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ABSTRACT OF THESIS

URANTUM IN SITU SOLUTION MIKING AND GROUNDWATER QUALITY AT THE
GROVER TEST 3iTE, WELD COUNTY, CCLORADD

Regianal groundwater studies in Weld County, Colorado reveal
groundwater patierns which ¢oincide with known uranium rell front
deposits. t iz postulated that alteration produced by oxygen and
uranium-bearing water moving through the Fox Hills, Laramie, and
white River Formatiens produced a zone of high total dissolved

solids (TOS) Mas0, water which changes to Tow TD5, NaHCO, water as

3
the oxidation-reduction front is approached. FProcesses which coyld
affect such changes are: hydroiysis of feldspars, cation exchange
with clays, oxidation of pyrite, and bacterial reduction of sulfate.

The study of mineralization, splution mining, and restoration
of the Grover uranium roll front deposit, Sec. 24, T. 10 N., R.

52 W, Weld County, indicated the following points.

Reduction of uranium is directly or indirectly related 2 re-
ducing bacter+a associated with grganic material. Katural ground-
water asscciated with mineralized areas of the Grover aguifer is-
suitable for oniy limited agricultural uses because of radium-

226, molybdenum, selenium, and iron contained in &, Restora*ion,
using 705 reduction by reverse osmosis and chemical treatment of
mined aguifer waters, reduced TDS to below baseline, but elevated
levels of radionuclides, molybdenum, ammonia, nitrate, and
selenivm remain, though rot reducing the groundwa*er uzility.

The insitu mining process, ustng recycled Teach solutions,

iii




required 1ittle groundwater withdrawal, but overproduction, during
restoration produced potentiometric drawdown.

i kenneth S. Wade 1
i Earth Resources Departmrent
| Colorado State University
: Eort Collins, Colorado 80423
i [ Fall, 1980
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i. INTROCUCTLICN

The purpose of this study was to gxaming the mineralized Grover
Sandstone gquifer at the Grover Test Site and determine what effects
insitu solution mining would have on groundwater guality and quantity.

The Grover Test Site is situated in the east cenfral portisn of
Secticn 24, T. T0k., R. 62W., Weld Leo., Coloradn, about 4(mi?es southwest
of the town of Grover. It lies at zbout £.040 feet above sea level on
flat Tying to gently relling topography. The test site is irn the Crow
Creek drainage, a tributary to the Sguth Platte Riwver. Accass is by
county road going 14 miles north of State Highway 14 from Briggsdale,
Colorads.

Uranium rali front mineralization was discovered in the Grover area
in 19470 (Reacde, 1976). BReserves are estimated to be 1,007,000 lbs. with
an average grade of 3,14 percent EUSDB at a cutoff grade of 0.05 percent.
Because of the low grade and tannage, Wyoming Mineral Carporation,
Lakewgod, Colorado, initiated a pilot solution mining test at the
Grover Test Site, Various Teach solutions and vestoration technigues

were used beginming June, 1577 and ending February, 1879,

Baseline water quality data were chtained from the Water Juality
Contrel Division of the Colarado Department of Health. The Department
oy Health was the permitting agency and reguired Wyoming Mineral
Corporation (WMC) to submit weekly remoris concerming water qualiiy
and %o meet specific restoration standards. Drill cores and geophysical
logs provided inforration about Titkplogy, structure, depositiona:

environmants, alteration, and wmineralization associzted with the rall




o S

front system. A coordinated regional ctudy provided information con-
cerning stratigraphy and depositional environments, %ee Figure 1 for
Yocations of the Grover Site and regional study areas.

On Jun 1979, after the cgggjggjun of the pilet project,

water samples from the mined aqui fer were analyzed in this study to

determine the affects of mining and restoration on groundwater quality.
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[T. REGIOMAL GECLOGY SND WY DROLOGY

s, Stratigraphy

The geologic units in the area are Mesozole and Cenozoic in age
{Tapte 1]. From the oldest to youngest these consist of: the Upper
rretaceous Plerre shale, Fox Hills, and Laramie Formationss the
"Gligccene White River Group; the Pliocene Ogaliala Formation; and
Quaternary alluvial deposits [see Figures Z and 3 for map and Cross
section of regional geolagy}.

The Rierre Shale consists of 6,600 feet of dark gray 1o hlack
marine shales with minor siltstones and sandsiones. T4s poor aquifer
characteristics and depth 1imit the use of this unit as a groundwater

source in the aved.

Thgﬁggg;lgjgg,ﬁgﬁ_ﬂill3_£grmajinn contains the ¥eota and Bucking-
- - sV TOAL

ST
. . ! : :
ham Sandstonégs of industrial nomencature., é};ﬁnn51sts of 200 to

450 feat of tan to brown, fine- Lo mediom~grained sandstone with in-
creasing amounts of black sandy shate toward the bottom, 1% fas been
interpreted by Harvey et al. (1980} %o coneist of stacked wave-dominated
deltaic lopes. It j2 a reliable water prodﬁﬁer, yielding 20 to 100

apm 0f Manto, and Masl, tyne waters with total dissplved solids

ranging from 400 to 2000 mg/1. EE_hDSTS_EDEJEEEEE“EﬁEﬂiHE,IEll_fIEﬁ}

daposit which may chortly be mined by an insitu solutien rethod,

The Laramie_formation_jgﬂ;hg_ﬁ_gt of ithe uraniu@ﬂmiﬁgpgli;_ﬁianf
wnich was thne subiect of the pilat Teach mining praject. [t contains
the Grover, Povtier craek and Sand treck sandstones of industrial

norenclature. The nEgx 1ills™ unit 18 the name used hy Wyoming

4
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Mineral Corpaoration {WMCY for a thin sand layar 280 feet below the
Grover Sandstong. Stratigrannic correlation using elecirizc 1CCES
indicates this unit is contained within the Laramie rormation.

The Lavamie censists of 1,100 to 1,500 feet of intcrbedded
eands tones, SNcles and siitstones which consist of upward firing

and cecasional upward coarsaning, delta and alluvial plain sardstone

- bodies  {Kirkham, 19803). The sand beds are 10 to 9C feet thick.

raa) beds up to & feet thick are found in the Tower 400 feel.
The Porter Creek Sancstone is composed of 2 to 3 gandstone beds

totatiny about &0 fea+ 1n thickness. 1% is a near surface unit 3t
+he test S51LE whicn is marked by gﬁethiteﬁatained crain coats and
intense feldspar alteration.

HE_EEGMEE_SHHQEIDE_J the locus for the drover soletion mining
test, varies frem a thickly hedded tn "aminated sandstone wizh numerous
clay partings. sgme swall scale, high angie crossheds were found. 1t
+otats about 50 feet thick at the site. The Grover containse ciay
lanses and intraclasts, organic partings with plant debris, coal
lg-inag up o ! oW thick, and asphaltic layers, pineralization was
associated with the arganic-rich layers. Calcite replacement was neted
in ang sample and 2 lavayr of calcareqaus rud showing cone= n=Ions
structura was found, but overall Tittle calclze wWas found. This 1s
reflacted in the low calcium content of ihe Grover groundwatar.

~he Grover Sandsione s @ salt-and and pepper-col colored fing- gra1ned

_EEEE_EUmPDSEd of well-sorted, angular to subrounded, fr1abte ¢rains

of auartz (48%], yolcanic rock fragments {174, clay balls (12%0,
playgiociase (634, orthociass (551, microcline (3%). chlorite (2%,

prganics 24}, various clay (allophans, kaoglinite, somtmarillonite]
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altaration products of the other grains, biotiLe (1%), muscovite (1%),
and traces of pyrite. The modal percentages were calculated using a
500 point count of a typical section from the raduced zone. Using the
classification of Dott (1964), the rock would be laheled a 1ithic
arenite with egual proportions of sedimentary and valcanic 1ithic
fragments (Fioures 3a and 4b]. |

The detrital mater4a1 is grain supported and true matrix is
less than 1¥. Maonetic susceptibility tests indicate less than 0,052%
FESG4 equivalent {s present (Appendix I}. UDetrital magnetite and
ilmenite might be expected in the unattered sediment as indicated by
Reynnlds and Goldhaber (1978} for the South Texas foll fronts, but
since the rocks sampled at Grover were within 50 feet of the front
any original detrital magnetite may have been altered to limonite ar
reduced to pyrite,

E-ray analysie of clay fractions of the Grover Sandsipone indicate
the most abundant minerals present were guartz, kaolinite, sericite,
and mixed lattice 1171ite~montmorillontte {Appendix II). Next in
abundance were i11{te, montmorillonite, and micracline. Smaller
ampunts of chlorite, nacrite, and halloysite ware detected, HNo clay
zoning was found from samples across the roll front,

Diagenetic effects consisted of varving degrees of feldspar
argillization, breaking and deformatioen of micaz, deformation of
clay balls into pseudematrix, and the formation of hrown-stained olay
coats surrounding detrital grains.

