions, through permeability columns packed with liner 
materials (see Section 2.0). One of these columns (column 5) was selected for 
dissection and mineralogic characterization. In column 5, acidic tailings 
solution from Highland Mill in Wyoming was allowed to flow through Morton Ranch 
clay liner over an 838 day period. At the conclusion of the experiment, the 
column was dissected and split into 5 sections and the mineralogy of each sec­
tion identified. 

In addition, a field investigation of evaporation pond No. 4 at the 
Lucky Me site, Wyoming, was conducted. Samples were recovered to depths of up 
to 60 em from 5 locations on the pond bottom. The mineralogy of selected sam­
ples was determined as a function of depth from the pond bottom. 

4.3 ANALYTICAL METHODS 

The mineralogy of all sediments was determined from bulk and/or clay-sized 
fractions using powder X-ray diffraction techniques. The clay-sized fractions 
of the sediments were separated from the bulk samples by sedimentation (Jackson 
1956, 1979). Since a large fraction of the uncontacted sediments used in the 
batch tests were clay-sized (<2 ~m), the results reported are for clay-sized 
fractions only. For the column tests and the field study, X-ray results are 
presented for bulk sediment samples. Diffractograms were obtained using a 
Philips XRG 3500 X-ray difractometer and Cu-Ka radiation. Each sample was 
scanned at 2°2e/min between 2° and 60°29. 

e Registered trademark of the American Colloid Co., 5100 Suffield Court, 
Skokie, Illinois. 
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In samples containing a large proportion of clay minerals (samples from 
the batch tests), specific procedures for proper identification of various clay 
mineral species were utilized. These procedures include: 1) homoionic satu­
rat ion of clays with magnesium and potassium (Brindley and Brown 1980), 
2} organic saturation of the clays with ethylene glycol and glycerol (MacEwan 
1961}, and 3} obtaining X-ray diffractograms in controlled humidity environ­
ments (Brindley and Brown 1980, O'Brien 1948}. 

4.4 RESULTS AND DISCUSSION 

The results of the 2 experimental studies (batch and column experiments) 
and the field study will be discussed separately. The data are presented as a 
series of diffractograms comparing the mineralogies of uncontacted samples and 
samples reacted with the various tailings solutions. 

4.4.1 Batch-Type Experiments 

The mineralogical data obtained from interpretation of the diffractograms 
are summarized in Table 4.1. Figures 4.1 through 4.4 illustrate several X-ray 
diffraction patterns obtained for the reacted and unreacted clay liner mate­
rial s used in the batch experiments. The X-ray data for the clay fraction of 
the unreacted CS-50 bentonite (Table 4.1, B1) and Saline Seal bentonite 
(Table 4.1, S1} suggest the only clay constituent is smectite [(Na,CA)Q.33 
(Al,Mg)2Si401o(OH)z·nH20] (Figure 4.1). The occurrence of the (101) reflec­
tions of a-quartz {Si02, d = 3.34 A) and cristobalite (Si02, d = 4.05 A) in 
these diffractograms implies the presence of a trace amount of these phases. 
The shifts of the (00~) reflections (Figures 4.1a and 4.1b) upon glycerol 
solvation clearly indicate the presence of swellable smectite. Similar shifts 
of the (00~) reflections are also observed in the Saline Seal sample 
{Figure 4.1c). 

The uncontacted clay-sized fraction of the Morton Ranch clay liner con­
sists of a mixture of quartz (SiOz), kaolinite [Al2Si205(0H)4], illite 
[K(Al,Mg,Fe)2(Si,Al)4010(0H)2(H20)], feldspar [(K,Na,Ca){Al,Si}408], and 
smectite (Table 4.1, Cl). Kaolinite and quartz are probably the most abundant 
minerals in this liner material. Smectite and feldspar are minor constituents. 

In Figures 4.2 and 4.3, X-ray diffractograms of unreacted bentonite sam­
ples are compared to diffractograms of samples contacted with the synthetic 
tailings solutions. Figure 4.4 illustrates data for the Morton Ranch clay 
liner reacted with a H2S04 (pH = 2) solution. 

The X-ray diffraction data from the batch-type experiments suggest: 
1) one phase (smectite) present in the initial Morton Ranch clay liner may have 
been consumed by the acidic solutions, and 2) the initial phases present in the 
CS-50 and Saline Seal bentonites were not completely consumed by reaction with 
any of the acidic solutions. The initial mineral assemblage of the CS-50 and 
Saline Seal bentonite samples (smectite, quartz and cristobalite) remained 
unchanged after contact with all of the solutions, except for sample B4 
(Table 4.1). In this sample, quartz was not detected. Quartz is present, 
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TABLE 4.1. Mineralogy of Clay Liner Material from Batch Experiments 

Samp 1~ 
No.~ a) 

B1 
B2 
B3 
B4 
B5 

Sl 
S2 

Cl 
C2 

C3 
C4 
C5 

Tailings 
Solution( b) 

Highland Mill 
Synthetic 
H2so4 
H2so4 

Highland Mill 

Highland Mill 
Synthetic 

H2so4 
H2so4 

Initial 
Solution 

pH 

1.8 
2.0 
0.5 
2.0 

1.8 

1.8 
2.0 
0.5 

2.0 

pH 
After 
Six 

Months 

2.2 
2.5 

2.2 

2.4 

2.4 

Final 
pH( C) 

1.9 
2.7 

0.5 
7.5 

1.9 

2.0 
2.6 

0.8 
5.2 

Mineral Pha~es 
Present ( d J 

SM,Q,C 
SM,Q,J,C,A 
SM,Q,C 
SM,C 
SM,Q,C 

SM,Q,C 
SM,Q,J,A,C 

Q,K,I,SM,F 
Q,K,I,J,F,A 
Q,K,I 
Q,K,K,SM 

Q,K,I,SM 

Experiment 
Duration 

(Days) 

485 
365 

7 

7 

485 

485 

365 
7 

7 

(a) Samples B1, S1, and C1 are the initial, unreacted CS-50 bentonite 
(B), Saline Seal bentonite (S), and Morton Ranch clay liner (C) 
materials, respectively. 

(b) Liquid to solid ratio for all experiments was 10:1. 
(c) pH of decanted solution at conclusion of experiment. 
(d) SM =smectite, Q =quartz, J =jarosite, I = illite, K =kaolinite, 

F =feldspar, C = cristobalite, A= alunite. 

however, in such small quantities in the initial bentonite samples (i.e., B1 
and S1) that it may not be detected in any one random subsample. Similar sam­
pling inconsistencies are evident in samples of Morton Ranch clay liner. The 
initial clay-sized fraction of the Morton Ranch sample contains small quanti­
ties of feldspar and smectite in the clay-sized fraction. Some of these phases 
(smectite) were not identified in the reacted samples (Table 4.1). In sam-
ples C2 and C3 (Table 4.1), however, smectite may have been consumed in a reac­
tion with the tailings solution. Jhe disappearance of smectite in only these 
samples could simply be the result of the long duration of these experiments 
and the small quantity of smectite in the unreacted Morton Ranch samples. The 
quartz, kaolinite, and illite present in the initial Morton Ranch samples were 
identified in the liner material after reaction with all of the solutions. 
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FIGURE 4.1. X-ray Diffraction Traces of Mg-Saturated Clay Fractions: 
a) Unreacted CS-50 Bentonite, 56% Relative Humidity, 
b) Unreacted CS-50 Bentonite, Glycerol Saturated, 
c) Unreacted Saline Seal Bentonite, Glycerol Saturated. 
Spacings in Angstroms. SM = smectite, Q = quartz, 
C = cristobalite. 
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FIGURE 4.2. X-ray Diffraction Traces of Mg-Saturated, CS-50 Bentonite Clay 
Fraction: a) Unreacted, 56% Relative Humidity; b) Reacted 
with Highland Mill Tailings Solution, 56% Relative Humidity; 
c) Reacted with Synthetic Tailings Solution, 56% Relative 
Humidity. Spacings in Angstroms. SM = smectite, Q = quartz, 
C = cristobalite. 
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FIGURE 4.3. X-ray Diffraction Traces of Mg-Saturated, CS-50 Bentonite Clay 
Fractions: a) Unreacted, Glycerol Saturated; b) After Reac­
tion with H2S04 (pH = 0.5) Glycerol Saturated. Spacings 
in Angstroms. SM = smectite, Q = quartz. 

Figure 4. 4 illustrates X-ray diffraction data for unreacted Morton Ranch liner 
materials and the same material after reaction with H2S04 (pH= 2). 

The extent of reaction of the clay liner materials with the tailings solu­
tions cannot be determined from the present X-ray data. However, Heller-Kallai 
and Rozenson (1981) reported results for the solubility of nontronite (smect­
ite) in hydrochloric acid for periods of up to 140 hours. Although narrow 
reaction rims were evident, they concluded that the bulk structure of the clay 
was unaffected by acid attack. 

