













































































































































































TABLE 5.1. Chemical Analyses of Batch Solutions for Test Liner Materials and Original Solutions

Clay Clay Clay Clay Salipe Saline Bentonite Synthetic
Liner: Liner: tiner: Liner: Seal Seal: Bentonite {C5-50) : Clay Liner Synthetic Original Bent A-II Clayliner Clayliner Tailings
Detection Syn. Sol, Syn. Sol. Syn. Sol. Syn. Sel. Syn. Sol. Tailings (CS-B0): Syn. Tailing Soln. Tailings Sol. Tailings Tailings H2504 HZ504 pH=2 H2504 H2504 H2504  Solution
Limits (1:1) (1:2) {(1:5) ~(1:10) ~{1:10) Sol. {1:10) {1:10) (1:10) {1:10) Solution  Solution pH=0.,5 AT pH=0.5 A-11 _pH=2 ph=0.5 _pH=2.0
Ice - mg/1
Al 0.03 2.2 97.4 331 380 241 543 289 496 767 525 600.0 204 0.4 410 0.1 0.2 595
As 0.08 0 1 1 1 <0.1 z2.8 1 2.8 1 b 3.5 <l < <1l < <
B 0.01 0.4 0.05 0.5 1.06 1.19
Ba 0.002 0.1 0.04 0.1 < <
Ca 0.01 556 534 511 509 477 473 492 482 484 483 537 528 132 450 < 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 6.01 0.6 1.0 0.6 0.5 0.2 1.4 0.3 1.3 1.7 0.6 0.2 0.13 1.3 0.01 0.01
Cr 0.02 0.4 3.1 0.6 2.7 3.0 2.7 0.1 0.02 0.9 0.01 <
Cu 0.004 1.6 1,7 0.9 2.3 0.2 < 1.5 0.02 0.01
Cy 0.004
Eu 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 -~ -
L 0.004 0.45 0.66 0.48 0.36 0.5 1.5 0.6 1.5 1.3 0.2 0.9 0.7 < 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
Mn 0.002 4.1 6.2 4.2 3.2 12.3 77 5.6 62 65 2.2 63.5 5.6 0.40 6.0 < <
Mo 0.35 <l < <1 < <
Na 0.01 153 188 150 148 890 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
Ni 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 0.1 1 61 5 27 6 30.0 46 0.2 17 < <
Pb 0.06 <1.0 2 < 2 < <
Ru 0.05
Sb 0.05
S1 0.02 16.2 32 48 89 46 193 36 171 325 233.5 186 13.6 224 0.9 2.2
Sr 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
T3 0.002
In 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 < <
ir 0.008 0.8 < <0.5 < <
fon Chromotography
S04 2960 4260 4630 6390 5740 13,630 7780 13,170 11,580 13,830 12,850 27,000 440 23,000 700 34,000 13,000
NO3 92 108 79 94 77 21 125 19 10 167 16.5 24 * 4 * 4 15.0
o 67 63 59 56 67 290 96 290 290 113 97.1 620 48 560 60 670 103
pH 4,7 3.9 3.1 2.6 2.7 1.9 2.7 1.9 2.0 1.7 1.8 0.5 5.2 0.8 1.8
Ch{my)*** 400 470 500 530 525 900 525 900 890 581 910
F 12 1.4 14 1.3 13
POy 120 > 14 * *

* Just detectable.

* A minimal value, input for computational purposes.

*** Extrapolated from an Eh-pH dependence observed in similar experiments,

< Below detection limit.
- Not determined.

If no Eh value is given, the value was set at 500 {mv} for modeling purposes.
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Ly

{a) DL = Less than detection limit.