Sfeve analysis indicates the Graver Sandstone is a well serted,
fine grained sand with a symmetrical but leptokurtic crain size

distribution (Appendix 111}, Porosity determingd by bulk density
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Constituant 1 m'zgﬂdized % in?_g:ghtm % in reduced
quartz 60 61 51
microcline 0.5 0.8 3
orthoclase 3 3 L
rlagioctase 2 4 &
muscovite 0.7 1 1
biotite 2 0.8 1
chert 1 2 i
valcanic 14 i1 13
fragments _

Typlsad 1 12
ptant fragments 1 0.8 i
chiorite 0.26 0.25 2
carbonate 0.26 : 0.5 0.25
porosity 28 32 28

Figure 4bh. Modal Analysis of oxidized, frontal, and reduced se¢tions
af the Grover Sandstone. Determined from 500 point
counts of sach section.
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measurements aof 7 sampies gave an average value of 33 percent, with
vaiues ranging from 28 to 37 percent. The density of the splids

was found to he 2.55 gz’cm3 (Appendix I¥)., Measurements on three thin
sections af 500 counts apiece gave porosity values of 28, 28, and

3¢ percent.,

Reade (1976) interprets the Grover to be a fluvial channel sand.
His .sand isopach map suggests a meandaring channel (Figure 5}. How-
aver, the coarsening upward sequence indicatad Ey glectric Togs would
suggest a prograding crevasse spiay way be the deppsitional environ-
ment. CEthridee et al. {1979) interpreted the Laramie to consist of
delta plain deposiis,

The depositienal enyironments of the Laramie seem similar to
thase described.by Galloway {1972} for the urznium mineralized Gueydan
fluvial system of the Catahoula Formation, Texas, He fdentified
crevasse splays, flood plains, coastal lake as we11_a5 fluvial channel
facies.

Laramie wells produce low to moderate quantities of HaHEDB and
HaSD4 type water with total dissolved solids varying from 300 to
1300 =/ {Kirkham, 1580).

The Laramie Formatian is truncated by an angular uncanformity
(Figures 2 and 3) which is lecally exposed as an ercsional surface
(and-eléewhere} covered by Oligocene and vounger sediments (Weist,
1964 ] .

The Oligocene White River Group is a fluvial deposit consisting
of the Upper and Middle Oligocene Brule Formaticen and the Lower

Oligocene Chadron Formation. The Brule consists of 23G to 500 feet




i BROVER URANIUM BEPOSIT 5 :
WELD COUNTY, COLORADD !

Grover sand itopach map thoawing |
rélatlanship al geachemical cell !
to rand thicknmrs.
acad im T

[

marw | omaTw

Figure 5. Grover sand isapach map shawing relationship of geachemical
cell to sand thickness {from Reade, 1978).
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of clayey, blocky, ashy ciltstone and montmovillontic claystone, with

1 conglomerate- and sandstone-filled calcite-cemented channels developed
‘ on the Laramie paleosurface, These channels may be localizers nf the

uraniun-bearing solutions which produced the roll fronts in the under-
1ying Laramie and Fox 4:115 Formations {see Figure 6], The fluvial
channels provide moderate to large quantities pf NaHCO., water with a I
CAFRRTATE
105 around 320 mg/1 and Ras0 water with a TOS around 800 mg/1. The
T ~— A St G
Pliocene Qgallala Formation consists of 0 to 180 feet of clay. silt,

cand, and gravel with lacal deposits of coarse conglomerate. fgallala

deposits are found north of the test cite and their hydrologic charac-
tevistics are not covered in this study.
Quaternary alluvial deposits in the region yield as much as

1,500 gpm of irrigation water.

B. Structural Geology

The Grover Site lies in the eputhern end of the Cheyenne Basin
where the sediments are dipping at Tow angle to the north {(Figure 1),
The Cheyenne Basin s to the north of the Denver Basin, separated
From it by the Greeley Arch. The deepest part of the Cheyenng Basin
is heneath Cheyenne, Wyoming, where the Precambrian rock ligs more
than 7.000 feet below sea leval. The basin is a doub1y-p1ungiﬁg
asyrmetrical syncline with its axis offset to the west, The dips on
the west are steep but are centle to the north, east, and south

(Weist, 1964).

1t seems 1ikely the basins were developing during and after -
Laramide time, producing thicker Laramie depcsition in the center of

the #masin. The Tertiary sediments must have been deposited after the

X
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basine had formed. The formation of the Greeley ftrch is probably
penecontemporaneous with Laramie deposition, but the Tertiary sedi-
ments have been stripped fram the arch making it difficult to be

more precise in dating the deformation.

C. Regional Groundwater Hydrology

Hydraulic gradient data by Kirkham (1980), Reade (15976]), Wyoming
Mineral Cormoration {1976), and Wacinski (1979) indicate the potentio-
matpric surface dips to the couth-southaast with gradients varying
from over 30 feet per mile north of the test site, to less than 10
feet per mile south aof the site (see Figure 7)., Recharge probably
occurs in the Tertiary-capped highlands to the north and west and
discharge to the Platte River to the south. Average annual precipita-
tion is about 11 inches {(MWacinski, 1979), The decrease in hydraulic
qradient to the south may be due to upward deflection of the ground-
water against aguatards and aquaciudes rising on the Greeley Arch.

The aburdance of springs in this area is evidence of such activity.

Regional groundwater data were obtained by ¥irknam (1980} and
used to prepare maps which showed variations in water qualily {(Fig-
ures &, 9, and 10), Haters from the MWhite River, Laramie, and Fox
Hills aguifers were sampled. There is a marked decrease in total
dissaived solids (T0S) from south-southwest to narth-northeast.

Since the Timit of high T0S water coincides with the position of known

uraniuym roll front deposits it seems 1ikely the elevated TODS TEE»EE

a_product of oxidizing uranium-bearing waters which have moved to the
— ——— - e e——— -

——

north-northeast (Figures 8, 9, and 10Y. Alteration effects, such as
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faldspar destruction and oxidation aof diagenetic pyrite and ferra-
magnesium minarals could be the source for the increased TDS found
to the south. The situation 15 made mare complex by the later re-
versal of groundwater flow to its prezent zoutherly direction. Thaough
+his would siow the alteration processes, the a1teration producis
atready formed could supply mater{al to the groundwater untit equili-
brium corditions are reached,
Bacause af'the large variations in TDS, the groundwaters were
spparated into low and high TDS groups for anatysis (Table 2).
1t is noted the high T0S waters of all three formations are of
the NaS0, type, while the low TDS waters are of the NaHCd- type.
These trends are seen oOf the Piper diagrams of Figure 11, The steady
increzse in SDJZ to tne sguth may be due tQ diagenetic pyrite having
heen oxidized to sulfaie. The breakdown of feldspars to ctay would
coniribute potassium, soaium, and catcium tn the groundwater. Some
cajeium and solfate may he introduced localiy by dissciution of
gypsiferous sedi=ments,
¢ince groundwater flow +e new reversad to the south it would be
expected that waters low in TDS and oxygen would replace the high TLS
waters and calse reduction of suifur and iron. The lack of this may
indicate the flow reversal accurred recently, or that mixing of the
graundwater during reversal 3ti71 preserves much of the original
—o¢ distribution, Hem (1970} notes that because of the sTowness of
.gu1fur oxidation and reduction reactions, especially without bacterial
aid, the Sulfur may remain in non-equilibrium foras for long perieds.

This could esplain why sy]fate may remain in the altered high T05
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Kirkham (1980),

Water of Tow and high TDS groups from regional data of

i

Vi F G i FaTE i

LOW TDS WATER:
CONSTITUENT

?DS {mg71)
CE}3+HCCI3 (mg/1) -

£1 {mg/1

594 {m§f1J

Mg (mg/T7)
Ca {mg/1)

Na+K (mg/1)

TYPE -

HIGE TDS WATER:
COMSTITUENT

T0S (mg/1)

3
€1 {mg/1)

SDIgr (ma/1)

Mg (mg/1)
ta {mg/1)

Ma+K (mg/T)

TYPE

+HCO, {mg/1)

WHITE RIVER

KK

195 {(40%}+

21 (8%)
35 (10%)
8 (8%)
11 (7%)
48 {27%)
RaHCo,

WHITE RIVER

785
195 (13%)
20 (2%)

300 (27%)

15 (5%)
55 (12%)

210 (40%}
HaSD4

=
percents are calculated from meg. /1.