Jarosite [(K)Fe3(S04)2(0H)6], and possibly alunite [(K)Al3(S04)2(0H)6] 
were identified in both CS-50 and Saline Seal bentonite samples and Morton 
Ranch clay liner samples reacted with the Highland Mill tailings solution 
(Figure 4. 2b). The formation of alunite-group minerals may be the direct 
result of the supersaturation of the original Highland Mill tailings solution 
with respect to this mineral. Jarosite or alunite was not precipitated from 
the synthetic solution or H2S04 solutions when reacted with any of the 
liner materials. 
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FIGURE 4.4. X-ray Diffraction Traces of Mg-Saturated, Morton Ranch Clay 
Liner Clay Fractions: a) Unreacted, 56% Relative Humidity; 
b) Unreacted, Glycerol Saturated; c) Reacted with H2S04 
(pH= 2), 56% Relative Humidity. Spacings in Angstroms. 
SM =smectite, I = illite, K =kaolinite, Q =quartz, 
F = feldspar. 
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4.4.2 Column-Type Experiments 

In the column-type experiments, the permeability column was dissected 
after almost 19 pore volumes of Highland Mill tailings solution had flowed 
through a sample of Morton Ranch clay liner. The extracted soil was split into 
5 wafers versus depth, each wafer was -0.9 em thick. Section 1 represents soil 
closest to the influent end of the column and section 5 closest to the effluent 
end. In Figures 4.5 and 4.6, the X-ray data for the uncontacted Morton Ranch 
clay liner is compared to the 5 sections of soil contacted by the Highland Mill 
solution. 

The uncontacted Morton Ranch liner is composed of quartz (Si02), feldspar 
[(K,Na,Ca)(Al,Si)408], kaolinite [Al2Si205(0H)4], illite [K(Al,Mg,Fe)2 
(Si,Al)401o(OH)2(H20) ], and smectite [(Na,Ca)Q.33(Al,Mg)2Si401o(OH)2·nH20]. 
This mineral assemblage is also present in the 5 contacted soils sectioned 
from the column. However, in addition to these phases, gypsum (CaS04·2H20) 
precipitated throughout the column and jarosite [KFe3(S04)2(0H)6] was 
detected in sections 1 and 2. Although jarosite was not identified in the bulk 
fraction of section 2 (Figure 4.5c), it was identified in the clay-sized frac­
tion of the same sample (diffractogram not shown). This implies that the rela­
tive proportion of jarosite is less in section 2 than section 1. Jarosite was 
not identified in sections 3, 4, or 5. 

4.4.3 Luck~ Me Field Stu£l 

Evaporation pond No. 4 is an unlined pond in which-12ft of standing 
tailings solution had contacted a carbonate-rich overburden (Forelle-Patent 
Association) for nearly 10 years. The field study involved the mineralogical 
investigation of portions of 5 sediment profiles beneath evaporation pond 
No. 4. Each profile sampled was -60 em thick. The samples were collected in 
1981 while the pond was temporarily drained. Profiles from each sample loca­
tion were distinctly stratified based on soil color. Sediment pH measurements 
indicated that soil pH was also stratified with depth beneath the evaporation 
pond. Based upon the soil pH stratification, specific sections of several pro­
files were selected for mineralogical characterization. The sample designa­
tions used were chosen based on sample location and depth from the pond bottom: 
the locations and abbreviations used are layered surface (LS), red sand (RS), 
7400, northeast corner (NEC), and pipeline {P). Depths (in em) are indicated 
in parentheses after the abbreviation for sample location. 

X-ray diffraction data for samples that exemplify the mineralogical trends 
noted in this study are illustrated in Figures 4.7 and 4.8. The uncontacted 
Lucky Me overburden underlying this evaporation pond is composed of 8 minerals: 
quartz (Si02), feldspar [(K,Na,Ca)(Al,Si)408], calcite (CaC03), dolomite 
[(Ca,Mg){C03)z], gypsum (CaS04 · 2HzO), kaolinite [Al2Si205(0H)4], illite 
[K(Al,Mg,Fe)z(Si,Al)401o(OH)2(H20)], and a smectite-group mineral 
[(Na,Ca)o.33(Al,Mg)2Si4D1o(OH)2· nH20]. The X-ray data presented in Figures 4.7 
and 4.8 suggest that several mineralogical alterations occurred as the tailings 
solution permeated the sediments beneath the evaporation pond. The alterations 
reflect the changing chemical interactions with depth between the sediment and 
tailings solution. 
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FIGURE 4.5. X-ray Diffraction Traces of Air-Dried, Bulk Samples of Morton 
Ranch Clay Liner: a) Uncontacted; b) Contacted, Section 1; 
c) Contacted, Section 2. Spacings in Angstroms. SM = 
smectite, Il = illite, K =kaolinite, Q =quartz, Fs = 
feldspar, J = jarosite, G = gypsum, Al = aluminum (sample 
holder). 
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FIGURE 4.6. X-ray Diffraction Traces of Air-Dried, Bulk Samples of Morton 
Ranch Clay Liner: a) Contacted, Section 3; b) Contacted, 
Section 4; c) Contacted, Section 5. Spacings in Angstroms. 
SM = smectite, Il = illite, K =kaolinite, Q =quartz, Fs = 
feldspar, G =gypsum, Al =aluminum (sample holder). 
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The mineralogical changes with depth are schematically illustrated in 
Figure 4.9. The width of the bars indicates qualitatively the relative 
increase or decrease in proportions of the various minerals as estimated from 
the peak intensities on the diffractograms. The shallower samples (LS, RS, 
7400} are characterized by the complete dissolution of carbonates (calcite, 
dolomite) in the acidic solution and the precipitation of two sulfates, jaro­
site [KFe3(S04)2{0H)6] and gypsum (CaS04•2H20). Although gypsum was present 
in the uncontacted Lucky Me overburden (Figure 4.7a), the number of peaks 
detected and the major peak intensities for gypsum significantly increased in 
the contacted samples {Figures 4.7a,c and 4.8a-c). This suggests the formation 
of gypsum in the contacted soils in addition to that present in the uncontacted 
Lucky Me overburden. Moreover, the data also indicate gypsum continues to form 
throughout the depth profile. Jarosite, however, is most concentrated in the 
shallower samples (LS) where the sediment and tailings solution coexist at low 
pH {-3.0). The relative proportion of jarosite decreases with depth as the 
soil pH increases to 3.9 (RS sample) and 5.0 {7400 sample). Jarosite was not 
detected in deeper samples where the soil pH was >5.0. Jarosite, a common 
constitutent in acid sulfate soils, is considered thermodynamically more stable 
than amorphic ferric hydroxide [Fe(OH)3A] at pH values <6, at sulfate and 
potassium activities commonly found in reacted tailings solutions (see Sec­
tion 5.0, Figure 5.la}. 

The other minerals (smectite, illite, kaolinite, quartz, and feldspar) 
present in the uncontacted Lucky Me overburden were also detected in all the 
contacted samples. Several clay minerals, however, do not appear in the dif­
fractograms presented in Figures 4.7 and 4.8. For example, smectite and/or 
kaolinite were not detected in bulk samples LS, 7400, P(25-30}, and NEC(30-38}. 
However, these clay minerals were identified in the clay-sized fractions of 
each of these samples (diffractograms not shown). They suggest that the clay 
minerals in the bulk samples are not present in sufficient quantity to be 
identified. 

The carbonates, calcite and dolomite, reappear in the deepest sample 
P{55-60) (Figure 4.8c). Moreover, the gypsum content decreases to a proportion 
similar to that of uncontacted Lucky Me overburden. Based on the mineralogical 
and soil pH data, it appears that the 55 to 60 em sample has not been minera­
logically altered by the acidic tailings solution. 

4.5 CONCLUSIONS 

The major conclusion to be drawn from the three mineralogy studies is that 
the results of the laboratory experiments and field data are similar and com­
plement the permeability and laboratory chemistry studies discussed in Sec­
tions 2.0 and 3.0, and the geochemical modeling predictions discussed in 
Section 5.0. The mineralogical data suggest that the chemical stability of 
clay liners or native soil were not altered to a large extent when reacted 
with tailings solutions. In nearly all the cases discussed, the initial, 
uncontacted soil/liner mineralogies remained essentially unaltered after pro­
longed contact with acidic solutions. An obvious exception, however, is the 
dissolution of carbonates in the contacted Lucky Me overburden. 
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FIGURE 4.7. X-ray Diffraction Traces of Air-Dried, Bulk Samples of Lucky Me 
Overburden: a) Uncontacted; b) Layered Surface (O to 15 em 
depth), Soil pH= 3.0; c) 7400 (20 to 25 em depth), soil pH= 
5.0. Spacings in Angstroms. SM =smectite, 11 = illite, 
K =kaolinite, Q =quartz, Fs =feldspar, Cc =calcite, 
Do = dolomite, G = gypsum, J = jarosite, Al = aluminum (sample 
holder). 

38 



. • 

~~ . 

. . 
J\...J...-

10 51 50 45 4 0 31 30 25 20 1 b 10 
DEGREES 21 

. . . 

eo 65 so 45 40 36 Jo 25 20 ,. , o 

li . 
: . 

DEGREES 2 B 

i 
& 

8 
J 

i . 
• 

60 ~s flo(\ ·~ 40 1r. 10 2, '" 1c 
Of: CREES 2 

FIGURE 4.8. X-ray Diffraction Traces of Air-Dried, Bulk Samples of Lucky Me 
Overburden: a) Pipeline (25 to 30 em depth), Soil pH = 6.2; 
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Q = quartz, Fs = feldspar, Cc = calcite, Do = dolomite, 
G =gypsum, J =jarosite, Al =aluminum (sample holder). 
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FIGURE 4.9. Mineralogical and Soil pH Profile as a Function of Depth Beneath 
Evaporation Pond No . 4, Lucky Me Site, Gas Hills, Wyoming 

The results also confirm the precipitation of secondary minerals {gypsum 
and jarosite) formed by the interaction of the tailings solution and soil/liner 
materials. In both laboratory experiments, gypsum and jarosite formed when 
liner materials were reacted with the Highland Mill tailings solution. These 
precipitates also formed in the native soil contacted by tailings solution at 
the Lucky Me site. 