TABLE 5.2. Chemical Analyses of Effiuent Solutions from Permeability Columns 1
and 5 which Contained the Morton Ranch Clay Liner Material Reacted
with Synthetic and H.M. Tailings Solutions, Respectively

Leachate Samples {mg/1)
Column 1 CoTumn &
Pore Volume 1.26 2,12 2,95 4,47 5.8 25.51 1.35 3.46 5.54 6.24 7.91 8.89 10.39 11,17
Element
Al oled oL DL 29 193 958 oL DL DI, 47 167 392 564 703
As oL oL DL 0.5 2.1 o oL oL oL 0.6 0.7 DL oL oL
Ca 686 703 715 660 600 517 657 61z 820 512 467 507 528 517
Cd DL oL DL 0.4 1.1 0.7 bL DL 0.2 0.4 0.9 0.8 1.0 1.0
Cr oL DL DL 0.2 0.02 0.2 DL oL 0.08 0.1 0.1 0.5 0.5 0.5
Cu 0.02 DL 0.5 DL 0.2 9.7 oL oL 0.09 0.1 0.2 0.2 0.3 0.3
Fe DL oL oL 645 1582 1510 oL DL 127 538 950 1330 1560 1720
Li DL DL g.2 0.3 0.5 DL DL 0.4 1.z 1.0 1.1 1.4 1.4 1.2
Mg 360 405 689 1040 1127 813 203 519 1820 1554 1771 1738 1601 1420
Mn 0.2 1.4 4.2 7.0 82 4.5 oL 2.4 41.2 64.4 89.6 101 101 9%
Mo oL oL oL oL BL DL DL DL 0L oL oL 0oL bL DL
Na 229 248 315 364 415 334 158 283 424 308 296 332 329 319
Ni DL oL 1.4 4.3 5.6 2.5 0.2 0.5 4.1 0.8 10.9 12.9 17.4 10.8
P DL DL oL 7.2 9.8 3.8 DL DL 1.5 2.1 2.1 1.0 3.8 3.8
Pt oL DL oL 1.2 oL 3.0 DL DL DL oL 0.5 2 2 2
Se DL oL oL 0.8 DL 1.1 oL oL oL DL oL 1.6 2.1 2.1
Si 7.2 7.2 6.8 ?7.8 45 51 3.2 7.2 15.2 23.2 28.8 a0 43 45
Sp 13 16 27 k'] 27 3.9 14 19 38 32 31 31.3 25.3 19.0
Th DL DL DL 2.1 0.4 2.0 DL DL 0,9 2.1 3.4 5.3 5.3 5.3
u o oL oL 23.1 oL DL 0.4 0.5 DL DL oL 19,7 23.8 27.2
Zn 0.5 0L 3.2 7.7 7.8 11.1 0.5 0.7 9.1 15 21 29.5 3.8 29.5
By Ion
Chromatography
€ 121 97 88 100 97 100 132 292 402 303 306 389 355 333
50, 2445 2690 3833 7147 7984 12,200 2720 3704 7864 9492 12,192 13,900 14,800 10,100
pH ;.72 7.75 7.80 4.02 3.8 3.35 8.20 8.00 4,80 4.20 3.8 3.53 3.70 3.47
Eh 348 386 33 581 593 623 38 331 532 570 594 612 801 618



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
eff luents. There were no Eh values or re2*/Fe3" ratios measured specifi-
cally in this study. The Eh values used were those cbiained 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 0, 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 {FeSy) 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{111), 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 5Fep03°9H»0. 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
amorphic).

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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Material

Clay Liner/Synthetic
Solin. 1:10

Saline Seal{Synthetic
Soln, 1:10

Bentonite/Synthetic
Sotn, 1:10

Clay Linerf{Tailings
Soln, 1:10

Saline Seal/Tailings
Soln. 1:10

Bentonite/Tailings
Soln. 1:10

Clay Liner{Synthetic
Soln. 1:1

Clay Liner{Synthetic
Soln, 1:2

Clay Liner/Synthetic
Sotn. 1:5

Bentonite/H, 504
1:10 pH 0.5

Clay Liner/H»S0q
1:10 pH 0.5

Clay Liner{H2S04
1:10 pH 2.0

Original Acid
H2S0q pH 2.0

Original
HzS04 pH

Original
Soin, pH

Original
Soln. pH

Goifneh f2g7nes

Acid
0.5

Synth.
1.7

Synth,
2.0

ATQHSO

A5,

0.447

0.348

0.400

0.110

-0,

-0,

156

184

0.342

1.179

0.899

-Z.

065

411

.688

.954

.508

.3e7

026

.202

TABLE 5.3.