LARAMIE FO¥ HILLS
340 460
160 {27%) 260 {34%)
20 (6%) 15 {3%)
A0 (9%} 30 (5%}

5 {4%) 1.5 (1%)
30 {16%) 4 (2%)
85 (39%) 150 {54%)
NaHCO, NaHEﬂB
LARAMIE FOX HILLS
1230 1930
300 {13%) 320 19%)
150 (11%) 15 (,1%)
450 {25%) g50 {34%)
30 (7%) 110 {15%)
105 (14%} 185 (16%)
- 255 (30%) 150 (263}
MaSD4 Naan
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araa even after reversal of flow would tend to produce reducing
canaitions.
It is noted in the Jow TOS group that the relative amounts of

4+ an - a
Mg 2, Caiz, and S0, 2 gacrease and Ma #K, HCD,", and TDS increase from

—_——r——

~ke upper to lower aquifers. These changes could he due to intrinsic
characteriztics of each aquifer such as ariginal pore fluid or min-
eraiogy. Fall [1976), 1n his study of the Lower Cretaceous Hosston
and Mensel Sandstones of Morth-Central Texas, found that CaMgHED3

] N . I Sc}h Irmﬂl.
watere correlated with the Hensel fiuvial system, while thetﬂgﬂgga and %JCAHﬂM¢E

Y350, waters correlated with the Hosston deita system. The rock

T U, SULFATE
units in the Srover study area show simiiar facies changes in that

the twa upwer units are fluvia] while the Tower T3 interpreted to
se deltaic [Ethridge et al., 1979). Hawever the water chemistry
4iffers in that the deltaic Fox Hills EP”tains_lEfE_fghiE_Eha” tha
upper fluvial units.

another mechanism far explaining the changes in groundwater
chamistry would be that as the wailer moves down dip from recharge
sraze it would chanoe by equilibrating with the aguifer environment.
Such changes have been described by Hagmajer (1871) for waters moving E
tarough agquifers of the Powder 2iver 3asin, Wyoming. Recharcing -
groundwaters would tend to contain cat?and Mg+21eached from soils by

organical ly-derived acids. They would also contain dissolved oxygen.

Lo the waters moved through the aquifer the pR would be buffered by
i

wydrolysis of feldspars and reactions with carbonates. The Ca © and

+ - :
Mg 2c0u1d be precipitated as.carbonatas or preferentially absorbed

. + + .
by clays or zeolites. Ma and ¥ weuld Be relessed in exchange.




SOd_z, derived from oxidation of diagenetic pyrite or gypsiferous

sediments could be reduced as HES ar pyrite by Desu]favibrin bacteria

assoeiated with detrital organic material. The TOS would tncrease
with dissalution of aguifer materials until equilibriwn was reached.
Large variations in water quality result, depending ﬁn the length of
rime and distance the water had traveled from its recharge area. Such

variations are shown on the Pipar diagrams in Figures 11 and 12. The

yariations may alse he due te mixing of waters from different aquifers.

The water auatity distribution is further complicated by the
gross changes produced by the oxidation fronts which were described
previously. When examining the high TDS groupitis found that HCDi
and Na' decrease and 554'2, Mq+2, and Ca+2 increase from the unper
+n lower aquifers {Table 2). The oxidizing affects of the alter-

atiopn front must he responsible but the mechanism responsible far

the unper to lower changes is unclear.
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Figure 12. Piper trilinear diagram of relative water qualities
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I11. THE GROYER TEST SITE ;

L A Upanium Mineralizatian |
i

Roll front type uranium mineralizatien has been described by:

nanl and Hagmaier (19743 in the Powder River Basin, Wyomings Harshman i

(1972} in the Shirley Rasin, Wyoming: and by Galloway 11978} 1in i

epyth Texas., The roll froni deposit at Grover Seems te most ¢losely

reserhle the Powder River, Wyoming occurrences. They share similar

|
i arganic and pyritic-bearing host rocks, uranium sources, and possible

The Grover depgsit s cmallier and of }
lower grade with 1,007,000 lbs at .14 percent EUSGB versus 2,0 x 1016 ;

and area of the southern Powder

yranium precipitation mechanisms.

1bs at 0.1 to 0.3 percent in the Highl

River Basin., The Tow grade and tannage ~ake Grover amenable to splution

mining while the Wyeming deposits are largely mined by open pit methods.

The tuffaceous WUhite River Formation is the nestutated source for

the uranium at Grover (Reade, 19767, In the pH range of normal graound-

water, uraniom 1S sotuble only as the gwidized +6 uranyl ion., The +4

reduced urancus fon 1s insaluble, The uranyl jon readily forms cam-

At a pH of 7, and con-

e e T T S T T
el A TR Ll

plexes with carbonate and Licarbonate ions,

taining 500 mg/1 total carbonate, the water can hald 10 times as much i

qranium than when no carbonate ig present (Hagmaier, 1971}, The tota’ ;

carbonate content of the 21téred zone hign TOS Laramie water is abaut

00 me/1, but this decreases to 153 ma

regional axidation-reduction front which Jocal-

!
af1 in the Tow TDS qroup which }
borders the postulated E

izez the yranium roll deposits, The decrease in carhcnate concentratian

may play a roll in uranicn precipitation by dacreasing 145 solubility.

cf

- —mur
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Therafore, it is Tikely that groundwater recharge thraugh the
uranfum-bearing tuffaceous White River Group, oxidized and complexed
the uranium and transported it downdip. Paleochannels developed an
the Laramie may have localized flow and infiltration. As the
oxidizing water contacted diagenetic pyrite, ferric 4ron and sulfate
were produced. The iron was jfrobably adsorbed by mantmorillonitic
clays as found by Harshman (1972), in the Shirley Basin where they
wolld substitute for +3 aluminum ions. The clays would also tend o
adsork Ea+2 and Mg+2 and release Na' and $+. This would occur be-
cause intérlayer replaceable cations in the smectites szatisfy a
charge imbalance so the higher valence elements are preferentially
absorbed. MNine samples of Grover Sandstone were analyzed for cation
exchange capability {(CEC) and found to average 5.5 méq/100 g
(Appendix X1).

Tne sulfate could be réduced by Desulfovibrio bacteria 2ssociated

with the plentiful organic material found in the laramie as suggeszed
by Hegmagir (T871):

M+ 50,72 4 Cy T HyS + CO, t 2H0

4

The HyS could then reduce the urznium thus precipitating ft as follows:

-2

o

o, + an* o+ 50,

H.S + 4UG3

2

[t can be seen that HES would be an effective precipitation mechanism
in that four uraninite malecules are produced for every hydrogen sulfide
molecule consumed. Dahl and Hagmaier (1974 propese that oxication of

diagenetic pyrite may produce sulfite which in turn disproportionates

i
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to sulfate and hydrogen bisulfide., Tt is the hydrogen bisulfide which
then reduces the wranium, In this way the need for the organics and
associated bacteria needed for HZS generation is aliminated., The

high erganic content of the Graver Sandstone leaves the HES reducing
-~achanism as terable, and Tt 15 huttressed by the association of grganic
material with mineralization. Organic rich fayers, composed of Teaf
fragments or asphaltic material were mineralized by ¥b, ¥, Ph, La, and
Mn, as well as uranium (Appendix ¥, samples 2a610-217 and PGZR-220],

Siyifate reduction can be utilized to precipitate cateite as follows:
Cas0, + CHy . Cally * HaS + Hy0

Again, organicaily derived methane is ytilized to reduce the sulfur,

These mechanisms set up a geochemical celi whose form and rate of
saverent is contrelled by the rate of flow of oxidizing groundwater
and availability of reductants, Once a redox boundary fs established it
continues ta be mobilized as oxidizing waters maying downdip consume
reducing materials. The uranium it concentrated as the uranium-bearing
waters continue maving through the sysiem. This is evidenced by the
high vanadium cantent of sampie 524-212., The uranium and other mineral-
izing elements are absent but undoubtedly gccompanied the vanadium
before the sample was oxidized,

The physical characteristics of Fluid flow through the aguifer
determines the shape of the roll form. The classtc mineralized roll
front is portrayed as a C shape with the center of the C pointing
downdip. This reflects the greater conductivity of the center of ihe

aquifer with boundary effects slowing Tlow &1 the margins. Warren
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et al, {1950} have used physical and chemical inputs to develcp carputer
models of roll front shapes,

The Grover rolls vary from 10 to 30 feet vertically with tails
running several times that updip. The deposit also centains stacked
rolls where the rolis are separated by thin shale partings.

The permeability of the host sediment influences mineralization.
Reade (1976} (see Figure 5) shows that mineralization is Tocalized
whare the sand body thins or where it is constricted. Meak mineraliza-
tion alsa occurs along sand-shale interfaces., Mineralization in areas
of Tow permeability can cause small pockets ov rineralization to be left
stranded updip and surrounded by gxidized gqround. The affects of dis-
calved oxyeen transpori and 1ts_re1ati0n to ore body geometry are
discussed by Granger and Warven (1579;.

ilteration of the Grover Sandstone due to the mineralization épisode
can be discerned, with the intensity decreasing from the oxidized to
reduced ground. The alteration is summarized in Figure 13, Many roll
fronts elsewhere, have distinctly colored alteration pattevns in wnich
the axidized material has a yellawish-orange to reddish color due to
1imonitic and hematitic staining while the reduced ground remains gray
oy tan. Even with the use of esolor charts no marked change in color
was found to be associated with oxidized or reduced ground at Grover.