Collectively, the results imply that sulfate precipitation occurred in 
soils of widely differing mineralogical composition. The contacted soils in 
which sulfates formed varied from: 1) a montmorillonite-rich liner (CS-50 and 
Saline Seal bentonite), 2) a silicate-rich liner (Morton Ranch clay liner), 
and 3) a carbonate- rich native soil (Lucky Me overburden). The sulfates did 
not precipitate in any liner materials contacted by simple acids (H2S04) 
that lack the high concentrations of macro- ion constituents present in the 
natural tailings solutions . Both the Highand Mill and Lucky Me tailings solu­
tions (see Table 2.2 for chemical composition) have similar solution chemis­
tries. Clearly, this emphasizes the importance of the chemical composition of 
the initial tailings solution in the formation of secondary minerals. 
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The formation of secondary minerals, such as jarosite or other alunite­
group minerals, and gypsum, may be beneficial to the uranium mill tailings 
technology. These sulfates, if precipitated in quantity in the pores of a 
liner or soil, could potentially decrease the permeability of the liner and 
increase the liner performance in reducing contaminant migration. 
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5.0 GEOCHEMICAL MODELING 

5.1 INTRODUCTION 

The ion speciation-solubility portions of the WATEQ3 (Ball et al. 1981) 
and MINTEQ (Felmy and Jenne 1982) geochemical computer models were used to 
model original aqueous solutions and solutions resulting from geologic mate­
rials contacted with acidic uranium mill tailings, synthetic mill tailings or 
H2S04 in batch experiments; and acidic uranium mill tailings and synthetic 
tailings solutions leached through a clay liner in column experiments. The 
modeling results indicate solution species which are in apparent equilibrium 
with respect to particular solids. These solids provide potential solubility 
controls for their corresponding dissolved constituents. Knowledge of solu­
bility controls for various solution species enables one to predict the maximum 
concentrations of these species when a specified solution composition contacts 
a given mineral assemblage. 

This exploratory use of geochemical modeling has demonstrated its capa­
bility to test solubility hypotheses for liner materials reacted with tailings 
solutions and to guide the analyses of important constituents and parameters 
for these solutions. Geochemical modeling can be used, in parallel with char­
acterization techniques for the solid phases, to support the presence of the 
solid phase and to guide the search for further solid phases. Geochemical 
modeling is also an effective tool in delineating the chemical causes for 
changes in permeability of liner materials. 

5.2 METHODS 

The ion speciation-solubility portions of the WATEQ3 and MINTEQ models 
were used to model the speciation of solutions in contact with clay liners and 
other geologic media. The MINTEQ geochemical code combines the 'best' features 
of its two predecessors, WATEQ3 and MINEQL (Westall, Zachary and Morel 1976). 
In addition to an ion speciation-solubility submodel, MINTEQ contains mass 
transfer and adsorption capabilities. The WATEQ3 data base was incorporated 
into MINTEQ and then expanded with the inclusion of several additional solids. 
Also, certain trace elements not present in WATEQ3 (Ra, Se, Th, and Mo) were 
added to the thermodynamic data base of the MINTEQ version used in this model­
ing study. MINTEQ has been verified against various geochemical models, 
including WATEQ3. 

From the input of the solution analyses, the ion speciation submodels of 
WATEQ3 and MINTEQ compute the activities of complexed and uncomplexed cationic 
and anionic species, neutral ion-pairs, and the distribution of both cationic 
and anionic species among their redox states. The solubility submodels then 
calculate and compare these activity products (AP) to the solubility products 
(K) for the minerals and solids stored in the thermodynamic data bases of 
WATEQ3 and MINTEQ. This comparison of the activity versus solubility product 
tests the assumption that certain of the dissolved constituents in the aqueous 
solution are in equilibrium with particular solid phases. If the solution is 
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computed to be at equilibrium [log (AP/K) = 0] with a particular solid phase, 
then it is possible that the solid is precipitating or dissolving at a suffi­
cient rate for it to be a control of the concentration of certain constituents 
in the solution. If the solution is computed to be oversaturated (log AP/K > 
0) with a certain solid phase, then it is inferred that kinetic and/or minera­
logical factors usually prevent precipitation of the solid phase at a suffi­
cient rate to significantly affect the concentration of dissolved constituents 
in the solution. A list of log (AP/K) values (or disequilibrium indices) are 
printed by WATEQ3 and MINTEQ for each modeled, aqueous solution. WATEQ3 was 
used to model the batch experiments and MINTEQ was used for the column experi­
ments. As mentioned, MINTEQ was verified against WATEQ3 and contains an 
expanded WATEQ3 data base. This expanded data base gives one the capability 
to model the chemistry of additional elements that are of importance in uranium 
recovery operations. 

Activity products of solution constituents are stated as being in equili­
brium with a specified solid phase if the log (AP/K) for a particular solid 
phase falls within error bands established around the equilibrium (log AP/K = 
0) value. These error bands are computed by taking +5% of the log K value of 
the particular solid and are indicated on the followTng figures by dashed lines 
on either side of the equilibrium line. This assumption is based upon the work 
of Jenne et al. (1980), who observed that the magnitude of scatter of the 
experimental data was proportional to the log of the solubility values. They 
concluded that +5% of the log of the solubility product represented a working 
error band for determining solubility hypotheses. The activity coefficients 
used in calculating the activity products were found by using either the 
extended Debye-Huckel equation with two adjustable parameters (Truesdell and 
Jones 1973) or, as an alternative, the Davies equation (Davies 1962). Both 
MINTEQ and WATEQ3 use these two models in their activity coefficient deter­
minations. Neither activity coefficient model should be used at ionic 
strengths greater than sea water (0.7 M). All modeled solutions in this study 
fall well within this range. 

5.3 SOLUTION ANALYSES 

Batch studies were conducted where Highland Mill (H.M.) tailings solu­
tions, synthetic tailings solutions, and sulfuric acid were each separately 
reacted with: 1) a clay liner from Morton Ranch, Wyoming; 2) a sodium-satu­
rated bentonite (Volclay® CS-50); and 3) Saline Seal® [a polymer-treated 
bentonite (see previous section on mineralogy and Gee et al. 1980a,b)]. The 
tailings, synthetic tailings, and H2S04 solutions were reacted for 
16 months, 12 months, and 1 week, respectively. The chemical analyses used as 
input into WATEQ3 include the compositions (see Table 5.1) reported for the 
aqueous solutions decanted and centrifuged from the batch experiments and for 
the original unreacted solutions. Modeling results were obtained for a total 
of seventeen solution analyses. The permeability columns modeled were col­
umns 1 and 5 which contained the Morton Ranch clay liner reacted with the syn­
thetic tailings solution and the H.M. tailings solution, respectively. A total 

®Registered trademark of the American Colloid Company, 5100 Suffield Court, 
Skokie, IL. 
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TABLE 5.1. Chemical Analyses of Batch Solutions for Test Liner Materials and Original Solutions 

Clay Clay Clay Clay Saline Saline Bentonite Synthetic 
liner: liner: Liner: Liner: Sea 1 Seal: Bentonite ( CS-50) ' Clay Liner Synthetic Original Bent A-II Clayliner Clayliner Tailings 

Detection Syn. Sol, Syn. Sol. Syn. Sol. Syn. Sol. Syn. Sol. Tailings (CS-50)' Syo. Tailing Soln. Tailings Sol. Tailings Tailings H2S04 H2S04 pH:2 H2S04 H2S04 H2S04 Solution 
Limits {1' 1) (L2/ (1 '5) {1' 10) {1,10) Sol. (1,10) (UO) ( 1' 10) ( 1' 10) Solution Solution _eH=O. 5 A-II p_H=O_._i_A-ll _pH=2 R!i=O._? _p_H=2.0 

ICP mgt 1 

Al 0.03 1.2 97.4 33I 380 241 543 289 496 767 525 600.0 204 0.4 410 0.1 0.2 595 
A> 0.08 0 I 1 1 <0.1 2.8 1 2.8 I 6 3. 5 <1 ' <1 ' ' B 0.01 0.4 0.05 0.5 1.06 1. 19 
Bo 0.002 <0.1 0.04 <0.1 ' ' Co 0. 0 l 556 534 5!1 509 477 473 492 482 484 483 537 528 132 450 ' 0.1 540 
Cd 0.004 <0.1 0.1 0.01 0.4 ' ' Ce 0.04 1.8 3.6 2. 6 0. 37 3. 7 2. 4 5.0 6.7 0. 2 
Co 0.01 0.6 1.0 0.6 o. 5 0.2 1.4 0.3 1.3 1.7 0.6 0.2 0.13 1.3 0.01 0.01 
Cc 0.02 0.4 3.1 0.6 2.7 3.0 2.7 0.1 0.02 0.9 0,01 ' Co 0.004 1.6 1.7 0.9 2. 3 0. 2 ' 1.5 0.02 0.01 
Cy 0.004 
Eo 0.002 
Fe 0.005 1.9 10.2 19.0 252 215 763 309 579 236 2400 2215 172 0.9 1000 ' ' 2217 
K 6.67 25.0 20.0 7.47 10.4 0.86 24.0 0.49 0.32 0.28 0. 5** 70.0 15.05 66.9 
Li 0. 004 0.45 0. 66 0.48 0. 36 0.5 1.5 0.6 1.5 1.3 0.2 0.9 o. 7 ' 0.5 ' ' Mg 0.06 376 577 484 466 374 701 485 715 873 567 688.0 207 44.7 319 0.15 0.06 650.0 
Me 0.002 4.1 6. 2 4.2 3.1 12.3 77 5.6 62 65 2. 2 63.5 5.6 0.40 6.0 ' ' Mo 0.35 <1 ' d ' ' ,, 0.01 153 188 150 I48 890 1690 987 1470 239 290 343 1350 5.4 8 1.3 1.3 350 
Nd 0.02 0.9 1.4 1.2 0.3 2.1 1.2 2.6 3.0 0.4 
N i 0.02 1.1 1.9 1.2 1.0 0.5 2. 9 0. 5 2. 7 3.8 0.6 3.0 <0.3 0.18 1.8 ' ' p 0 .I 11 61 5 ?2 6 30.0 46 0.2 17 ' ' Pb 0.06 <1.0 2 ' 2 ' ' Ro 0.05 
Sb 0.05 
Si 0.02 16. 2 32 46 89 46 193 36 171 325 233. 5 186 13.6 224 0.9 2.2 
Sc 0.002 10. 5 10.8 5. 7 2. 7 0.3 5.2 1.3 9.0 3.8 15.7 15.7 1. 97 6.6 ' ' Te 0.06 
Ti 0.002 
Zo 0.02 2.4 6.8 2. 7 2. 5 1.7 10. 2 3.9 8. 7 8.4 2.9 0.24 5.8 ' ' 
Zc 0.008 0.8 ' <0.5 ' ' 
Ion ChromotograBh~ 