Allophane Anhydrite Celestite
~0.390 0.055 -0.467
~-0.,704 0.023 -1.426
-0.798 0.083 -0.706
0.573 0.0b4 -0.280
0.452 u.069 -0.087
0.398 0.081 0.148
~-0.751 0.036 0.032
-0.714 0.045 0.086
-(1.726 ~(,004 -0.243
2,746 -0.148 0.0z
2.173 -0.090 -0.207
-1.609 —0.8B6S -1.074
-Z.072 - -
1.099 -3.775 -

- 0.064 -
- 0.078 -
0.641 0.022 0.206

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

New Gypsum 510y Na K H

Yog,K-4.60 MnHPO, (A.M.) Jarosite Jarosite Jarosite Strengite Chalcedony Cristobalite Goethite Quartz Alunite Koolinite Anglesite Maghemite Fe{QHj (A,
0.066 - 0.278  -1.068 1.045 -0.678 - 1.10 1.175 0.056 1.603 -1.752 5,795 -4.910 —-4.,i%4
0.035 0.337  -0.009 -0.193 1.285 ~0.b82 1,174 0.813 0.888 0.191 1.316 -1.602 -6.161 -4.641 -4.024
0.094 -0.447 -0.104 0.382 2.175 -0.140 0.897 0.713 0.788 0.30¢ l.2le  -1.20% -6.467 -4.419 3,490y
0.065 -0.430 0.855 2.747 3.276 3.544 1.060 1.677 1,752 0.604 7,180 -6.043 -1.885 -3.808 -3.603
0.078 ~0,343 0.635 4.271 4.376 4.325 1.889 1,457 1.532 0.697 1.960 -6.782 -9.374 ~3.678 -3.51%
0.091 ~-0.797 0.581 3.955 3.878 4.069 1,442 1.403 1,478 .605 1.906 -7.141 -9.566 -3.804 ~3.603
0.048 - -0.469 ~1.528  0.530 ~3.274 - 0.353 0.428 2.095  0.856 4.37 1.214 -0.8331  -¢.1ld
0.057 - -0.169 -0.444 2.095 —-1.468 - U.65¢ 0.728 1.575 1.15%6  4.960 0.130 -1.48b6 —-£.b3z
0.008 - -0.013 -3.045 -0.506 -3.170 - 0.804 0.884 -0.029 1.312 1.86l -3.237 -5.081 ~4 ¢34
-0.147 -1.590 0.656 ~15.251 -13.150 -13.71% -3.178 L.4/8 1,553 -6.940 1.981  -14.447 -18.036 -18.097 -11.1%0
~(,085 -2.568 0.719  -13.087 -8.771 ~4.0l7 -3.076 1.540 1.615 _5.780 72.043 -11.754 -15.71% 15,50 -G ,494
~0.856 - -0.554  3.154 7.027 ¢.305 - 0.268 0.343 4,994  0.771 -2.841  -2.297 4,964 0.788

- - -1.739 - - - - -0.4l7 -0.842 - -0.414 - -21.816 - -

-3.773 - -1.273 - - - - -0.451 ~0.376 - 0.052 - -29.023 - -
0.074 - - -0.056 -0.272 0.363 - - - -0.873 - -8.474 - -b.7b% -
0.088 - - -3.033 - -2.368 - - - -1.403 - - - -7.827 -h.bl4
0.032 -1.478 0.715 4,833 5.40 5.667 1.401 1.537 1,612 1,133 2.040 -7.282 -9.339 -¢.756 -3.078
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TABLE 5.4.

Values of Log AP/K Calculated by MINTEQ for Column Experiments

(AP = Activity Product of Solid; K = Solubility Product)