Quartz grain destruction in the form of pitted and sutured grain
cuyrfaces increases updip iram the redax boundary, Very few quartz
avergrowths were found, indicating quartz was being Flushed from the

system. Increased biotite destruction occurred updip. Biotite in

reduced ground ofien snows subhadral crystal outlines, cood cleavage,
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0XI1DIZED FROMTAL REDUCED ';

i o , i . j
! alteration rimrs: pyrite. oyrite, Fe-chlorite t
i ! bleaching, sericitization, {
: argillization. !
clay grain coats, I

kaalinite nests :

;

i

~— increasing quartz grain dissalution }

£ increasing biotite and feldspar ;

destruction : i

< increasing brown-stained clays :

§

}

T incpeasing dissolution of organic i

fragments :

Figure 12. Alteration effects through the roll-frent,
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and Righ birefringence. Updip these faatures are veduced with many
crains aleering to a brown-stained clay, Plagioclase and orthoclase
behave in a similar fashion.

aolden Brown high iren ¢hlorite was found as a replacement or DoOre
infiiling in the reduced ground, Chiorite of any iype was rare in the
oxidized or frontal zone though some was found as an alteration product
- kiptite. Pyrite infillings of pore space were found in the front
and reduced zone, The secandary nature of the pyrite was very apparent,

Spherical to oval pellets, 1.8 to 6.2 mm long were found in the
reduced zone. These consisted of detrital grains of the Grover Sand-
stone tightly bonded by a matrix of siliceous cement. They are arobably
organic in arigin, thaough nerhaps an initial carbonate cement was re-
placed by silica. The pellaets are pyritized in the frontal zone. The
cemant was partially or totally replaced by pyrite and some micracline
and plagioclase grains were partialily replaced along twin plapes, The
surfaces of the pellets develobed a framboidal texture expressed as a
spriniling of pyrite cubes (G.7 am). MNo pellets were Tound in the
gxidized zone and are sesumed to hawve been destroyed by fha

alteration associated with the mineralizing fluids.

Whole rock analysis (Appendix V] indicates an increase of iron

in the front relative io the axidized or reduced zongs. The iren may

be containad in the secondary pyrite, ivon rich clays ar chlorite. The
cnurce could be the oxidation of detrital iron oxides, biagenic pyriie,
ar bigtite.

There is an increase in brown-stained clays updip., Sorme true
matrix of this material was found in the oxidized zone. Tne staining

may be a result of iron oxication or mebilization of organic rmaterial.
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pnoincrease in clay coats was also noted in the oxidized zone. These |

I

il were usually brown stained though some were sericitized. Xaolinite

: nects representing true matrix, and pore spaces partially Tined with '
crown stained clay were noted. The oxidized zone was also marked by
crganic fragments showing @ caries texture which would indicate dis-

satuticn. The clay balls show alteration rims of bleached c<lay,

cericite, or montmorillonite.

! B. Mining and Resioration Processes

Because of the Tow grade and tonnage, Wyoming Mineral Corporation,

Lakewood, Colorado, initiated a sglution mining test project at the

E Grover Site in the east-central part of Section 24, T. 10N., R, B2W..
Weld County, Colorada. tranium leach selutions and restoration pro- K

_ cedures were tested in two small well fields and a single hole slug :
R test to determine beth the economics and process of the in situ mining
method. A11 testing took place in the Grover Sandstone of the Laramie
_ Formation., Kirkham {1979}, Larson {1978}, Thompson (15783, U.5. .
: |t Yuclear Reg. Comm. (1975, 1978a) describes in situ granium mining ‘
methods and reiated envirormental concerns.
The leach solutions {1ixiviants) consisted of bicarbonates of |

ammonia, sadium, or calcium, mixed with hydrogen peroxide. The con-

centration of the ammonium bicarbonate was around 5 g/1, while the

nydrogan peroxide concentration was around 2 ¢/T1. The pH was main-

" «ained at 7.5 to %.0. The hydrogen peraxide oxidizes the uranium !

from the insoluble +4 to the soluble +6 oxidation states. The yranium |

is then compiexed with the bicarbonate and the precnant golution is

pumped to the syrface for processing.  Some 1ikeiy reactions between
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fhe leacn salution zng the gran ur ara 4s follows (modified from

Larzon, 15780:

T P SR S uo,"™ ¢ 20K
yraninte Fydrogen urary
neroxide izn
- . . i _:. \ i~ i ; s -
3oouly t INR 0y = Lhligio UCELCGBJE = oD

4, gt ZHHqHC”3 + {NHﬂ?ECG3 < (RHg Y. UD2{CGSﬁ3 + P00

o

I

Tame 0f the awmcniz. sodium, or calicium seicinally corbinac with the
Liczrbonate is left benind. After the uraniun 15 styripped. the soiu-
—np i3 regerersied withn wakeun leach chemicsis, its pe adjusted, a=d
pein‘ected irts the Teash fiela.

Loslug wesh gndertaker in February, 977, conscatad of infecting
a,000 9z7ons of amecrium hicarbonzte Jeach 1MEd a cirgle hole. Avier
20 waurs 4,000 gazilans of #1076 was recovered and analyzed, To lest
croundwater sweening Az 2 rectaration sechnigue, 15,000 adoitional
gallons were pumped and anzlyzed. These Caza (W9, 1973] are frogad 19
T;bie 1, 1= can be szen that levels of UECS and Ay, remain elevated
3fter restoration. 1 HF

j FRRIRER



Grover slug test (WMD, 1579]).

PARAMETER

NH;[mgf1l
ACGL el
343

- _2
SI...'d

. +e
La

1

U39y,

PREMINING

1.0

192

29

*
POSTHMINING

740

2310

AD

23

13

100

+ Samples taken at midpoint of slug recovery

POST-

PESTORATION

20

205

35

AR T
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W=l Field 1 {WFT! began Jeach operations with an armonium bicar-

hanate-nydveger percxide lixiviant in dune of 1977 and terminatec in

ceptember of 5977 (Figure 14), WFI consisted of 3 five snot well
Jatierns in which the corner wells were injected with the “each sclu-
-inn.  The wells were screened for 4 to 12 feet at the minevrslizad
intzrvals.,  The aregnant leach fluids were recovered at orcduction welis
in the center of each nattern. The field is 40 feet wite and 320 feet
lang. |

a1l Field IT (WFil) began operation with the same Tixiviant in
Octocer, 1977 and terminated in December, 1977. Caiciur bicarbanate-
Ayovogaen peroxide leach was then used from February, 1978 to April,
"578.  In May. 1378, slug testing, using gfgjgm_pigg;ggqggg;ﬂggrgggﬁ_
sercxide was carried out in WRIT,

Restoration procedures for both fields consisted of C.gan water
recycle, chemical ireatiment withﬂ@at]z, and residual total dissolved

sotios (TOSY reductien. The first and last processes are essentially

the same in that well field waters, polluted with leach chemicais and

moti s ized metals, are purped through two reverse osm0sis units in saries,

remowing rost of the TS5, and then being returned to the leach field.
I7 this way only a srall bleed stream is lost from the reverse 9500875
units. Thne Slean watsr recycle was started on May 13, 1978 and con-

cluced on Juiy 5. 1878, when the HH; level had equilisrated at 160

mafl.

The chemical *reatwent began on July Gth, 78728 and ended on
fsptember 7, 1975. During this time, high concentrations of o& '_ WETE
:Hmﬂﬁg.thrnugh thae wel?l Fieids, The high Ca+2 concentration caused

theNHJ+ acsorbed on the ciays to be replaced by the Ca 2. The NH4+

was removed above ground by air stripping as armonia.
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Figure 14. Monitor and feach field sample well locations, Grover
test site, Cheyenne Basin, Colerado. (Sec. 24, T10XN,
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The TOS reductior began on September 8, 1978 and ended on February
28, 1379, when TDS levels drapped below baseline values, Overpunping
of the weil fields was carried out for six weeks during this process
and is reflected on a delayed drawdown in the Grover Monitor wells of
Jp_to 17 Teet. Suring the entire mining procedure a ret production
axcess was maintained to heln keep leach fluids from migrating autside
of the well fields,

The agal of restoration was to reduce TDS to within 10 percent
1f baseline and return the water quality to all possible uses prior

z¢ mining (WMC, 1978a),

©, Water Ouality Monitoring

Horizontal migration of leach fluids out from the well fields
wic Tonitored hy the Grover HMonitor Wells {GM, Figure 14}, These weils
encircied the well fieids and were screeped in only the Grover Sandstone
(Ficure 15). Vertical migratigns were gonitored by the Porter Creek
Moanitor wWells {PM), which were screened {n the sandstone unit overlying
she Grover, and by the "Fox Hills" Monitor Wells (FM}, which were
ccreened inm a sandstone unit underlying the Grover, Weekly analyses
nf waters from the ronitor wells were made by WHC.

tyerages of the water quality canstituents from the weokly moniteor
well analyses are presented in Table 4. These are believed to reflect
she true character of the groundwaters since no Teach excursicns were
detected. The wells samole water fromboth sides of the roll front,
Lt not directly Trom mineralized frontal material,

The waters ai the Graver Site are similar to the Tow VDS waters

diffapentiated in the regional study {Table 2a). 7Tne Grover waters are
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Figure 15. Cross section of Forter Creek, Grover, and "Fox =i11s"
sapds, Grover Test Site, Cheyanne Basir, Colorado.