504 2960 4260 4630 6390 5740 13,630 7780 13,170 11,580 13.830 12.850 27 .ooo 440 23,000 700 34,000 13,000 
N03 92 108 79 94 77 21 125 19 10 167 16.5 24 • 4 • 4 15.0 
Cl 67 63 59 56 67 290 96 290 290 113 97.1 620 48 560 60 670 103 
pH 4. 7 3. 9 3 .I 2. 6 2. 7 1.9 2.7 1.9 2.0 1.7 1.8 0.5 5.2 0.8 1.8 
Eh(mv)*** 400 470 500 530 525 900 525 900 890 581 910 
F 12 1.4 14 1.3 13 
P04 120 • 14 • • 

-
* Just detectable. 

**A minimal value, input for computational purposes. 
*** Extrapolated from an Eh-pH dependence observed in similar experiments. If no Eh value is given, the value was set at 500 (mv) for modeling purposes. 

< Below detection limit. 
Not determined. 
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TABLE c c 
:> • .::. Chemical Analyses of Effluent Solutions frorn Permeability Columns 1 

and 5 which Contained the Morton Ranch Clay Liner Material Reacted 
with Synthetic and H.M. Tailings Solutions, Respectively 

leachate S3111plrs (mg/1) 
Column 1 Column 5 

Pore Volume 1.26 2.12 2.95 4.47 ~.89 25.51 1.35 3.46 5.54 6.24 7.91 8. 89 

Element 

" ,, Ol(a) OL 

OL OL 

686 703 

DL DL 

DL OL 

29 193 958 DL 47 167 

0.5 3.1 DL DL 0.6 0.7 

660 600 517 820 512 467 

0.4 1.1 0.7 0.2 0.4 0.9 

0.2 0.02 0.2 0.08 0.1 0.1 

,, 
Cd 

Cc 

Co 

Fe 

Li 

0.02 DL 

OL 

OL 

715 

OL 

OL 

0.5 

OL 

0.1 

689 

4.1 

OL 

315 

1.4 

OL 

OL 

OL 

6.8 

27 

OL 

OL 

3.2 

DL 0.2 0.2 

OL 

OL 

657 

OL 

DL 

DL 

DL 

DL 

203 

DL 

DL 

158 

0.1 

DL 

DL 

DL 

3.2 

14 

OL 
0.4 

o. 5 

DL 

OL 

612 

DL 

OL 

OL 

OL 

0.4 

519 

2.4 

DL 

283 

0.09 0.1 0.2 

392 

OL 
507 

0.8 

0. 5 

0.2 

1330 

1.4 

l738 

101 

OL 

331 

12.9 

3.0 

z 
1.6 

40 

31.3 

5.3 

19. 7 

29. 5 

Ol OL 645 1582 1510 127 538 950 

DL Dl 0.3 0.5 DL 1.2 1.0 Ll 

360 403 1040 1127 813 1420 15~4 1771 Mg 

"" Mo 
0.2 l.4 7.0 8.2 4.5 41.2 64.4 89.6 

,, 
Mi 
p 

Pb 

Se 

Si 

Sc 

Th 

u 
Zo 

By Ion 

Chrorlldtography 

Cl 

so, 
pH 

Eh 

OL 

229 

OL 

DL 

DL 

DL 

7.2 

14 

OL 

OL 

0.5 

121 

2445 

I. 72 

348 

OL 

248 

DL 

OL 

OL 

OL 

7.2 

16 

OL 

OL 

OL 

OL 

364 

DL 

415 

4.3 5.6 

7. 2 9. 8 

1. 2 DL 

0.8 DL 

?7 .8 45 

30 17 

2 .I 0.4 

23.1 DL 

7. 7 7.8 

OL 

334 

1.5 

3.8 

3.0 

1.1 

51 

3.9 

1.0 

DL 

11. l 

DL 

424 

OL 

308 

OL 

206 

0.5 4.1 0.8 10.9 

DL 1.5 2.1 2.1 

DL Ol DL 0.5 

DL OL DL OL 

7.2 15 2 23.2 28.8 

19 38 32 31 

DL 0.9 2.1 3.4 

0.56 DL DL OL 

0.7 9.1 15 21 

97 88 100 97 100 132 292 402 303 306 389 

2690 3833 7147 7984 12,200 2220 3704 7864 9492 12,192 13,900 

7.75 7.80 4.02 3.82 3.35 8.20 8.00 4.80 4.20 3.00 3.53 

346 343 581 593 623 318 331 532 570 594 512 

(a) DL ~Less than detection limit. 

10.39 

564 

DL 

528 

1.0 

0.5 

0.3 

1560 

1.4 

1501 

101 

OL 

379 

1? .4 

3.8 

2 

7. 1 

43 

25.3 

5.3 

23.8 

31.8 

355 

14,800 

3. 70 

601 

11.17 

703 

8L 

517 

1.0 

0.5 

0.3 

1720 

1.3 

!420 

96 

OL 

319 

10.8 

3.8 

2 

2. 1 

45 

19.0 

5.3 
2 7. 2 

?9. 5 

333 

10, 100 

3. 4? 

618 



of 14 effluent solutions from these columns were modeled (Table 5.2). The 
number of pore volumes of effluent that had passed through a given column when 
the solution was sampled is indicated in Table 5.2. 

The pH values used for the modeled solutions were those reported in 
Tables 5.1 and 5.2 as the final pH values of the reacted solutions, original 
pH values of the unreacted solutions, .'.nd the measured pH values of the column 
effluents. There were no Eh values o; re2+/Fe3+ ratios measured specifi­
cally in this study. The Eh values used were those obtained from leaching 
experiments where a pH-Eh dependence was observed when the same liners and 
solutions, as used in this study, were reacted. 

5.4 RESULTS AND DISCUSSION 

Disequilibrium indices (log AP/K) computed by WATEQ3 and MINTEQ are given 
in Tables 5.3 and 5.4, respectively, for those solids which are calculated to 
be near equilibrium with the analyzed solutions or are relevant to the results 
of the X-ray characterization of new phases formed from liner materials. In 
some entries in Tables 5.3 and 5.4, the disequilibrium index was not computed 
for a particular phase because one or more of its ionic constituents was not 
reported in the solution analyses. 

5.4.1 Solubility Controls for Iron 

The chemistry of Fe in uranium mill tailings is important for several 
reasons: 1) under reduced 02 concentrations, the Fe2+/Fe3+ redox couple 
may determine, to a large extent, the redox status of the tailings solutions; 
2) the iron oxides may act as adsorption surfaces (Jenne 1968, 1977; Means 
et al. 1978); 3) oxidation of pyrite (FeSz) may cause acidification of the 
tailings solutions (Cherry et al. 1980); 4) iron-bearing precipitates may 
decrease the permeability of the clay liner and thus retard seepage from the 
tailings impoundments (Gee et al. 1980, Langmuir and Riese 1981). Iron chem­
istry is complex; tne solubilities and crystallization sequence of various iron 
oxides are affected at times by such diverse factors as particle size and rela­
tive humidity (Murray 1979, Langmuir 1971), and reaction kinetics (Murray 1979, 
Langmuir 1969, Nordstrom, 1979). The solubility of Fe in soils is, in large 
measure, controlled by the low solubility of the oxides and hydroxides of 
Fe(III), with amorphic Fe(OH)3 usually forming an upper limit on the activity 
of Fe3+. The term "amorphic" refers to solids which show a minimal X-ray 
diffraction pattern (Jenne 1972). The structure of Fe(OH)3 (ferric hydroxide) 
ranges from the amorphic to the crystalline depending on the mode of formation 
and age. Chukhrov et al. (1973) gave the composition of the crystalline ferric 
hydroxide, ferrihydrite, as 5Fez03·9Hz0. Nordstrom et al. (1979) found that 
the solubility of Fe in acid mine waters appeared to be controlled by 
Fe(OH)3(A) (A~ amorphic; Nordstrom uses the term amorphous instead of 
amorphi c). 