New

Gypsum

Log K = Na H
Perm Lell 1 MOHSD%, Anhydrite Celestite -24.80 MnHP[L4 Jarosite Jarasite Strengite Chalcedony Lristgbalite
Py, = 1.26 0. 0481 0.096 0,023 -0.062 0.002
Py, = 2.12 0.086 -G.01d 0.048 ~0.061 0.003
Y. = 2.95 0.136 0.261 0.098 -0.082 -0.018
PV, = 4.47 0.376 0.035 ~0.492 -0.005 9.417 10,551 9.291 4.1 0.841 0.905
P.Y, = 5.89 1.358 0.104 0.288 0.064 0.769% 12,351 11,338 4.819 0.757 0.821
PV, = 25.81 1.862 G.081 ~0.491 0.040 -0.630 10,860 10,417 3.655 0.817 (.88
Ferm fell &
Foy. = 1.35 g.062 -0.077 0.024 ~0.422 ~(0,358
¥, = 3.46 0.094 0.162 G.056 -0.061 0.0030
2N, = 5,54 0.783 G.520 0.243 2.260 11.806 9.805% 4406 0.283 0. 347
LY, = 6.24 1.0490 0.108 0.499 0,068 1.776 12.029 10.772 4440 0.470 0.534
PV. = 7.41 1,217 0.091 0.517 G.05 1,85 11.802 10.770 4,029 0.571 0.63%
PV, = 8.89 1.312 0.125 a.501 0.083  D.676 11.274 10.664 3,559 0.718 0,782
P.o¥. = 10,39 1.63% (.145 3409 0.104 0.816 11,479 11.204 3.765 0.751 0,815
Py, = 11,17 1,507 0.003 0.06¢ ~0,637 0.532 11.085 10.588 3.546 (1,765 0,829
Perm Cell 1 Quartz Alunite Kagiinite Anglesite Maghemite _S_QEQ_)_ CujOsz Ni!DH;Z Iincite ThUC12 Fe{OH)atA]
P.¥. = 1.26 0.421 0,875 -).484
P¥, = 2,12 0,422
P.¥, = 2,95 0.401 -0.B95 0174 -D.519% -D.561
PY, = 4,47 1,328 2.133 4,108 -.108 5.683 0.028 -6.726 -7.897 2,733 1.142
PV, = 5,89 1,240 4,080 4,226 5.931 -0.066 -7.213  -7.95% -8.,244 (_43] 1,265
Pov. = 25,51 1.30 3.233 2.714 -0.016 3.957 0.004 -8.194  -9.279 -9.087 -0.017 0.278
Perm Cell 5
P.¥. = 1.3% (.08} -1.23% -0.421 -0.493
Py, = 3.46  0.422 ~0.B74 ~-0.605 -0.858
P.¥., = 5.54 0,766 7.427 ~0.530  -~5.678 -6.156 b.260 3,706 2.1G3
PV, = 6.24 0.953 4.290 4,363 5,385 -0,343  5.817 -7.279  2.485 1,482
Po¥, = 7.9 1.058 3,420 3113 -0.881 5,248 0,242  -7.350 -7.791  -7.99% 1,734 0.923
Po¥., = B.89 1.201 2.895 2.514 -0.185 4,457 -.045 7,895 -B.262 1,589  0.527
P.¥. = 10,39 1.238 4,369 3.895 -(.183 5.262 ~0.062 L7383 7,941 8,030 1,830 0.930
By, = 11,07 1.248 3.382 3.024 0.226 4,422 -0,048  -7.839 -8.463 -R.457 1,903 0.510

51



bentonite liner materials {see Table 5.1)}. The concentration of total dis-
solved Fe in the H.M. tailings solution was 2215 mg/e. After contact, the dis-
solved Fe concentration var1ed from a high of 763 mg/e in the ta111ngs solutian
reacted with the Saline Seal® material to a low of 236 mg/t in the tailings
solutions after reaction with the clay liner. The Fe content of the H.M.
(original) tailinrgs solution after 16 months of contact with the bentonite
liner was reduced to 579 mg/t. The original synthetic solutions at pH values
of 1.7 and 2.0 had 2400 and 2217 mg/e, respectively. Again, there was a reduc-
tion in total Fe concentration in every case after contact with the various
Jiner 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 Jiner 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 Iinerfsolution ratios and also had higher
pH values because of the buffering capacity of the liner material. The H»S04
solutions at pH values of 2.0 and 0.5 had no detectabie Fe concentrations.
After reaction with the Jiner at a 1:10 liner/solution ratic, the HyS04
sglutions 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 HpS04 solutions, especwa11§ when

the solutions are at Tow initial pH values. The calculated Fel*/Fe

activity ratio varied from a high of 105-28 in the clay liner reacted with

the synthetic tailings solution at a 1:1 ratio to a low of 10-2-49 in the
original H.M. tailings solution, though the presumptive nature of the estimated
Eh makes these values gquestionable.