Table &, Water gquality at the Grover Site from weekly monitor well
data. {(nercents calculated fram meq/5)

COMSTITUENT FORTER CREEK GROVER “FOY HIELS! -
05 g 315 350 460 :
' Hﬁ03 w1 156 [30%) 251 {44%) 300 (44%)
cl mg/l 8 (3%) 7 (2] 3.5 (23)
i Sﬂq mas 43 {11%) an {(8%) 7.0 (1%} E
E Mg mc/ 10 (10%) 3 12%] 4 (.02%)
Ca mgdl 20 {12%) 5.2 {3%) 3.3 (2%} i
K+Ma mo/ ] £8 (26%) a0 {42%) 126 (51%) ;
I mas L2 - 27 01 - L1 o= 05 |

Type NaHCG3 NaHED3 NaHCCI3
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of tha HaHEU3 tyoe though the Porter Creek contains significant amounts

- + + . . . . . ,
of &0 2, Mq 2, and Ca 2‘ This mares sense in that the Grover 31ie 15

4
at the northeastern edge of the postulated regional alteration-

axidation front.
There are changes in the water quality of the three units which

ave sear when comparing water from the different aquifer depths. Mg,

50y Ga, and U dacrease, while TBS, HCO,+C0,5 ard Na increase from tne
JEper o lower unit (Table 4); Possible explanations Tor these cnanges
were discussed in the section on regional groundwater hydraulics and
quality. The argument for the equilibrium adjustment mechanism is wade
stronger here because of the decreased likelihged of major facies changes

aver this sectign of the Laramie Formation, especially since the

gblpride percentage remains fairiy constant. The higher uranium content

in_the Pgrter Creek is understandable since the Porter Creek 15 a more

oxidizing near surface environment in which uranium is more soluble.

e —

WMC campilad baseline water quality data by sampling recovery wells
t-1, G-7, znd 5-3 of WFL during June af 1977. Four sanples were taxen
frow each well prier to mining and the results averaged. The baseline
date are prasenied in Table 5, column 4 fuMc, 19797,

Since the baseline water is taken from themost intensely mineralizes
section of he Grover Sandstone it has distinciive characteristics,
“hese characteristics were found by comparing the water zarple con-
s~ityents with soms normal argund and surface water limits suggested bty
Hem (1970) (Table B},

The Ra—228 and possibly the Jsad are decay praducts of uranium-235.
The elevated alupinum value may e due to feldsoar destruction. 5ig-

7ificant amounts of Cu, ¥, Se, Te, Mo, and Pb were aisg found to be

it
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Table 6. Comparison of mineralized Grever water with normal

; i OCCUrrences.
P
COMSTITUENY NORMAL RANGE
GRLIMIT
Ly 0,10 {mgf)
Cu 0. 0064 (mg/T)
_ Fe 0.0056-.56 (mg/T}
i Ph 0.004 (ma/1)
Mo 0.019 (mg/l)
bR 2,10 {mgi1)
n 0,70 (mgft}
B 0.2 img/l)
Y .10 (mgfll
L 2.0001-.010 Smgf1)
Ra-226 1 pe/l

GROVER BASELIME

0.535 {my/1)
0.020 (mgfl}
0.70 (mg/3]
0.020 (rg/1)
0.020 {ma/1]
0.20 i=af7)
0.0 firg/1)
0,13 {mg/1)
9.020 (rg/i)
0.086 i93/7)
13.4 po/l

R R TR
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asseciated with uranium wineralization 1n the Skirley 3asin rall front

— - =

deposits {Harshman, 1972). digh boron values are found in many ground-
waters in the regqion but do not seem to be related %o uranium mineral-

ization.

D. Groundwater Hydraulics

The Grover Sandstone is bounded by claystorss on top and botiom,
orcaucing a confined aquifer with artesian pressure (WMC, 1976%.
there 1s a pressure head of about 20G feet or 85 psi on the top of
the sandstone unit. According to tests conducted by WMC (1576), the
Farter Creek and Grover Sandstanes .are not hydrau1ica]1y_gggﬂggzg§.

As hoted dn the regional section, the hydraulic gradient of the
Grover Site should be eround 28 feet per mile to the scuth-southeast

{Reade, 1976), A potentiometric map prepared by WMC [1876) indicates

2 gradient of anout 22 feet per mile to the south, Using the Graver
Menitor Well water levels recorded over 4 ane year period, a series of
potentiometric maps of the Grover aguifer were prepared for this siudy,
ine results Tndicate a gradient of 26.9 feet per mile southward,

wiC conducted a pump test at well 24-dc, located 140 fest west-
southwest of Well Field I (Figure T4) an April 7, 1976 which gave a
permeability {hydraulic conductivity) of 1.5 darcy {1,330 fi/vear).
Core tests indicate ﬁerﬂeabiIities o7 2-8 darcy, Thé pump tesis gave
o storage coefficient of abeut 0.00011. The permeability was found
to be anisctropic, with the major axis of transmissivity oriented
Hhi=3E ar parallet to the roll front. This may be an artifact of the
roll froni geometry with the mineralization in some way reducing water

movemsnt,
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In grder tc caiculate the seepage velocity (the true rate of cround-
water movement through the aquifer), the porosity of the sediment must
be determired. WMC [1376) reported that Core Laboratories, Inc, Found
the porpsity to average 38 nercant among 14 samples, In this study
rorosity was determined By buTk density and thin section noint count
measurements, The Julk density study indicated a value cf 23 nercent
thpperdix IV), Thin sectign study, consisting of three 500 point count
samples, gdave values of 28, 28, and 30 percent. The thin section stuay
pro2ably gives the best value since the clays and fire craired alteration
aroducts Tn the sediment seem to absorb water, thus giving an inflated
value for the void space as determined by the bulk density study,

Using the hydrauiic gradient (i) and hydraulic conductivity (K,

the darcy velocity vg) is calculated using Darcy's Law:

q = Ki

veing a Xo= 1,330 ft/yr and 1 = 26.9 ft/mile to the sauth,

= 6,78 ft/yr to the south

I
|

Using a perosity (@) of 0,30, the seepage velazity (¥s) iz cziculated

asz follows:

TR S TR T S s N et

1 —E: o=
Y5 = 3 - 0.30 22.6 ftfyr to the ssuth

Using sieve analysis of the Grover Sandstone {Appendix I1I) and

S—
P A e

the Fair-Hatch aquation {Fair and Hatch, 19233}, ancther value for the
hyorauiic conductivity [K) was determined +o be 3,780 ft/yr, giying a
darcy velocity of 1515 ft/yr and a segpage velocity [Ys' oF £3.5

ft/yr. The same porosity value of 30 percent was used. fppendix 311

cives tne procedyrs for this determination., The hydraulic corductivity
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sz calculated by the Fair-Hatch methoc is sencitiye to changes in
serosity, This dependent relationship is pletted on a graph in appendix
%11, The grapn shews that in order for the Fair-Hatch equation o pre-
dict the same value for K as found oy the WHMC pump test, the porosity

of the Grovar Sandstone would have to be 22 pErCent.

Using the seepace velocities of 22.F ar ¢ 63.8 ft/ynr 1t is caleu-

lated it would take 7,5 and 2.7 years respectively, for the solutions
roving from the leach field under the natural hydraulic gradient to

iptercept the nearest monitor well, 170 Feet_to the south. However,

naturat hydraulic gradients wili not exist in the vicinity of the weil
fiald during in sttu mining and, as 2 result of steeper gradienis,

cepage velocities will be greater.

“he mining ooeration had iittle impact on groondwater guantities
gince only a small naz production exXCess Was maintained, Mo water table

drawdown accurred until a six week pverproduction test during resior-

ation produced a 17 foot drawdown in the monitor wells, Since this is
2 confined aquifer with a total thickness of ahgbt 50 feet, a draw-

down of this magnitude seems significant. There are [0 data_availabls

E. The Effects of ¥ining and Restoraticn on Sroundwater Guality

*ha well field monitor wells were sampled prior to initiation af
leach operations, bedun in June, 1977, and continuec until canuary,
1979. 1In that time thers was no indication pf rine fluid excursion.