In every case, in the batch studies, the Fe content of the tailings solu­
tion decreased substantially after contact with the clay, Saline Seal®, and 
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Materia 1 AlOHSO~ 

Clay Liner/Synthetic 
Soln. 1:10 0.447 

Saline Seal/Synthetic 
Soln. 1:10 0.348 

Bt·nt on i te IS ynthet i c 
Soln. 1:10 

Clay Liner/Tailings 

0.400 

Soln. 1:10 0.110 

Saline Seal/Tailings 
Soln. 1:10 -O.l5b 

Bentonite/Tailings 
Soln. 1:10 -0.194 

Clay Liner/Synthetic 
Soln. 1:1 0.342 

Clay Liner/Synthetic 
Soln. 1:2 1.179 

Clay Liner/Synthetic 
Soln. 1:5 0.899 

Bentonite/H2S04 
1:10 pH 0.5 

Clay Liner/HzS04 
1:10 pH 0.5 

Clay L iner/H2S04 
1:10 pH 2.0 

Original Acid 
H2S04 pH 2.0 

Original Acid 
Hz~4~o.s 

Original Synth. 
Soln. pH 1.7 

Original Synth. 
Soln. pH 2.0 

Ocj'qinal railings 
So 11. pH .8 

-2.065 

-1.411 

-2.888 

-4.954 

-!:>.!108 

-0.367 

-0.026 

-0.202 

TABLE 5.3. Values of Log AP/K Calculated by WATEQ3 for Batch Experiments (AP = Activity Product 
of Solid; K =Solubility Product) 

New Gypsum s ;o2 
Allophane Anhydrite Celestite .l2..9_10K-4 .60 ~inHP0 11 ~ 

,, 
Jarosite 

K 
Jarosite 

H 
Jarosite Strengite Chalcedony Cristobalite Goethite Quartz Alunite Kao 1 in ite 

-0.390 0.055 -0.467 0.066 0.278 -1.068 l. 045 -0.678 l.lO 1.175 0.056 1.603 -1.752 -5.795 

-·0. 704 0.023 -1.426 0. OJ5 0.337 -0.009 -0.193 1.285 -O.b82 1.174 O.bl3 0.888 0.191 1.316 -1.602 -6.161 

-0.798 0.083 -0.706 0.094 -0.447 -O.lOY 0.382 2.175 -0.140 0.897 o. 713 0. 788 0. 302 1.216 -1.20!1 -6.467 

0,573 0.034 -0.280 0. 065 -0.930 0.855 2.747 3.276 J. 544 1.060 1.677 1. 752 0. 609 2.180 -6.043 -'I .885 

0.452 u.069 -0.097 0.078 -0,343 0.633 4.271 4.J7b 4. 325 1.889 1.437 1. !132 0. 697 l. 960 -6. 78? -9.374 

0. 398 0.081 0.148 0. 091 -0.797 0.581 J.95!l 3. 87l:J 4. 069 1.442 L403 1.4 78 0.609 1.906 -7.141 -9.566 

-0.751 0.036 0.032 0.048 -0.469 -1.528 0.!130 -J.274 0.353 0.428 2.095 0.856 4.37 1. 214 

-0.714 0.045 0.086 u. 057 -0.169 -0.444 2. 095 -l.468 0.651': 0. 728 1.579 1.156 4.960 0.130 

-0.726 -0.004 -0.£'43 0.008 -0.013 -3.045 -0.506 -3.170 0.809 0.884 -0.029 1.312 1.661 -3.237 

2. 746 -0.148 0.02 -0.147 -1.590 0.656 -15.251 -13.1!10 -13.715 -3.178 1.4ib 1. 553 -6.940 1.981 -14.447 -18.036 

2 .173 -0.090 -0.207 -0.085 -2.568 0.719 -13.087 -8.771 -Y.o17 -3.076 l. 540 1 .615 -5.280 ?.043 -11.754 -15.71~ 

-1.609 -0.869 -1.074 -0.856 -0.554 3.1!14 7. 027 ~.J05 0.268 0.343 4.994 0.771 -2.841 -2.297 

-2.072 -1.739 -U.•:d7 -0.842 -0.414 -21.818 

1.099 -3.775 -3.773 -1.273 - -0.451 -0.376 0.052 -29.023 

0.064 0.074 -0.656 -0.272 0. 363 -0.873 -8.474 

0.078 0.088 -3.033 -2.368 -1.403 

0.641 0.022 0.206 0.032 -1.478 o. 715 4,833 5.40 5.667 1.401 1. ~37 1 ,612 1 .133 2.040 -7.252 -9.339 
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Angles ite Maghem1te fe(OH)j~ 

-4 .':11 Ci -4 .1 )4 

-4.641 -4.020 

-4.419 -j. 90~ 

-3.805 -3.603 

-3.628 -3.5D 

-3.804 -3.6113 

-0.8331 -2.11~ 

-l .tliJ6 -2 .b3~ 

-5 .(J8l -'<,d'J 

-0.2!10 -li:>,b':l7 -ll.15o 

-0.198 -15.5UJ -9.49'-1 

4.%'1 0. 71::.<> 

-b. 7b9 

-7.827 -~.614 

-0.477 -/_. 756 -3.07b 





TABLE 5.4. Values of Log AP/K Calculated by M!NTEQ for Column Experiments 
(AP ~Activity Product of Solid; K" Solubility Product) 

N~ 
Gypsum 
LogK~ Na H 

Pem1 Cell l AlOI-150 4 Anhydrite Celestite ~ MnHPOq Jarosite Jarosite Strengite Chalcedony Cristobal He 

P.~. ~ 1.26 0.061 0.096 0.023 -0.062 0.002 

PV.-2.12 

P¥.-2.95 

PV. 4.47 0,376 

P.V, 5.89 1.358 

P.V, 25.51 1.562 

f·errn Cel \ 5 

I.V.-1.35 

f·.v.- 3.46 

'.V, - 5.54 

~.v. 6.24 

P.V. 7.91 

P.V. 8.89 

1.090 

1. 217 

1. 312 

P.V. 10.39 l.635 

P.V. 11.17 1.507 

0.086 

0,136 

Cl.035 

0. 104 

1},081 

0.062 

0.094 

o. 283 

0.108 

0.091 

0. 125 

0.145 

0.004 

Perm Ce11 1 

P.V. 1.26 

Quartz ~ 

0. 421 

P.V, 2.12 0.422 

P.V. 2.95 0.401 

P.V. 4.41 1.324 2.184 

?.V. 5.89 L240 4,0'10 

P.V. 25.51 1.30 3.233 

Perl'f, Cell 5 

P.V. 1.35 0.061 

P.V. 3.46 0.422 

P.V, 5.54 0. 766 

P.V. 6.24 0.953 

P.V, 7.91 1.054 3.420 

P.V. = 8.89 1.201 

P.V. 10.39 1.234 

P.V. = 11.,1 1.248 

2.895 

4.369 

3. 382 

0.041\ 

0.098 

-0.06!. 

-0.082 

-O.OH 

o. 261 

-0.492 

0.288 

-0.491 

-0.005 0.417 l.0.551 9. 291 

11. 338 

10.417 

4.131 

4.819 

3.655 

0.841 

0. 75 7 

I} .817 

0.003 

-0.018 

0.905 

o. 821 

0.881 

-0.077 

0.162 

0.520 

0. 499 

0 517 

0. 501 

(). 409 

0.062 

4.108 

4. 226 

2. 7l.4 

4. 290 

3.113 

2. ~14 

3. 8'15 

3. 02 4 

0.064 o. 7699 12.351 

0.040 -0.630 10.860 

0.024 

0.056 

0.243 2.260 

().068 l. 776 

0.05 l. 245 

0.083 0.676 

0.104 0.816 

-0.037 0.532 

Anqlesite !'.aghemite 

-0. lOS 

-0.010 

4.363 

-0. 88i 

-0.185 

-0.183 

0. 22h 

5. 683 

5. 931 

3. 95 7 

7.427 

6.385 

5. 248 

4. 45 7 

5.262 

4.422 

51 

11. 806 

12.029 

ll. 602 

ll. 274 

11 . 979 

11.085 

9.805 

10.774 
10.770 

10.664 

11.204 

10.588 

Cu{OI-1)
2 

-1.41\4 

-0. 42? 

4.406 

4. 440 

4.029 

3.559 

765 

3. 546 

-0.061 

0.283 

I} .4 70 

o. 571 

0. 718 

0. 751 

0. 765 

-0.358 

0.0030 

0. 347 

0.534 

0.635 

o. 782 

0.815 

0.829 

-0.895 -0.174 -0.519 -0.561 

0.028 -6.726 -7.897 2.733 1.142 

-0.056 -7.213 -7.955 -8.244 0.431 1.265 

0.004 -8.194 -9.279 -9.087 -0.017 0.278 

-1. 235 -0.421 -0.493 

-0.874 -0.605 -0.858 

-0.530 -5.678 -6.156 6.260 3.706 2.103 

-0.343 ··6.817 -7.279 2.485 1.492 

-0.242 -7.3SO "7.791 -7.995 l..734 0.923 

-0.095 -7.895 -8.267 1. 589 1}. 527 

-0.062 -7.383 -7. 94l. --8.030 1.830 0.930 

-0,048 -7.839 -8.463 -8.45 7 1.903 0.510 



bentonite liner materials (see Table 5.1). The concentration of total dis­
solved Fe in the H.M. tailings solution was 2215 mg/t. After contact, the dis­
solved Fe concentration varied from a high of 763 mg/£ in the tailings solution 
reacted with the Saline Seal® material to a low of 236 mg/£ in the tailings 
solutions after reaction with the clay liner. The Fe content of the H.M. 
(original) tailings solution after 16 months of contact with the bentonite 
liner was reduced to 579 mg/C The original synthetic solutions at pH values 
of 1.7 and 2.0 had 2400 and 2217 mg/£, respectively. Again, there was a reduc­
tion in total Fe concentration in every case after contact with the various 
liner materials. This would indicate that Fe has either precipitated out of 
solution or adsorbed onto the liner materials. The synthetic tailings solu­
tion was also reacted with the clay liner at the 1:1, 1:2, and 1:5 liner/solu­
tion ratios. As might be expected, higher liner/solution ratios removed 
greater amounts of Fe than did lower liner/solution ratios and also had higher 
pH values because of the buffering capacity of the liner material. The H2S04 
solutions at pH values of 2.0 and 0.5 had no detectable Fe concentrations. 
After reaction with the liner at a 1:10 liner/solution ratio, the HzS04 
solutions had Fe concentrations that were pH dependent, with the lower pH 
solutions having the greater concentrations of Fe. Some degradation of the 
clay liner, dissolution of iron compounds, and/or desorption processes appear 
to occur in liner materials reacted with H2S04 solutions, especiall_y when 
the solutions are at low initial pH values. The calculated Fe2+;Fe3+ 
activity ratio varied from a high of 106.28 in the clay liner reacted with 
the synthetic tailings solution at a 1:1 ratio to a low of 1o-2.49 in the 
original H.M. tailings solution, though the presumptive nature of the estimated 
Eh makes these values questionable. 