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 HpS04 reacted with the clay liner at a pH of 2.0, which was very
s1ightly 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 pR increased from 2.0 to 5.2 over a 7-day reaction perwod For
each unit increase in pH, there is a 1:000-fold decrease in the Fed* 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-Fep03) 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), guoting 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-Fep03) and goethite (a—FeQOH), 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
inf Juent concentrations with a strong inverse relationship existing between pH
and the total Fe in solution. Above a pH of ~b, the solution Fe values were
below the detection Timits of the ICP.

A1l 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 effiuent 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 Lh 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)2{0H)}s,
NaFe3(S04)2(H}g and HFe3{S04)2(0H)g, 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 eff luents, a minimal K* concentration of 0.5 mg/t¢,
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 WATEQZ2. Plotted data points
represent only the batch solutions. The indicated $042~ 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 Fed* activity controlled hy
Fe(OH)3(A}. According to Figure 5.1A, K-jarosite would be stable in the

53



FIGURE 5.1,

LOG AP K (ALUNITEY

Stabilities of Various Fe-Containing Solids Plotted According to
the Log of the Activity of Fe3™ Versus pH (1A), and Plot of the
Log AP/K Versus pH for Alunite (1B).
symbols are for the original and reacted solutions, respectively.
The synthetic tailings solutions are represented by circles, the
H.M. tailings solutions by diamonds, the synthetic tailimgs solu-
tions from variable sotid/solution experiments by squares, and
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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)3(A)}. 1In 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 dissclved constituents which enter inte the activity product cal-
culations of the jarosites; 3) the thermodynamic solubility products of the
jaropsites 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 compositicns. Possible
organic 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 1imits 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 abserved 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 s%ils
initially containing pyrite where the oxidation of the Fe in pyrite to Fe *
occurred. From the foregoing discussion, it is thought that Fe{OH)3(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
leached through assorted clay liners.

5.4.2 Sglubility 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 (CaSO4) while the
remaining two solutions are undersaturated. Twelve of these analyses are
slightly oversaturated with respect to gypsum (CaS0q°2H20}. The sulfate con-
centrations in these solutions vary from 440 mg/e for the clay liner (Morton
Ranch) reacted with H2S04 to 27,000 mg/2 for the bentonite reacted with HpSOg4,
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with the maximum sulfate activity in solution being 1.567 x 10-2 M, Sulfate
concentrations tended to be pH dependent, with the lowest sulfate concentra-
tions (440 mg/s) being associated with the highest pH (5.2), and the highest
sulfate concentrations (27,000 mgfr) occurring at the Towest 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. A1l 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 apd pH,

The calculated equiiibria of these solutions with anhydrite, instead of
gypsum, is somewhai of an en1gma. Gypsum is not on1y thermodynamically more
stable than the anhydrite at 25°C and 1 bar, but it is highly unlikely that
the anhydrite could form in an agueous 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; andfor 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 (1981}. The most likely explanation,
at this time, for the oversaturation with gypsum is that the equilibrium con-
stant for gypsum is too low. Tke logjg K (logarithm of the equilibrium con-
stant at 25 C) for gypsum used in this model is -4.848, while the logig K for
anhydrite is -4,637, both computed from the data originally tabulated in Robie
and Waldbaum (1968)., 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 1981), from a perusal of gypsum
solubility data, that the best value for the logig K of gypsum is -4,60 +
0.02. Al 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. This could be due to an
insufficient quantity of material for detection by X-ray powder diffraction
andfor 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 Mc evaporation pond, after these materials had been contacted with

Lucky Mc tailings solution (see Section 4.0}.

The X-ray characterization of the column and Lucky Mc 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 sampies.

The Cal* and 5042- activities appear to be strongly controlled by
either anhydrite or gypsum depending upon which equilibrium constants gne
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 af 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 Cal* in the gypsum (Shepherd and
Cherry 1980).

5.4.3 Solubility Controls for Aluminum

Like iron, the agueous geochemistry of the A1203-S03-Hp0 system is
complex because a variety of stable and metastable phases may form. Gibbsite
[A1(0H) 3] and kaolinite [A12Si205{0H)4] usually control the activity of alu-
minum in natural waters (Lindsay 1979), but the concomitant appearance of Tow
pH values and high sulfate concentrations may alfer 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
??ggn?ary minerals in acid sulfate soils has been observed by Van Breeman

6).