This is not surprising sfnce the nearest downrrad1ent won1t0“ well
LI

wou'd nat mtem ept natutal grounuwatpr 1o fﬁnﬂ the Fi eld Far 2__ to

7.5 years., MNet gxceas arpductisn and 'He nvnrnroduct:an test during
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restaretion insured that enly excursions of large magnitude or migrations

2long unidentified faults or solutian chammels could possihly be de-

-acted in the short term. Somz wells in Well Field I had to be re-

irilled and cased. There is the possibiiity that leaxace sround the

casinc of the griginal wells may have resulted in vertical exursions,

but since no excursions were detected in the "Fox Hi17s" or Porter

Creek moniters, any such excursicnwas not large.
HHE_E??P?d_fETHE??EE_f}Hiﬁ_?ffﬂfﬁigﬂ before restoration by ariliing

and sampling 4 holes about 20 feet from the well field patiern, HNo.

elevated values of tota] carbonate indicate

armonig_@géfggjgcted hat g

et —— —_ -

the jgggh_fluiﬁg_hagmgggggr§ggg_to that distance (WMC, 197%;. The lack

of ammsnia migration can best be explained by cation exchange af ammonia

with ¢lays in the Grover Sandstone,

Tahle 7 shews the affect of salution mining on well figld waters

Increases alsg occurred jn values for barium, chronium, copper, iron,

ranganese , molybdenus, nickel, selenium, vanadium, ammonia, and radium-
B5&, MuljubEla, P27 e e - =

_226., The pH and fluoride decreased. The changes ir arronia, bicar-
bonate, and oH were probably causad ty direct additions o? the chemical
vaach solution. Increases in the ather constituents must be attributéd
sn the mebilizing effects of the Teach splutions.

After corpletion of restoration activity on February, 1579 tne

well fields were_sealed, Water from ihe wall fields was sampled on

March 17th zrnd Aprdt 30th by WMC and the Coiorado Departrent of Heaith




Table 7.

Constifuant

{PPM]

Calzium
Magnesicm
Sodtum
Bicarbonate
Sulfate
Chloride
Nitrate
Flugrida
TS

[

Arsents
darium
Cacmium
Chromium
Coonep
Irian

lLead
Harnganess
Marcury
Mol ¥bdenum
Mekel
Selanium
S11ver
2inc
Bawar
Vanadium
dranium

RAZZE [pc/1)

ApmonTa

KF-1 BEazeline

(Pre-fining)

2,1
1.1
85, 2
220,17
38,3
7.0
1.4
0.7
295
£.45
- 0,01
0,03
0,502
0,003
0.06
C.7
0.02
0.0e
C.0002
0.02
0.7
0.07
0.003
0.G4
0,10
C.03
G.75
13.4
0.086

Effects of Mining on Grouhdwater
{WMC, 1978).

Betore Restoration

Post-Mining Analysis

WE-1

M ol
-1 M3 iR

§=  Ler

g7,
1158
i
3.3
5.2
0.1
128
B.07
0.0
G.ig
0.004
7. 895
J.908
1.2E
Q.03
215
0,300
2.1
9.0
8.0
0.0z
.02
4,15

tn

259.853.0
1242

WF-2

190.2
2,53
284.E
1088.5
#0L
93.0
3.0
0.1
1382
7.4E
2.0
0.15
0.006
"0. 068
J.736
92.03
0.023
0.&4
0,00
3.0
J.2
0.0%3

0.033

0.235
1,87
11.68

1069595
t1.es

S
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(CGH). On June 18th WMC, CEH, and C5U (this study} copllected additional

water samples fromthe wall fields, Table B shows radiochemical sampling

ol
4

by WMC and CDH for the three dates, There is much variation in radio-

activity betweenwells, dates sampied, and the sampling agency, The
lzrge variation between wells s also noted in a more detafled analysis

by C3U in Table 9, The spatial variations in water quality may be due
to differences in thickness of ore intercepts, grade of minara1iza;inn,
] the degree of metal mebilization produced by the Teach soiutions,the

H degree of restoration ih the area of each well, or the amount of clay or

organics, which may enter inte reactions with constituents in the well

field water.

The varjations in the i ical parameters {Table 8} through
a time often appears erratic, but wells G-5, G-6, and G-20 Eﬂgﬁ_@,deiiniig_ l

_increase in alpha and beta activity, as well as uranium concentration,

during the three months. This indicates the leach field had not reached |

equilibrium conditions by June 38th, 19/9. These parameters are 5ig-

nificantly higher than the baseline values anc the trend indiEEEEE,Eﬂii

_are stil]_increasing insome wells, The_radionuclides mobilized by the

Teach salutions may have been adsorbed by clays U{_Epmplexéd by organic

material and their concentration tewporarily depressed by the clean

————

water recycling and TDS reduction restoration methods. With the termin-

ation of restoration activities these materials may release radioactive

products until equilibriur {s established. It is also possible that

the hydrogen pergxide in the Teach splution has Teft the well field in

an oxidizing state in which uraniur and other radionuclides are socluble.

As new groundwater moves through the field the well field waters will

become mixed and swept out by oxvgen deficient water. Sulfur-reducing
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bacteria Teeding on the organic debris may also produce a reducing
environment in which the radioniclides and other metals would be fixed
by reduction and precipitatfon, It may even be possible for well field
restoration to include & final treatment in which the aguifer could be
returned te reducing conditions by the addition of a reduciant such

as hydrogen bisulfide.

The water collected an June 18, 1979 by ©SU was from seven Teach
field wells sampled after two and six well bore volumes had been pumped
(Table 9], These are denated By the letters & and B, respectively,

T+ was thought that near well affects might be observed by sampling water
after different volumes were pumped, Litt]e difference was chserved

syt the precision of the analyses was found to be good. The radium-226
and gross alpha samples wera unfiltered and all others were filtered,

Two conductivities for each sarple are shown on the table, The uppar
number represents measurements made in the field at the time of sarpling
while the lower one was measured in the Taboratery. Skyline labs,
Eheatrﬁdge,_Eg}gnggl_did a1l analyses except the radium-226 and gross

v —

alpha which were done by the erafffgggfgf Radiology and Radiation Bio=-

1E§§;_puloradn State University. Both radium-226 and gross alpha

measured at CSU showed values higher than those analyzed by WMC and CDH.

 —

The lower values are a result of their samples being filtered and a
1 to 13 day waiting period before the gfuss alpha determinations were
rade,

Table 10 shows a comparisan of the alpha activities caleculated to
be produced by tha uranium with the gross alpha activity actually
meacurad, A 677 po/l was usec as ihe alpha activity for 1 mg/1 of

yranium,

|
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Table 10. Calculated uranium alpha activities.

WELL U fmg/? Alpha Activity Megsured {pe/t)
Calculated for U*
(pc/1)

PG2A 0.44 298 244
GHA 0.32 216 1370
GEA 0.24 162 Q20
G7A 0.12 81 142
G11A 0.022 15 17.3
G19A G055 37 5620
G20A 0.065 44 1300
AVERAGE 0,17 | 115 1341

" 677 pc/1 was used as the alpha activity
for 1 mg/1 of uranium.
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The uranium aipha activity sccounts for only a small amount of the
gross alpha activity. WMC feels thiz is due Lo analytical prohlemz,
byt since WMC, CDH, and csU a1l reported this agspeiation 1t seems more
likely the unaccounted alpha actiyity may be due 10 unidentified
daughter products of the uranfum-235/1ead decay ceries. Some expensive
analyt1ca1 work 15 needed to identify these products, Alpha radiation
from the radium-226 is much too small to account for the excess alpha
activity.

Total dissolved solids {TDS} were measured in the lab and a com-
parison was made with the calculated wet TDS, wiich was adjusted to
dried weight, The wet adjusted TOS average was 171 mg/1 which compares
clesely with the actual dry average of 175 ma/l, Haweuer, the balance
of major catfons with anions shows a consistent cation excess or anion
deficiency {Table 11},

The mining restoration did not affect the character of the around-
water as far as major jons were concerned, This can be seen in Figure
16 where graphs of ion concentration compare preleach versus posi-
restoration waters. The shapas of the diagrams characterize the con-
stituents while their size is sropartional to the total ionic content or
relative ampunts af TUS, It can be seen that the TBS of the post-
restoration waters has been reduced. Mells PG-2 and G11 fTable 9)

aggy_glgyated values of TCS, chloride, and/or calcium,  This may be 2

result of incomplete T0S restoration after the I:aCl2 treatmant.,

The levels of radtun-226 nake the Grover Monitor Hell wazers S

sumtab]e for domestic or 11 Tivestock use {Tabie 5] (Colerado Denartment

of Health, 1979}, Because af Jimited data, the possible uses of the

ANT eI T By
st e I e e ERRIR-L 3T
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CATIONS meg/!. ANIONS meg/ L
5 5 4 3 2 | o | 2 3 4.
Het+ K F i } } J } } } 4 + }
'Cﬂ. ] 1 1 | 1 1 ; ; ] i

GROVER

PORTER Cr.