The modeling results indicate a probable solid phase control on Fe solu­
bility in the batch experiments. The solubility of Fe(OH)3(A) may provide an 
upper bound on Fe solubility in these studies. All solutions resulting from 
contact with liner materials were undersaturated with respect to Fe(OH}3(A), 
except the H2S04 reacted with the clay liner at a pH of 2.0, which was very 
slightly oversaturated. This slight oversaturation may have been due to the 
fact that the rate of precipitation occurred more slowly than the rate of pH 
change. The pH increased from 2.0 to 5.2 over a 7-day reaction period. For 
each unit increase in pH, there is a 1000-fold decrease in the Fe3+ activity 
maintained by ferric hydroxide. Alternately, the slight oversaturation could 
also be due to the speculative Eh value used in the modeling computations. 
Several of the solutions resulting from contact with liner materials computed 
to be oversaturated with respect to all other iron oxides and hydroxides except 
for maghemite (y-Fez03) which was oversaturated in the pH 2 sulfuric acid 
solution as was Fe(OH)3(A). The maghemite was oversaturated to a greater 
degree than the amorphic ferric hydroxide. Murray (1979}, quoting Schwertman 
and Thalman (1976), states that maghemite will not form at pH <6. Thus, we 
would not expect to see maghemite in the acidic environments found in this 
study. The majority of the solutions were very oversaturated with respect to 
hematite (a-Fez03) and goethite (a-FeOOH), which are expected to control 
iron solubility only in a well drained highly weathered soil (lindsay 1979). 
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The column effluents behaved similarly to the batch experiments in that, 
in every sample, there was a decline in the effluent Fe concentrations from the 
influent concentrations with a strong inverse relationship existing between pH 
and the total Fe in solution. Above a pH of -6, the solution Fe values were 
below the detection limits of the ICP. 

All modeled column effluent solutions computed to be oversaturated with 
respect to Fe(OH)3(A). The degree of oversaturation was relatively constant, 
and small, and suggests the Eh values artificially imposed on the solution may 
have been slightly high. The effluent solution most oversaturated when com­
pared to the Fe(OH)3(A) solubility product was the solution resulting from 
the leaching of the clay liner with the H.M. tailings solutions at a pore vol­
ume of 5.54. A reduction in the presumed Eh value of <125 mV would be enough 
to bring this solution into equilibrium with Fe(OH)3(A). This illustrates 
the importance of obtaining accurate Eh measurements when modeling solutions 
containing redox sensitive elements. Even with measured Eh values one must 
generally consider the values obtained to be of a qualitative rather than a 
quantitative nature. 

The geochemical models (see Tables 5.3 and 5.4} computed all solutions, 
resulting from the interaction of H.M. tailings with clay liners, to be 
oversaturated with respect to K-, Na-, and H-jarosites [KFe3(S04)z(DH)6, 
NaFe3(SD4)z(0H)5 and HFe3(S04)z(DH)6, respectively]. The liner materials 
contacted with the H.M. tailings solutions were the only reacted batch runs 
where all three jarosites were calculated to be oversaturated. The column 
effluent solutions were all oversaturated with regard to Na- and H-jarosites. 
Because K+ was not determined initially for the original H.M. tailings solu­
tions or for the column effluents, a minimal K+ concentration of 0.5 mgt~. 
which was representative of the lowest values for the other solutions, was 
added to the analyses to estimate the degree of saturation for K-jarosite. The 
original H.M. tailings solution and all column effluent solutions then computed 
to be oversaturated with all jarosites by several orders of magnitude. Jaro­
site was identified by X-ray diffraction in all batch experiments where H.M. 
tailings solutions reacted with the various liner materials. Permeability 
cell 5 was divided into 5 equal, horizontal subsections and examined by X-ray 
diffraction. Jarosite was found in the subsection nearest the influent port 
in both the clay-sized fraction and the non clay-sized fraction. In the next 
subsection, jarosite was barely identifiable in the clay-sized fraction and 
could not be discerned in the non clay-sized portion of this subsection. In 
none of the other 3 subsections, farthest from the solution influent port, 
could jarosite be identified (see preceeding section on mineralogy). 

Figure 5.1A was constructed using reactions and thermodynamic data as 
originally tabulated in Ball et al. (1980) for WATEQ2. Plotted data points 
represent only the batch solutions. The indicated S042- and K+ activities on 
Figure 5.1A were used to calculate the reaction equilibria and were representa­
tive of those activities found in the actual batch solutions. At the pH values 
{1.9 to 2.0) of the H.M. tailings solutions, after reaction with the clay 
liners, jarosite could be precipitating from an Fe3+ activity controlled by 
Fe(OH)3(A). According to Figure 5.1A, K-jarosite would be stable in the 
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presence of Fe(OH)3(A), at pH values less than -6, which supports the model­
ing prediction that jarosite was precipitating in the presence of an Fe solu­
blity controlled by Fe(OH}J(A). In the evaporative pond samples, jarosite 
was only identified in the upper part of the soil profile where the pH was <5.0 
(see section on mineralogy). -

The fact that H.M. tailings solutions reacted with various clay liners, 
and the column effluent solutions, compute to be oversaturated with respect to 
the three jarosites suggest several possibilities: 1) kinetic constraints 
precluded the attainment of equilibrium; 2) organic complexes increased the 
quantity of dissolved constituents which enter into the activity product cal­
culations of the jarosites; 3) the thermodynamic solubility products of the 
jarosites are orders of magnitude too low; and 4) thermodynamic data in WATEQ3 
are for end-member compositions of jarosites, while the actual new precipitates 
determined by X-ray diffraction could have intermediate compositions. Possible 
ol·ganic complexation should be quite minor. Due to the low pH of the solution, 
any organic compounds should be fully protonated and thus unavailable for com­
plexation. It is also extremely doubtful that the thermodynamic data would be 
in error by up to four orders of magnitude because of poor data or that the 
formation of intermediate compositions of jarosites, with greatly increased 
solubilities, is the cause for the observed supersaturation. It would, there­
fore, appear that there is a kinetic barrier which limits the rate of formation 
of the jarosites. As mentioned, jarosite was identified by X-ray diffraction 
and is precipitating, but the rate of precipitation is apparently too slow for 
the jarosites to be solubility controls for the elements involved. 

Jarosite-supersaturation in acid solutions has been observed before by 
Nordstrom et al. (1979) and Langmuir and Riese {1981). Van Breemen and Harmsen 
(1975) noticed ferric hydroxide and jarosite deposition in acid sulfate sQils 
initially containing pyrite where the oxidation of the Fe in pyrite to FeJ+ 
occurred. From the foregoing discussion, it is thought that Fe{OHh(A) pro­
vides an upper control on the solubility of Fe in the batch experiments, and 
possibly the column experiments, in these uranium mill tailings interacted with 
various liners. Ferric hydroxide was predicted to begin to precipitate around 
pH 2 in uranium mill tailings, by Langmuir and Riese (1981). This precipita­
tion, as a slime, was thought to help reduce seepage away from the tailings 
impoundments. The precipitation of Fe{OH}3(A) and jarosite is likely con­
tributing to the reduction in the concentration of Fe in reacted solutions and 
the reduced permeability that was observed when mill tailings solutions were 
1 eached through assorted clay liners. 

5.4.2 Solubility Controls for Calcium and Sulfate 

The modeled results of the batch experiments (Table 5.3) show that of the 
sixteen analyses where disequilibrium values for gypsum and anhydrite are com­
puted, fourteen of these are in equilibrium with anhydrite (CaS04) while the 
remaining two solutions are undersaturated. Twelve of these analyses are 
slightly oversaturated with respect to gypsum (CaS04·2H20). The sulfate con­
centrations in these solutions vary from 440 mg/~ for the clay liner (Morton 
Ranch) reacted with H2S04 to 27,000 mg/' for the bentonite reacted with H2S04, 
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with the maximum sulfate activity in solution being 1.567 x Io-2 M. Sulfate 
concentrations tended to be pH dependent, with the lowest sulfate concentra­
tions (440 mg/£) being associated with the highest pH (5.2), and the highest 
sulfate concentrations (27,000 mg/£) occurring at the lowest pH (0.5). A 
similar pattern was observed in the modeled column effluents. Thirteen of the 
fourteen effluent solutions that were modeled were found to be in equilibrium 
with the anhydrite (Table 5.4) while the remaining solution was slightly over­
saturated with respect to this solid. All of the solutions, but one are over­
saturated with respect to gypsum and the solution not oversaturated computed 
to be at equilibrium. The sulfate concentrations in these effluent solutions 
varied from a low of 2200 mg/£ to a high of 14,800 mg/1. The highest sulfate 
concentrations measured are close to the sulfate concentrations in the influent 
solutions. Again, a definite inverse relationship was noted between sulfate 
concentrations and pH. 