Dissolved aluminum concentrations varied considerably in the analyzed
batch solutions. Values ranged from 2.2 mg/¢ aluminum in the synthetic solu-
tion reacted with the clay liner to 767 mg/t 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/&, 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 aluminum 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 Al
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 A13* 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 solid 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/s)
up to a high of 958 mgfe. The higher concentrations were encountered at the
‘ow 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
salubility in the batch solutions. A1l of the solutions but one computed to
be variably undersaturated with gibbsite, usually by several orders of magni-
tude. A1l batch solutions are near equilibrium or undersaturated with respect
to alunite [KAT3(504)2(0H)g] (see Figure 5.1b}. The disequilibrium index for
alunite, however, has quite a broad error band (i4.2670) due to its Jarge
logig 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 atuminum in the pH range 2.0 to 4.0. Kaolinite could be controlling the
upper 1imit 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
1iner materials {see preceeding section on mineralogy). Moreover, Adams and
Hajek (1978) have presented evidence to support the low temperature formation
of alunite in acid suifate soils,

It is plausible that a less soluble solid phase, such as A10HSO4 (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 AI0HSG,
controlled aluminum solubility in low pH, high sulfate waters. An A10HS0y
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
A10HSOg. A10HSO4 is less soluble than alunite in the pH range of 0.5 to 2.0.

[t was impossible to specify a control on aluminum solubility in the col-
umn studies, A1l of the possible solubility controls on aluminum identified
in the batch studies (A10HSO4, 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) A10HSO4 for
those pH values <2. The higher liner/solution ratias, 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 resuits 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 {PbSO4) to
exercise an effective control on Tlead 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/e and 23,000 mg/¢ sulfate in solution. At a concentration of
lead of only 2 mg/% even the Towest 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/e.
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A probable solid phase control of Mn activity in these synthetic and
original uranium mill tailings solutions is MnHPO4. Of the eight batch solu-
tions where Mn and P04 determinations were obtained, three of these solutions
were in equilibrium with MaHPO4 with the other solutions being undersaturated.
Mn and P04 concentrations were determined in nine column eff juent solutions
and six of these solutions were in equilibrium with solution activities main-
tained by MnHPO4. The remaining eff luent solutions were oversaturated when
campared to MnHPOg solubility. MnHPQ, has been suggested as a possible Mn
control for a variety of environments {Jenne et al. 1980). Although MnHPO4
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 so0ils.

Solubility relationships with silicon are often difficult to obtain
{Lindsay 1979, quoting I1ler 1955} and no definite solubility cantrol on sili-
con was established in this particular study. The batch solutions computed to
be undersaturated with the most soluble phase of siticon dioxide [Si0p(A)},
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 sofutions were
oversaturated with respect to other Si0p 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. 1In both the batch and column experiments it
would be tempting to speculate that Si0,(A) 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 controliing
silicon solubility, such as an alumino-silicate, or there is an anomaly in the
sotution 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. A part of the silicon in solution possibly comes from the dissolu-
tion of alumino silicates which tend to be unstable in acid solutions. 1In the
more acid samples, this alumino-silicate dissolution could cause the HgSi0g
solution activity to rise until controlled by Si02(A). At higher pH values,
the precipitation of alumino-silicates such as kaolinite could Tower the activ-
ity of HpSi0g to levels below the solubility of Si0p{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 S5i02(A) could exercise an effective control on
silicon solubility.

5.5 CONCLUSIONS

The conclusions from the calculated results of the jon speciation-solubil-
ity portions of the WATEQ3 and MINTEQ geochemical models are:

61



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. 5Solid phases identified as exercising possible controls on solution
chemistry are Fe(OH)3(A), AI0OHSO4, alunite, kaclinite, celestite,
anglesite, gypsum, MnHPO4, and Si0p(A).

b. Solubilities of many elements and compounds were pH dependent
(e.g., Fe, A1, Si and S042-).

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 fotal
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 suifate, low pH values, and high total dis-
soived solids, such as the acidic uranium mill tailings solutions. Modeling
can alsc 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

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.

To achieve a minimum 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.

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 neutraiize the total
acidity contained in most tailings ponds over their active lifetimes.

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.

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

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

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,

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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