"FOX HILLS"

W FIE
plF!é'lauchITD :

WELL FIELDI+I
{past restoration)

Figure 16. Waters typed by major ions, Grover test site,

Chevenne Basin, Colorado.
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Porter Creek water cannct be ascertained, The "Fox ¥ills" haga radium

226 acceptable for domestic use but the ammonia value of 0.6 ml/g

s greater than the allowable standard of 0.5 mg/1. . odium ad-
sorption ratio ($AR) of 17,3 {s large enbugh to restrict iis use i

some irrigatian applfcations,

The qoal of restoration was to reduce the total dissolved sclids
(TDS) to within 10 percent of baseline and return tﬁe water quality
to a1] possible uses the water could be put to prior to mining {WMC, .
1978a). In order to establish a baseline of water quality the three
nroduction wells of Well Field I were sampled before mining was initia-
ted {see column 4 of Takile 5]. This baseline indicates the values of
iron (0.7 mg/1) and radium-226 (13.4 pe/1) preclude the use of these
waters for domestic use. The selenfum {0.01 mg/1} is at the limit set
for domestic use. The low TDS and SAR make the water suitable for irri-
gation, but the molybdenum cpntent {0.02 mg/1} Limits its use in certain
irrigation appiications. The radium-226 (13;4 pc/1) preclides its use
for livestock. UIn conclusidn, it is seen that natlral waters drawn
from the mineraiized sands are suitable only for restricted agricultural
751

Post-vestoration analysis {ndicates that WiC haz achiewved its
geal of returning the aquifer waters to within 10 percent of baseline

Tns.  There is the possibility that the increases in selenium may fur-

ther reduce its limited agricultural suitability, The water gquality

was degraded gquantitatively by increases in levels of radionuclides,

————

ammonia, nitrate, calcium, chloride, molyhdenum, selenjum, and boron,
P S — I

kut, since the water in its natural state is of poor aquality, further
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degradation of its suitability for use does not gccur, Of specigl_con-

cern though, is_the large therease {n radionuclide activity. Thare

is a 10 fold increase 1 lpha, 8 fold increase in radium-226,
3 fold increase In gross beta, and the conceptrations appear to be in+

creasing in some of the wells during the §_months following restoration.

——————

The Enyironmental Protection Agency is presently Tormulating standards

" for oross aipha and beta but this ¥s difficult since no minimum threshold

tolerance leve]l for radiation exposure is known, Therefore, the stan-

dard wil] have to be chosen in a somewhat arbitrary fashion,

¢ b e — s —r x oy .= —
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IV. CONCLUSTONS AND RECOMMENDATIONS

A, Conclusions

Waters from the Growver roll front uranium deposit are suitable

for only restricted agricultural use because of the glevated values

of radium-226, molybdenum, selenium, and iron, Restoration after in

situ mining can restore groundwater to baseline tdtal dissolved
splids (TDS) but leaves levels of rad1UHUC114§§~—591£E§EEEEE,EEEEE13‘

nitrate, and selenium elevated above premining levels. [:f special

concern are the high gross alpha and heta a;t1v1ties for which there
are no government standards for toxic IeveLéIhLitt1e groundwater was
consumed during the !eaching,.but rproductio ing restoration
resulted in a significant drawdown of the potantidmétric surface.
Rall front systems may be reflected in the regional groundwater
quality by the alteration of pyritic, 1ithic sedibents as oxidizing
groundwaters create areas of increasing TDS updip from the roll
front deposits. This 1nformation may be useful in groundwater use

pldnning and possibly as a wranium exploration tanl.

B. FRecommendations

1) Wells for monitaring vertical excursions should be olaced
within 20 feet of the Teach field in order for vertical excursions
due to well inadequacy to be detected expediticusly.

2Y Some wells for monitoring horizental excursions should be
Tocated down gradient such that natural groundwater fiow would in-

tercept them in 2 years.

&0
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3) Baseline water quality data should be collected from a
sufficient number of leach field wells to insure a representative
sample is obtained. The number required will be determined by the
size of the well field, variability of water quality within the
fiald, and sampling costs. Averaging of data chould not be used
alone as large variations in well response to mining and restoration
makes examination of individual well reéponse necessary.

4) A check of water tabie or potentiometric levels befpre and
during the mining process should be made. Observed drawdowns

should be monitored afterward to observe rebound.

51 S 1imi for molybdenum, gross alpha and gross beta
shoutd be estabiished.

B) Further research should be untertaken to identify the

i

sourtes of aipha and beta radiation in restored groundwater.

71 Maps of mineralized roll front areas should be made avail-
able to the Colorado Department of Health and Stata Engineer for
graundwater use planning. This information could be provided by
mineral companies as saocn as roil front positions become cammon

knowledge in industry or when mining rights in an exploration play

are assured. In this way domestic or frrfigation well compietions.

— —

in mineralized areas couid be avoided.

water use planning.

8} Regional maps of groundwater quality in uranium mineralized

areas could be prepared and used for exploration as well as ground-

Ly

i i R i
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9} The possibility of using a reductant such as hydrogen bisul-
fide to precipitate and dtabilize radionuclides and other metais mob-

ilized by the leach fluids should be studied.
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APPENDIX I

Magnetic Susceptibility of Grover Core Samples'

15
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A Bison Magnetic Susceptibility Meter, Model 31014, was used to
measure magnetic contents of 13 samples of disaggregated Grover Sand-
ctone. A1l samples indicated less than 0.05 pefcant Fe 0, equivalent
and no significant difference was found in the magnetite contenis

of oxidized, frontal, or reduced ground.

CALIBRATION
Feq0, Standards Meter Reading (cgs.})
0% ]
.5% 55.6
1.0% 108.4
2.0% 210.5%
. Fa, D
Samples Reading (cgs) 3°4 Equivalent
pG2R~221 (reduced) 2.4 Q.00
PEoR-215 (reduced} 3.5 0.032
PR2R-226 [reduced) 3.B 0.035
PGIR-221 (reduced} 3.4 0.037
PRIR-226 freduced} 5.6 0.0&2
24G610-233 (front) h.l 0.047
2457c-222 {front} 5.1 0.047
24620223 (Front} 4.5 0.042
2432¢-235 {front) E.7 0.0%3
524-210 {oxidized) 3.4 0.03
574-230 (oxidized) 4.1 0.03
G24-238 [oxidized] 1.6 0,033

o g-?#u_.—u—i_x_"-.:/;.l_i'.-_-_. ¥

s e
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Clay X-vay Sample Preparation
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Tweive Grover Sandstone samples were disaggregated by 1ightly

grinding the dry sample with a pastle. sample sizes varied from 180

tn 5RO g. After steying, the -3Z3 mash fraction was retained. These

Fractions varied from 5.3 to 24.3 0,

The -325 fraction was then placed in 500 ml beakers with distilled

water with Calgon added as a dispersant. The Calgon concentration

was 0.5 weight percent. Rubey's settling velocity for very fine silt

was found to be 60 micrans/sec (Krambein and pettijohn, 1938). Since i

the beaker wWas filled with 88.2 mm of solution it would take 24,484

minutes for all the £i1ts to settie out. The calculations are as

follows, _

1} mm/sec = (60 m"g;gﬂ} 3“‘"‘“ } = 0.06 mm/sec = settling rate
10Y micron '

mm of sotution = ﬁ

2} total time for settline through 88.9

minutes = (88.9 mm] E%.Ezcmm} L;Dmlgc} = 24,44 minutes

after settiing, the salytion containing the clay fraction was

decanted and the settling process was repeated. The clay fraction left

in solution wWas checked aptically, and clay separation was confirmed.

The clay solutTons were allowed to settle Tor two days and then the

remaining colloid fraction decanted, leaving the ¢lay fraction. after 1

drying each clay samnle was made into three x-ray mounts and analyzed

rth Resources.

by x-ray equipment in the Department of Ea
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5{eve Fractions for 13 Grover sandstdne Samples
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(¢50) = 2.80 {=.15 mm] = fine sand (Wentworth) size class

MEDIAN
MEAN 490 + 980 + 470 + ¢60 + ¢50 + ¢A0 + ¢30 * 20 + 10
{Dx) ¥
3.38 + 3,10 + 2,95 + o an + 2.80 + 2.70 + 2,60+ 2,47 + 2.25
9
= §2.79 [ .15 mm)
SORTING $90 + ¢80 + $70 - 430 - #20 - 410
{50} 5.3
3,38 + 3.1+ 2,95 - 2 60 - 2.45 - 2.25
5.3
= ,40 = well sorted
fwell sorted according to 8riggs (1977) ranges
from .35 - .50)
SKEWNESS - 484 - 450 _ ¢50 - ¢10
384 416 $30 10
(Sk} =..01 = symetrical
3.18 - 2.80 2.80 - 2.25
3.18 - 2.38 3.3 2
KURTOSIS s 4§90 - 310
T.5(a75 - 425}
TKg} = 1,19 = leptakurtic
3,38 - 2.25
1.9(3.05 - Z2.55)
i
T s S S LR AR L 4 ST VS D il mifr AR ot O




APPENDIX IV
. BULK DENSTTY MEASUREMENTS OF GROVER SANDSTONES
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ORELL HELGHT™ MASE BULK VOLUME OF POROSITY  DENSITY QF
HOLE { tnches) {g) VOLUME ROCK {4) SOLIDS
fcm3} [cm3}

PGZR 1.8 303.5 181.6 118 35 2.57
PGZR 3.2 517 322.8 210 35 2.46
2%61: 7.9 315 181.7 123 36 2.56
28Glc 2.3 426 #32.0 168 28 2.58
2461 ¢ 1.75 316 176.7 112 37 2.58
G24 3.0 433 302.7 205 32 2.§D
G24 2.35 288 237.1 16% 30 2.%8
* pradii - 1.4 Inches Averages: 33.3% 2.55

1)

2)

3)

Bulk volume of sample found using heigﬁt {h) and radius
(r) of core. |

Buik Yolume = 7 rzh
Rock volume found by submersing core in water and meas-
uring cm3 of water displaced.
calculate porosity (¢} as follows:

bulk volume - volume of rock
bulk wvolume

Density of solid material found as follows:

density (d) = mass (a} .~
yolume of rock (cm?)