The calculated equilibria of these solutions with anhydrite, instead of 
gypsum, is somewhat of an enigma. Gypsum is not only thermodynamically more 
stable than the anhydrite at 25oC and 1 bar, but it is highly unlikely that 
the anhydrite could form in an aqueous environment. There are several possible 
explanations for the preferential equilibria with the anhydrite: 1) the high 
sulfate, low pH values could favor the anhydrite; 2) some sulfate complexes 
could be absent in the model, which if considered, would lower the sulfate 
activity; and/or 3) certain thermodynamic data in the model might be in error. 
Oversaturation with respect to gypsum in uranium mill tailings has been pre­
viously computed by Langmuir and Riese (1g81). The most likely explanation, 
at this time, for the oversaturation with gypsum is that the equilibrium con­
stant for gypsum is too low. Tke log10 K (logarithm of the equilibrium con­
stant at 25 C) for gypsum used in this model is -4.848, while the log10 K for 
anhydrite is -4.637, both computed from the data originally tabulated in Robie 
and Waldbaum (lg68). Gypsum has been found to be oversaturated in enough 
instances that a reevaluation of its equilibrium constant has been undertaken 
by D. K. Nordstrom of the U.S. Geological Survey. Nordstrom believes (per­
sonnal communication with E. A. Jenne, February lg81), from a perusal of gypsum 
solubility data, that the best value for the log10 K of gypsum is -4.60 ~ 
0.02. All but three of the solution analyses compute to be in equilibrium with 
this new solubility constant for gypsum (see Tables 5.3 and 5.4). Whatever the 
correct value, this illustrates the potential of geochemical modeling to indi­
cate particular thermodynamic data that may be in need of reevaluation. 

In the X-ray characterization study (preceeding section), no evidence of 
anhydrite or gypsum in the clay-sized fraction of the reacted or unreacted 
liner materials was found in the batch experiments. Thls could be due to an 
insufficient quantity of material for detection by X-ray powder diffraction 
and/or in the methods used in sample preparation for X-ray analysis. In the 
course of preparing these batch samples for analysis, the reacted and unreacted 
liner materials were contacted with large volumes of water for periods extend­
ing up to several days. This could have resulted in the dissolution of not 
only gypsum and anhydrite, but other solid phases as well. Gypsum was identi­
fied by X-ray diffraction in all 5 subsections of the dissected permeability 
cell (column 5) and was not found in the unreacted cell material. Column 5 
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was packed with the Morton Ranch clay liner and reacted with the H.M. tailings 
solution. Gypsum was also found to increase in geologic materials at the 
Lucky Me evaporation pond, after these materials had been contacted with 
Lucky Me tailings solution (see Section 4.0}. 

The X-ray characterization of the column and Lucky Me field samples was 
done on bulk samples before the clay separation procedure had been performed. 
Gypsum, present in large quantity in the bulk samples, was not detected in the 
clay-sized fraction of these same samples, indicating that the clay separation 
procedure is probably responsible for the inability to identify gypsum in the 
clay-sized separates of the batch samples. 

The ca2+ and S042- activities appear to be strongly controlled by 
either anhydrite or gypsum depending upon which equilibrium constants one 
accepts as being correct. The identification, by X-ray diffraction, of gypsum 
in the permeability column experiments gives some credence to our tendered 
explanation for the computed oversaturation with gypsum. That is, that the 
equilibrium constant for gypsum used in the models is too low. Figure 5.2A 
shows a plot of the log AP/K for the batch experiments using the new value of 
gypsum mentioned above. A very similar plot can be obtained if one plots the 
data from the column experiments. High concentrations of sulfate are known to 
severely limit the transport of radium (Landa 1980). The precipitation of 
gypsum (or anhydrite) could cause the coprecipitation of large amounts of 
radium through substitution of Ra2+ for Ca2+ in the gypsum (Shepherd and 
Cherry 1980). 

5.4.3 Solubility Controls for Aluminum 

Like iron, the aqueous geochemistry of the Al203-S03-H20 system is 
complex because a variety of stable and metastable phases may form. Gibbsite 
[Al(OH)3] and kaolinite [Al2Si205(0H)4) usually control the activity of ~u­
minum in natural waters (Lindsay 1979}, but the concomitant appearance of low 
pH values and high sulfate concentrations may alter this control. Knowledge 
of the controls on aluminum solubility in uranium mill tailings, reacted with 
geologic materials, is of consequence because it can denote secondary minerals 
that may be precipitating in the liner materials. Van Breemen (1973} observed 
that acid mine waters and samples from acid sulfate soils were consistantly 
undersaturated with respect to both gibbsite and kaolinite. Formation of 
secondary minerals in acid sulfate soils has been observed by Van Breeman 
(1976). 

Dissolved aluminum concentrations varied considerably in the analyzed 
batch solutions. Values ranged from 2.2 mg/2 aluminum in the synthetic solu­
tion reacted with the clay liner to 767 mg/2 in the original tailings solution 
reacted with the same clay liner. The unreacted synthetic and the unreacted 
original tailings solutions had comparable initial concentrations of aluminum, 
525 and 600 mg/t, respectively. The original tailings solutions, therefore, 
appear to have a greater capacity to maintain high concentrations of dissolved 
aluminum. In every case the original tailings solutions, after reaction with 
the various clay liners in batch experiments, supported a higher concentration 
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of alum1num then did the synthetic tailings solutions contacted with these same 
clay liners. The dissimilarity in aluminum concentrations between the original 
and synthetic tailings solutions can, at least in part, be explained by the 
consistently lower pH values encountered in the original tailings-batch solu­
tions. There was a strong inverse relationship between pH and aluminum con­
centration for the modeled solutions. In contrast to the steadily increasing 
aluminum concentration with decreasing pH, the computed activity of Al3+ 
increased with decreasing pH until a pH of -4 was reached and then remained 
fairly constant for pH values lower than 4. A change in the slope of the 
aqueous activity of Al3+ versus pH line has been previously observed in acid 
mine waters (Crouse and Rose 1976). This change in the slope could possibly 
be due to transference of control from one solubility-controlling so.lid phase 
to another. 

Aluminum concentrations in the analyzed column solutions also varied con­
siderably, ranging from values that were below the detection limits {0.03 mg/~) 
up to a high of 958 mg/~. The higher concentrations were encountered at the 
low pH values. At the lowest pH values, the effluent aluminum concentrations 
were higher than or approximated the influent concentrations. 

Disequilibrium indices indicated several possible controls on aluminum 
solubility in the batch solutions. All of the solutions but one computed to 
be variably undersaturated with gibbsite, usually by several orders of magni­
tude. All batch solutions are near equilibrium or undersaturated with respect 
to alunite (KAl3(S04)z(OH)6] (see Figure 5.lb). The disequilibrium index for 
alunite, however, has quite a broad error band (+4.2670) due to its large 
log10 K. At high pH values, slight oversaturatiOn with alunite is achieved, 
except at the highest pH (5.2), which is in equilibrium with alunite. These 
log AP/K values for alunite suggest that this mineral is an effective control 
on aluminum in the pH range 2.0 to 4.0. Kaolinite could be controlling the 
upper limit of aluminum activity at pH values >3.9. Two of the solutions in 
this pH range are in equilibrium and one is undersaturated with respect to 
kaolinite. Alunite has been identified by X-ray diffraction in the reacted 
liner materials {see preceeding section on mineralogy). Moreover, Adams and 
Hajek (1978) have presented evidence to support the low temperature formation 
of alunite in acid sulfate soils. 

It is plausible that a less soluble solid phase, such as AlOHS04 (alu­
minum hydroxy sulfate), might control aluminum activity in the pH range 0.5 to 
2.0. Breeman (1973) thought that a solid with the composition of AlOHS04 
controlled aluminum solubility in low pH, high sulfate waters. An AlOHS04 
control could account for the relatively constant aluminum activity at pH 
values below 4.0. Instead of the aluminum activity increasing with the 
increasing alunite solubility, as pH decreases, it could be suppressed by 
AlOHS04. AlOHS04 is less soluble than alunite in the pH range of 0.5 to 2.0. 

It was impossible to specify a control on aluminum solubility in the col­
umn studies. All of the possible solubility controls on aluminum identified 
in the batch studies (A.lOHS04, alunite, and kaolinite) were oversaturated in 
every instance, in the column studies. The failure to attain equilibrium may 
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be due to the shorter contact time of the solutions with the liner materials, 
in the column studies, as compared to the batch experiments. The transit time 
of a pore volume of solution in the column studies was on the order of a few 
days and, therefore, considerably shorter than that of most of the batch 
studies. 

Evidence, from both the WATEQ3 computed activity values and Figure 5.1B, 
suggests that different minerals may control aluminum solubility, in the batch 
studies, over the pH range encountered in this study. The proposed controls 
on aluminum activity in these uranium mill tailings are: 1) kaolinite at pH 
values above -4; 2) alunite in the pH range >2 to <4; and 3) AlOHS04 for 
those pH values <2. The higher liner/solution ratios, the clay liner/synthetic 
solution at 1:1 and 1:2 dilutions, were able to raise the pH of the tailings 
to a greater degree and thus come into equilibrium with kaolinite. Thus, 
liners with larger neutralizing capacities would be most likely to precipitate 
kaolinite from solution. No X-ray characterization studies were performed on 
those reacted clay liners that computed to be in equilibrium with kaolinite, 
though these same materials, before reaction with the soluticns, did contain 
kaolinite. 

5.4.4 Solubility Controls for Strontium: Lead, Manganese, and Silicon 

Sufficient solution analyses were available to determine celestite 
(SrS04) disequilibrium indices for thirteen of the batch solutions (see 
Table 5.3 and Figure 5.28). Nine of these solutions were in equilibrium with 
celestite while the remaining four were undersaturated. The high concentra­
tions of sulfate in the batch solutions appear to make celestite an effective 
control on strontium solubility. Celestite also remained a possible control 
on strontium activity in the column experiments although the results were 
ambiguous. Four of the six modeled solutions resulting from leaching of the 
Morton Ranch clay liner with synthetic tailings solutions were in equilibrium 
with solution activities controlled by celestite while the remaining two solu­
tions were slightly undersaturated. In those effluents coming from the contact 
of the H.M. tailings solutions with the Morton Ranch clay liner, three of these 
solutions were in equilibrium with solution activities controlled by celestite 
while five were slightly oversaturated. 

Sulfate concentrations also appear high enough for anglesite {PbS04) to 
exercise an effective control on lead solubilty. This is a very tentative 
conclusion as only two of the batch samples had a detectable quantity of dis­
solved lead, and these were in equilibrium with anglesite. The two solutions 
had 27,000 mg/~ and 23,000 mg/~ sulfate in solution. At a concentration of 
lead of only 2 mg/£ even the lowest concentration of sulfate will maintain a 
sulfate activity adequate to determine lead solubility based on anglesite. 
Five of the six column effluent solutions for which Pb data were available were 
found to be in equilibrium with solution activities controlled by anglesite. 
The sixth solution was undersaturated. The highest Pb concentration achieved 
in these column effluents was 3.0 mg/£. 
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~ probable solid phase control of Mn activity in these synthetic and 
original uranium mill tailings solutions is MnHP04. Of the eight batch solu­
tions where Mn and P04 determinations were obtained, three of these solutions 
were in equilibrium with MnHP04 with the other solutions being undersaturated. 
Mn and P04 concentrations were determined in nine column effluent solutions 
and six of these solutions were in equilibrium with solution activities main­
tained by MnHP04. The remaining effluent solutions were oversaturated when 
compared to MnHP04 solubility. MnHP04 has been suggested as a possible Mn 
control for a variety of environments (Jenne et al. 1980). ~lthough MnHP04 
has been discussed in the literature (Lindsay 1979), a cursory review of X-ray 
and mineralogical references has revealed no evidence for the occurrence of 
this mineral in natural soils. 

Solubility relationships with silicon are often difficult to obtain 
{Lindsay 1979, quoting Iller 1955) and no definite solubility control on sili­
con was established in this particular study. The batch solutions computed to 
be undersaturated with the most soluble phase of silicon dioxide [Si02(~). 
data from Morey et al. 1964] at the highest pH values, in equilibrium at inter­
mediate pH values, and oversaturated at pH values <2. The batch solutions were 
oversaturated with respect to other Si02 minerals (e.g., quartz, cristobal­
ite, and chalcedony) as were most of the column effluent solutions analyzed. 
The column solutions were all either in equilibrium or marginally undersatu­
rated with Si02(A}. The same tendency was shown in the column experiments 
as was manifest in the batch experiments, that is undersaturation with 
Si02{A) at the high pH values gradually progresssing to an equilibrium state 
as the pH was lowered. The column effluents did not reach the low pH values 
{pH <2) of the batch experiments. In both the batch and column experiments it 
would be tempting to speculate that Si02(~) controls silicon solubility were 
it not for the apparent pH dependence of silicon solubility. This pH depen­
dence indicates that either a different type of solid phase is controlling 
silicon solubility, such as an alumino-silicate, or there is an anomaly in the 
solution preparation and analysis that allow the results to vary with pH 
(Elgawhary and Lindsay 1972). It may also be that the solubility control is 
being transferred from one solid phase to another as the pH varies. The 
transference of the solid phase control could be explained by the following 
scenario. ~part of the silicon in solution possibly comes from the dissolu­
tion of alumino silicates which tend to be unstable in acid solutions. In the 
more acid samples, this alumino-silicate dissolution could cause the H4Si04 
solution activity to rise until controlled by Si02{A). At higher pH values, 
the precipitation of alumino-silicates such as kaolinite could lower the activ­
ity of H4Si04 to levels below the solubility of SiOz(A). At higher pH 
values, the solubility of silicon would thus be controlled by kinetic {most 
alumino-silicate minerals form slowly), and not equilibrium considerations, 
while at lower pH values Si02(A) could exercise an effective control on 
silicon solubility. 

5.5 CONCLUSIONS 

The conclusions from the calculated results of the ion speciation-solubil­
ity portions of the WATEQ3 and MINTEQ geochemical models are: 
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1. These geologic materials have the capacity to mitigate the solution 
concentrations of possible contaminants via precipitation reactions. 

2. Solid phases, such as gypsum and Fe(OH)3(A), may be precipitating 
in the reacted liners and solutions resulting in decreases in the 
porosity and permeability. 

3. Precipitation is observed to be a function of the liner/solution 
ratio with higher ratios having a tendency to precipitate more 
solids. 

4. Higher liner/solution ratios have higher pH values which helps to 
explain the greater precipitation noted in conclusion 3. 

5. Amorphic metastable solid phases may control the solubilities of 
their dissolved constituents [e.g., Fe(OH)3(A) and Si02(A)]. 

6. Jarosites were computed to be supersaturated in the solutions 
resulting from the batch interaction of H.M. tailings solutions with 
all geologic and liner materials and in all the column effluents 
where adequate solutioh analyses were available, and were identified 
by X-ray diffraction in both the column and batch experiments. 

7a. Solid phases identified as exercising possible controls on solution 
chemistry are Fe(OH)3(A), ATOHS04, alunite, kaolinite, celestite, 
anglesite, gypsum, MnHP04, and Si02(A). 

b. Solubilities of many elements and compounds were pH dependent 
(e.g., Fe, AT, Si and SQ42-). 

8. For certain elements, such as Si and Al, different solubility con­
trols may be operating at different pH values. 

Certain solids identified as being in equilibrium with the solution chem­
istry were either poorly crystalline or present in such trace quantities that 
it would be impossible to identify their presence by X-ray diffraction. 

It should be remembered that these results and conclusions represent an 
exploratory effort to geochemically model uranium mill tailings solutions, with 
their associated high sulfate concentrations, low pH values, and high total 
dissolved solids. The results and conclusions are based on data from a limited 
set of experiments, and the solution analyses were modeled as reported, without 
judgement on the reported concentrations, even though the cation/anion imbal­
ance exceeded 20% in several modeled solutions. 

These modeling results illustrate the paramount importance of obtaining 
accurate and adequate solution analyses. They also demonstrate the importance 
of close collaboration of modeler and experimentalist so that analyses crucial 
to the modeling effort are performed. 
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This exploratory use of geochemical modeling has demonstrated the ability 
of WATEQ3 and MINTEQ to test solubility hypotheses for the compositions of 
aqueous solutions that have high sulfate, low pH values, and high total dis­
solved solids, such as the acidic uranium mill tailings solutions. Modeling 
can also guide the selection of important constituents and parameters that 
should be analyzed in these solutions. It may also point to thermodynamic 
data that may be in need of reevaluation. Geochemical modeling can be used, 
in parallel with characterization techniques, to substantiate the presence or 
absence of solid phases in laboratory solubility studies. As used here, geo­
chemical modeling is an effective tool in delineating the chemical causes for 
changes in permeability of clay liner materials. 
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6.0 CONCLUSIONS 

1. Various geologic materials have been proposed as liners for uranium 
mill tailings impoundments. When acidic uranium mill tailings solu­
tions encountered geologic materials, containing over 30% clay, for 
periods up to 3 years; liner failure (i.e., an increase in perme­
ability of the liner material) was not found to be a problem. 

2. To achieve a m1mmum permeability and also minimize channel cracks 
and fracture flow, it is recommended that the liner be compacted to 
90% of maximum compaction or greater, as determined by a standard 
proctor test. 

3. A 1 m thick clay liner with a calcium carbonate content of 4% or 
greater should not only be able to impede the pH front advance into 
the surrounding geologic material for hundreds of years, but should 
also be able, based on empirical evidence, to neutralize the total 
acidity contained in most tailings ponds over their active lifetimes. 

4. Certain geologic materials contain a residual buffering capacity. 
This residual buffering capacity enables these materials to maintain 
column effluent pH values at higher levels than the influent values, 
even after the initial buffering capacity of the soil has been 
exhausted. 

5. Laboratory studies, geochemical modeling predictions, and field 
observations were found to complement one another. The laboratory 
experiments and the geochemical modeling predictions were able to 
simulate the chemistry at an uranium mill tailings pond. 

6. Liner materials meeting the above requirements will have the capac­
ity to significantly mitigate the solution concentration of possible 
contaminants via precipitation and/or adsorption processes. Geo­
chemical models can aid in quantifying the solution concentrations 
resulting from the interaction of acidic tailings solutions with 
clay liners. 

7. Geochemical modeling predicts. and X-ray characterization work con­
firms, that given an adequate buffering capacity, precipitation of 
solids from solution should occur resulting in pore plugging and an 
ultimate reduction in the permeability of the liner materials. 

8. Geochemical modeling can be used, in parallel with mineralogic char­
acterization techniques, to delineate the chemical causes for changes 
in permeability of clay liner materials. 
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