RESULTS: Mean of porosity ¢value = 33.3%

and mean density = 2.55 g,’cm3




I

' Gy YEOW FANLDA WNpNEIn :,E:m

UKGAS M ER 20 U4 yeULEERIAR O |3Aa| MpEq 3ng T pAIIA1APF - ]

WO13IRLAR 40 Jpimp | #OLIN - R
bl fequapeagubat) | HE £y1aede] sBueyIxy LoLye) - uH:

Azfey
sty JLueh
S EdE ] ﬂ:ﬂ”&_ ..:m_.m i UEW] LRIRTT. NI
B aLueban yan _E.“n Y3 j# puES puss yjin e aLg pues happe,

“.. YA Hn.u._.u_ [NLE= ) ._._.mu_u utald» |._.m_._n_._..ﬂ [FL-E0 ) sU _.«..u._..n_u mmmu [P

[ Ly
: 2 E¥ ol | tL9 L) 574 R £ 2l ¥l 0L L2 sBu] 733
; st i ool bog 0 0L O0l- 0sL ] L e @ ne~ TR b
o0 oy H [HH1£ H opod 0% 0 W W H ¥ i " H [l (widy 0
g 61 L B T £ £ 5'1 ol T 2 z {wdd] o4
§h 3 oL 6 { oL E] al i L L ! [ulel) &5
822 51 £ 97 E £ 2 £ o-2 £ £ £ % A
570 £ LK g o £n 50 Iy 5 g in £ % U
0'g £ { '8 { L 5 5 0'f 'k L D 3Ly
SEL oz o fLE ilr;A sk nhd ol ool il aog 05l {wdd} 17
5 4t 21 al 51 &1 a2 0z 0z g1 91 51 [uddy A
-1 il+:11 nE Zl¥ o oo of L3 ool Gah ool K. [wddy 4
. o 5ol ool ]| ¥l 5l i3 n ]| tal 53l el oo iudd] 45
i r~ 501 ] g 1 T T 3 1 1 oL 1 1 3 Judd ] 2%
i [ 24 e 5l o o o H 0 o5 - 51 N [mid} ad
., 9 { 5 & 5 5 5 1 L 5 5 5 [y {H
b WOl H 1 1 1 1 1 1 1 M H H (wdd) oy
& % H 0 H N M H N 1 H X H Juwid]
i 05 %1 o s K - N K. H [} 8 Yy L N [meMd} BT
N a1 4l 5 £ 1.3 [ £ 13 sl L 05 o (mid} n]
34l o2 111 ¥e k4 % 41 51 0w 5TEE oL i wdel) 17
57 03 | (051 1 1 1 1 1 1 L1 | 05 £ wdid] my
. - 1 ¥ - o " M H 51 - " ey (o} 23
nar oe ogHL s o ook Ll il DaE el ool i [odd} of
o o 1 ng~ 0z 0g 0z 1 0z [iF: 0z 0F judd) 14
4T THE o 20l (i) | o T} o 00z ] o ol |wdd)
L0 Z0 51’0 61 ) Fal | a 510 ' - 5170 10 500 74l
gz°0 ) z0 21 z' 0 sl'd sL0 50 5210 z' £ 1w
[Z'n =1°0 £0 0w z0 L0 F kR Rl G000 2 L'e L 64
ot 5 ol WL 571 o'l 1 i 5 %470 | (6 o
LI I sS4 dues 5@ | AUes qua ]

gonpas 30 - - euDay o -k 3 CEZ-TAFT  Ea-IL LT 18k paTpia Jo . _
P um_:hﬂ NZz-Hesd  SEZUHEDM L umhm“a GEE-uab2 REE-IIBEE EEZTL 231392 L 0iro 10 pre-vin 12 5 -

*{ Aondng e LBo( 050
g Aq pazAieur) so|dues U0)Spues LBAOMY 1O sysk|eue oydesboaldads do1s-9 aatjerLiuenbLwds A xipuaddy




APPENDIX XI
CATION EXCHANGE CAPACIT‘T’ {CEC) OF THE GROVER SANDSTONE
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|

SAMPLE _ LEC (mag/100g} i

§24-212 _ 21.0 i

G24-223 7.0 5

2461¢r217 12,0 |

2461¢-222 5.3

24G1¢-233 4.5

2462¢-223 6.5

2452¢-235 _ 5.4

PG2R-215 10.0

PGZR-220 4.8

average 8.3

The CEC for the dominant clays found in the Grover Sandstone are

listed below (Carroll, 1959]:

Clay cEC{meg/1) ]
Kaolinite | 3-15 S
Mlite 10-40 o
allophane =70 | |
mantmori1londte 70-100

since ciay minerals constitute about 20% of the Gover Sandstone and
the sandstone averages B.5 meg/100g for CEC, the affactive CEC for the
ciays must be 42.5 meg/1. This indicates there is & significant amount

of clay with high CEC becausk kaolinite, a clay witL Tow CEC, makes up

a large portion of the clay fraction. The thin section and X-ray anal-
' ysis indicates the high CEC clays present are mixed lattice i1lite-mont-

marillonite and allophane with lesser amounts of mdntmorilionite.




a1

The exchange capacity of the sandstone explains the need for chem-

ical treatment with CaCTE during restoration to replace the adsorbed

ammaenium fon.




APPENDIX XI1I
COMPUTING PERMEABILITY OF GROVER SANDSTONE UISNG THE FAIR~HATCH EQUATION
AND A COMPOSITE OF 13 SIEVE ANALYSES
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The Fair-Hatch equation (Fair and Hatch, 1033) determines the per-
meability of a sediment using the measured values of grain size distri-
bution, porsosity, and estimate$ far packing and. roundness coefficients

for the particular sediment.. Fluid fiow is assumed. to be laminar.

"
e[ (S )

m = packing factor (near 5 for most sands)

4 = Porosity
$F = shape factor, 6 (spheres) to 7.7 (angular}
p = % of grains between r:i.| and dz

7_‘_
]

intrinsic permeability

dm did ; d] and dE = grain size 1imits in mm,

Utitizing a composite of 13 Grover Sandstone sieve analyses a cumula-
tive grain size distribution was calculated and curve piotted., Using

this data the following calculations were made:

% {p) dl{mml dziﬁm} dm = fdldz P/dm

0.4 0.71 0.50 0.5%6 0.67
0.3 0.50 0.35 0.418 0,72
2.6 '0.35 0.25 0.296 .78
18.9 0.25 0.177 0.210 99,00
51.1 0,177 0.125 0.149 342,95
17.8 0.125 0.088 0.105 169.52
2.9 0.088 0.0625 0.074 39.1¢
118 D.D625  0.044 0.052 30.77

o= 682,60




84
Using m = 5, = .30, S5F = 7.2, {mr = §82.60 the ejuation can be com-
pleted as follows: | 1
o é ;
K = [1{5_._23}12- %ﬁ% {_saz.aj)i:l

2

Fay
n

1.56 x 108 m? = 4.56 x 167 cm

Finding hydraulic conductivity (K) frﬁm intrinsic pérmeabiIity {k}.

K = !_31 Y= density (980 dyne/em’)

P = viscosity (1,23 x 1072 dyne-sec”?

at 54°F)

(4,56 % 19'5 sz} (980 dyne-cmgj
1.23 x 107< dyne-sec ™’

-
B

w

¢ = 2.63 x 1073 co/sec = 3.76 x 10° ft/yr

Using the hydrautic condictivity (k) and hydraulic gradient (i) the
Darcy flow velocity (q) is found. The gradient was determined using
potentiometric maps constructed at the Grover Test site.

q = Ki
(3.76 % 10° ft/yr) (26.9 ft/5280 ft)

it

i 12.15 ftfyear

H

The seepage velacity {HS} is calculated using the Darcy velocity (q)

and porosity (®):

v;—%

| v = 19.15 = 63.8 ftfyr

5 R, R
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